
AP42 Section: 

Reference: 

Title: 

1.3 

Emissions Assessment Of 
Conventional Stationary Combustion 
Systems, 
Volume V: Industrial Combustion 
Sources, 

N. F. Suprenant, et a/., 

€PA Contract No. 68-02-2197, 
GCA Corporation, Bedford, MA, 
October 1980. 

aingram
Text Box
Note: This is a reference cited in AP 42, Compilation of Air Pollutant Emission Factors, Volume I Stationary Point and Area Sources.  AP42 is located on the EPA web site at www.epa.gov/ttn/chief/ap42/The file name refers to the reference number, the AP42 chapter and section.  The file name "ref02_c01s02.pdf" would mean the reference is from AP42 chapter 1 section 2.  The reference maybe from a previous version of the section and no longer cited.  The primary source should always be checked.



EMISSIONS ASSESSMENT OF CONVENTIONAL 
STATIONARY COMBUSTION SYSTEMS: 

VOLUME V :  INDUSTRIAL COMBUSTION SOURCES 

1 

I 

I 

A o r i l  1981 

Prepared under the  d i r e c t i o n  o f  t he  
Convent ional  Combustion Environmental  Assessment Program 

Prepared by 
N. F. Surprenant ,  W. Bat tye,  D. Roeck, 

and S. M. Sandberg 

GCA Corpora t ion  
GCAITechnology D i v i s i o n  

213 B u r l i n g t o n  Road 
Bedford, Massachusetts 01730 

TRW, I n c .  
One Space Park 

Redondo, Massachusetts 01730 

Cont rac t  No. 68-02-2197 
EPA Program Element No. EHE 624A 

P r o j e c t  O f f i c e r :  Michael  C. Osborne 

I n d u s t r i a l  Environmental  Research Labora tory  
O f f i c e  o f  Environmental .  Engineer ing and Technology 

Research T r i a n g l e  Park, Nor th  Caro l ina  27711 

Prepared f o r :  

U.S. ENVIRONMENTAL PROTECTION AGENCY 
O f f i c e  o f  Research and Development 

Washington, D.C. 20460 



. 
I 

I 

CONTENTS 

i 

Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  vi 
Tables . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  vii  

1.0 Executive Summary and Conclusions . . . . . . . . . . . . . . .  1 
1.1 Program Methodology . . . . . . . . . . . . . . . . . . .  1 
1.2 Source Description . . . . . . . . . . . . . . . . . . . .  2 
1.3 Existing Emissions Data Base . . . . . . . . . . . . . . .  3 
1.4 Source Measurement Program . . . . . . . . . . . . . . . .  4 

1.4.1 Level I Field Testing . . . . . . . . . . . . . . .  4 
1.4.2 Modified Level I Laboratory Analysis . . . . . . .  5 

1.4.2.2 Organic Analyses . . . . . . . . . . . . .  6 
1.4.3 Results . . . . . . . . . . . . . . . . . . . . . .  7 

1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . .  12 
2.0 Introduction . . . . . . . . . . . . . . . . . . . . . . . . .  15 
3.0 Source Description . . . . . . . . . . . . . . . . . . . . . .  20 

3.1 S ize  of the Industry and Geographic Distribution . . . . . .  20 
3.2 Character is t ics  o f  Combustion Equipment . . . . . . . . .  22 

3.2.1 Fuel Firing Methods . . . . . . . . . . . . . . . .  22 
3.2.1.1 Gas Burners . . . . . . . . . . . . . . .  27 

Systems . . . . . . . . . . . . . . . .  27 
3.2.1.3 Coal-Firing Methods . . . . . . . . . . . .  28 
3.2.1.4 Wood-Firing Methods . . . . . . . . . . .  30 

3.2.2 Heat Transfer Systems . . . . . . . . . . . . . . .  31 
3.2.2.1 Cast Iron Boilers . . . . . . . . . . . .  31 
3.2.2.2 Firetube Boilers . . . . . . . . . . . . .  31 
3.2.2.3 Watertube Boilers . . . . . . . . . . . .  31 

3.3 Size Distr ibut ion and Age of Industr ia l  Boilers . . . . .  32 
3.4 Control System f o r  Industr ia l  Boilers . . . . . . . . . .  35 

4.0 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 
4.1 Evaluation of Existing Emissions Data . . . . . . . . . .  41 

4.1.1 Cr i te r ia  fo r  Evaluating the Adequacy of 
Emission Data . . . . . . . . . . . . . . . . . .  41 

4.1.2 Existing Emissions Data: Gas-Fired Sources . . . .  43 
4.1.2.1 Cr i t e r i a  Pol lutant  Emissions . . . . . . .  43 
4.1.2.2 Fine Par t icu la te  Emissions . . . . . . . .  44 
4.1.2.3 Sul fa te  and Trace Element Emissions . . .  44 
4.1.2.4 Specif ic  Organic and POM Emissions . . . .  45 

4.1.3 Existing Emissions Data: Oil-Fired Sources . . . .  46 
4.1.3.1 Cr i t e r i a  Pollutant Emissions . . . . . . .  46 
4.1.3.2 Fine Par t icu la te  Emissions . . . . . . . . .  48 

1.4.2.1 Inorganic Analyses . . . . . . . . . . . .  6 

~ 
~ ~~~ 3.271.2 Atomization-Methods f o r  Oil-Fired 

i i i  



1 

i 

I 

CONTENTS (cont inued)  
4.1.3.3 SO, and Su l fa te  Emissions . . . . . . . . .  48 
4.1.3.4 Trace Element Emissions . . . . . . . . . .  50 
4.1.3.5 S p e c i f i c  Organic  and POM Emissions . . . . .  50 

4.1.4 E x i s t i n g  Emissions Data: Coa l -F i red  Sources . . . .  53 
4.1.4.1 C r i t e r i a  P o l l u t a n t  Emissions . . . . . . . .  53 
4.1.4.2 F ine  P a r t i c u l a t e  Emissions . . . . . . . .  59 
4.1.4.3 SO3 and S u l f a t e  Emissions . . . . . . . . .  62 
4.1.4.4 Trace Element Emissions . . . . . . . . . .  64 
4.1.4.5 S p e c i f i c  Organic and POM Emissions . . . .  67 

4.1.5 E x i s t i n g  Emissions Data: Wood-Fired Sources . . . .  67 
4.1.5.1 C r i t e r i a  P o l l u t a n t  Emissions . . . . . . . .  69 
4.1.5.2 F ine  P a r t i c u l a t e  Emissions . . . . . . . .  73 
4.1.5.3 SO3 and S u l f a t e  Emissions . . . . . . . . .  75 
4.1.5.4 Trace Element Emissions . . . . . . . . . .  76 
4.1.5.5 S p e c i f i c  Organic and POM Emissions . . . .  76 

4.2 Emission Data A c q u i s i t i o n .  . . . . . . . . . . . . . . . . .  79 
4.2.1 S e l e c t i o n  o f  T e s t  F a c i l i t i e s  . . . . . . . . . . . .  79 
4.2.2 F i e l d  T e s t i n g  . . . . . . . . . . . . . . . . . . .  83 
4.2.3 Labora tory  Ana lys i s  Procedures . . . . . . . . . . .  85 

4.2.3.1 I n o r g a n i c  Ana lys is  . . . . . . . . . . . .  87 
4.2.3.2 Organ ic  Ana lys i s  . . . . . . . . . . . . . .  91 
4.2.3.3 D e t e c t i o n  L i m i t s  . . . . . . . . . . . . .  99 

4.2.4 Tes t  Resu l t s  . . . . . . . . . . . . . . . . . . . .  99 
4.2.4.1 . F i e l d  Measurement Resu l t s  . . . . . . . . .  99 
4.2.4.2 Labora to ry  Ana lys i s  Resu l t s  . . . . . . . .  103 

4.3 Ana lys i s  of Data E v a l u a t i o n  and Program T e s t  Resu l ts  . . .  121 
4.3.1 Emissions o f  C r i t e r i a  P o l l u t a n t s  . . . . . . . . . .  121 

4.3.1.1 Gas- and O i l - F i r e d  B o i l e r s  . . . . . . . .  121 
4.3.1.2 S o l i d  Fue l -F i red  B o i l e r s  . . . . . . . . .  123 
4.3.1.3 Compari:on o f  C r i t e r i a  P o l l u t a n t  Emission 

Fac tors  . . . . . . . . . . . . . . . . .  123 
4.3.1.4 C r i t e r i a  P o l l u t a n t  Ambient S e v e r i t y  

Fac to rs  . . . . . . . . . . . . . . . . .  127 
4.3.2 P a r t i c l e  S i ze  D i s t r i b u t i o n  o f  P a r t i c u l a t e  

Emissions . . . . . . . . . . . . . . . . . . . .  129 
4.3.3 Emissions of P a r t i c u l a t e  S u l f a t e .  and S O 3  . . . . .  129 
4.3.4 Emissions o f  Trace.Elements . . . . . . . . . . . .  132 

4.3.4.1 O i l - F i r e d  Combustion Sources . . . . . . .  132 
4.3.4.2 Bi tuminous Coa l -F i red  Combustion 

Sources . . . . . . . . . . . . . . . . .  137 
4.3.4.3 Wood-Fired Combustion Sources . . . . . . .  139 

4.3.5 Emissions o f  Organ ics  and ?OM . . . . . . . . . . .  139 
4.3.6 S o l i d  Wastes f rom Wood-Fired Combustion 

Sources . . . . . . . . . . . . . . . . . . . . .  144 
4.3.6.1 S o l i d  Waste Data A c q u i s i t i o n  . . . . . . .  145 
4.3.6.2 A n a l y s i s  o f  Tes t  Resu l ts  . . . . . . . . .  145 

i v  



I 

CONTENTS (cont inued)  

5.0 T o t a l  Emissions . . . . . . . . . . . . . . . . . . . . . . . .  151 
5 . 1  Cur ren t  and Future.Fue1 Consumption . . . . . . . . . . .  151 
5.2 Nat ionwide Emissions . . . . . . . . . . . . . . . . . . .  153 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  159 
Appendices 

A. 
Data f o r  Convent ional  S t a t i o n a r y  Combustion Systems . . . . .  164 

B. Data Reduct ion Procedure . . . . . . . . . . . . . . . . . . .  175 
C .  Summary o f  E x i s t i n g  Emissions Data . . . . . . . . . . . . . .  179 
D .  M e t r i c  Conversion Factors  and P r e f i x e s  . . . . . . . . . . . .  190 

C r i t e r i a  f o r  Eva lua t i ng  the  Adequacy o f  E x i s t i n g  Emissions 

I 

I 

i 

! V 



1 

1 

I 

1 

I 

I '  
; 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

A- 1 

FIGURES 

Regional  i n d u s t r i a l  consumption o f  n a t u r a l  gas, 1978 . . . . . . . 23 

Regional  i n d u s t r i a l  consumption o f  d i s t i l l a t e  and r e s i d u a l  
o i l , 1 9 7 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 

Regional  i n d u s t r i a l  consumption o f  coa l  (b i tuminous  and 
l i g n i t e ) ,  1978 . . . . . . . . . . . . . . . . . . . . . . . . . 25 

S A S S T r a i n . .  . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

M o d i f i e d  Level  I i n o r g a n i c  a n a l y s i s  p l a n  f o r  i n d u s t r i a l  s o l i d  
f u e l - f i r e d  combust ion sources . . . . . . . . . . . . . . . . . 88 

M o d i f i e d  Level  I organ ic  sample p r e p a r a t i o n  scheme f o r  i n d u s t r i a l  
sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 

M o d i f i e d  Level  I o r g a n i c  a n a l y s i s  p l a n  f o r  i n d u s t r i a l  sources . . 93 

Sample i d e n t i f i c a t i o n  and c o d i n g  f o r  i n d u s t r i a l  sources . . . . . 111 

D i s t r i b u t i o n  o f  o rgan ics  i n  LC f r a c t i o n s  by  source ca tegory  . . . 112 

Step I screen ing  mechanism f o r  emiss ions da ta  . . . . . . . . . . 165 

v i  



Number 

1 

2 

3 

4 

I 5 

6 

7 

I 
8 

I 

9 

10 

11 

1 2  
t 

13 

14 

15 

16 

TABLES 

&qg 

Summary o f  Emissions Characterization o f  Industrial Combustion 
Sources . . . . . . . . . . . . . . . . . , . . . . . . . . . . 

U.S. Fuel Consumption in the Utility, Industrial, Cmercial, 
and Residential Sectors in 1978 . . . . . . . . . . . . . . . . 21 

Fuel Consumption Trends in the Industrial Sector . . . . . . . . 21 

Estimated Industrial Fuel Use by Combustion System, 
1978 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

Size Distribution o f  Industrial Boilers . . . . . . . . . . . . . 33 

Population Distribution of Oil-fired Industrial Boilers by 
Atomization Method (1972) . . . . . . . . . . . . . . . . . . . 34 

Capacity Distribution o f  wood-fired E u i i e r  Sales from 1965 
through 1973 . . . . . . . . . . . . . . . . . . . . . . . . . 34 

Distribution of Firing Designs~within Capacity Ranges in Wood- 
fired Boiler Sales, 1965-1975 . . . . . . . . . . . . . . . . . 36 

Age Data for Industrial/Comercial Size Boilers, 1978 . . . . . . 36 

Control Systems Used for Coal-fired Boilers . . . . . . . . . . . 37 

Estimated Application of Control Equipment-to Coal-fired' 
Industrial Boilers, 1978 . . . . . . . . . . . . . . . . . . . 37 

Summary of Criteria Pollutant Emissions Data for Gas-fired 
Industrial Boilers . . . . . . . . . . . . . . . . . . . . . . 44 

POM Emissions from a Gas-fired Industrial Boiler . . . . . . . . 45 

Sumnary o f  Criteria Pollutant Emissions Data for Distillate 
Oil-fired Industrial Boilers . . . . . . . . . . . . . . . . . 47 

Summary of Criteria Pollutant Emissions Data for Residual 
Oil-fired Industrial Boilers . . . . . . . . . . . . . . . . . 47 

Particle Size Distribution Data for Oil-fired Industrial 
Boilers . . . . . . . . . . . . . . . . . . . . . . . . .~ . . . 49 

8 

- .  

vii I 

I 



I 

Number 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31  

32 

33 

TABLES (conti riued) 

& 
Average Trace Element Concentration oftResidua1 Oil . . . . . . .  51 

Trace Element Emission Factors and Mean Ambient Severity 
Factors for Residual Oil-fired Industrial Boilers . . . . . . .  52 

POM Emissions From Oil-fired Industrial Boilers . . . . . . . . .  53 

Sumnary of Particulate Emissions Data for Bituminous Coal-fired 
Industrial Boilers . . . . . . . . . . . . . . . . . . . . . .  55 

Summary of SO2 Emissions Data for Bituminous Coal-fired 
Industrial Boilers . . . . . . . . . . . . . . . . . . . . . .  56 

Summary of NO Emissions Data for Bituminous Coal-fired 
Industrial Boilers . . . . . . . . . . . . . . . . . . . . . .  56 

Sumnary of Hydrocarbon Emissions Data for Bituminous Coal-fired 
-Industrial Boilers . . . . . . . . . . . . . . . . . . . . . .  57 

Sumnary of CO Emissions Data for Bituminous Coal-fired 
Industrial Boilers . . . . . . . . . . . . . . . . . . . . . .  57 

Published EPA Emissions Factors and Ambient Source Severity 
Factors for Anthracite- and Lignite-fired Boilers . . . . . . .  59 

Sumnary of Particle Size Data for Uncontrolled Emissions 
from Bituminous Coal-fired Boilers . . . . . . . . . . . . . .  60 

Efficiencies of Particulate Removal by Control Devices for 
Various Size Fractions . . . . . . . . . . . . . . . . . . . .  61 

Estimated Uncontrolled and Controlled Fine Particulate Emissions 
from Bituminous Coal-fired Boilers . . . . . . . . . . . . . .  61 

Summary of SO3 Emissions Data for Bituminous Coal-fired 
Boilers.. . . . . . . . . . . . . . . . . . . . . . . . . . .  63 

Emission Factors and Pmbient Source Severity Factors for SO3 
from Bituminous Coal-fired Industrial Boilers . . . . . . . . .  63 

Estimated Trace Element Emission Factors and Ambient Severity 
Factors for Bituminous Coal-fired Boilers . . . . . . . . . . .  66 

POM Emissions from Bituminous Coal-fired Industrial Boilers . . .  68 

Sumnary of Particulate Emissions Data for Wood-fired 
Boilers.. . . . . . . . . . . . . . . . . . . . . . . . . . .  70 

viii 



TABLES (continued) 

I 

I .  

i 

I 

Number & 
34 Summary of SO2, NOx, and Hydrocarbon Emissions Data for Wood- 

f i r ed  Boilers. . . . . . . . . . . . . . . . . . . . . . . . .  72 

35 Pa r t i c l e  Size Distribution Data fo r  Wood-fired Boilers . . . . .  74 

36 Par t icu la te  Sulfate  Emissions Data for  Bark-fired Boilers. . . .  76 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

Estimated Emission Factors and Ambient Severity Factors of 
Trace Elements from Wood-fired Stokers . . . . . . . . . . . .  77 

BaP Emissions Data for  a Bark-fired Stoker . . . . . . . . . . .  78 

Character is t ics  of Industrial  Gas-fired External Combustion 
Sources Selected for  Testing . . . . . . . . . . . . . . . . .  80 

Character is t ics  of Industr ia l  Oil-fired External Combustion 
Sources Selected fo r  Testing . . . . . . . . . . . . . . . . .  81 

Character is t ics  of Industr ia l  Solid Fuel-fired External 
Combustion Sources Selected for Testing . . . . . . . . . . .  82 

Operating Load and Energy I n p u t  Rates of the Industrial 
Combustion Sources Tested . . . . . . . . . . . . . . . . . .  86 

Mass t o  Charge (m/e) Values Monitored . . . . . . . . . . . . .  98 

M i n i m u m  List of POM Monitored . . . . . . . . . . . . . . . . .  100 

Flue Gas Emissions of Par t icu la tes ,  N O x ,  C D ,  and HC from the 

Summary of Results of Specific- Inorganic Analyses f o r  the 

Total Organic Emissions from the Gas- and Oil-fired 

Total Organic Emissions from the Solid Fuel-fired Industrial  

Summary of LC Fractionations for  the Gas- and Oil-fired 

Summary of LC Fractionations fo r  the Solid Fuel-fired 

~~ ~ ~. ~~~~~ ~ ~~ 
~~ 

Industrial  Combustion Sources Tested . . . . . . . . . . . . .  102 

Industrial  Combustion Sources Tested . . . . . . . . . . . . .  104 

Industr ia l  Combustion Sources Tested . . . . . . . . . . . . .  106 

Combustion Sources Tested . . . . . . . . . . . . . . . . . .  107 

Industrial  Combustion Sources Tested . . . . . . . . . . . . .  109 

Industrial  Combustion Sources Tested . . . . . . . . . . . . .  110 

i x  



1 

i 

i 

, 

I 

TABLES (cont inued)  

Number & 
51 Compound Classes I d e n t i f i e d  by I n f r a r e d  Spectrometry  . . . . . .  113 . 

52 

53 POM Emissions from the  I n d u s t r i a l  Combustion Sources 

Organic Emissions I d e n t i f i e d  by  LRMS Ana lys is  i n  LC 
F r a c t i o n s  . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

Tested . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

the  Gas- and O i l - f i r e d  I n d u s t r i a l  Combustion Sources 
Tested . . . . . . . . . . . . . . . . . . . . . . . . . . .  122 

55 C r i t e r i a  P o l l u t a n t  Emiss ion Fac tors  and Data V a r i a b i l i t y  f o r  
t h e  S o l i d  F u e l - f i r e d  I n d u s t r i a l  Combustion Sources 
Tested . . . . . . . . . . . . . . . . . . . . . . . . . . .  124 

Combustion Sources . . . . . . . . . . . . . . . . . . . . . .  125 

f o r  I n d u s t r i a l  Combustion Sources . . . . . . . . . . . . . .  128 

54 C r i t e r i a  P o l l u t a n t  Emiss ion Fac tors  and Data V a r i a b i l i t y  f o r  

56 Comparison o f  C r i t e r i a  P o l l u t a n t  Emission Fac to rs  f o r  I n d u s t r i a l  

57 C r i t e r i a  P o l l u t a n t  Emiss ion Fac tors  and Ambient S e v e r i t y  Fac tors  

58 P a r t i c l e  S i z e  D i s t r i b u t i o n  Data f o r  t he  S o l i d  F u e l - f i r e d  

59 

I n d u s t r i a l  Sources Tes ted  . . . . . . . . . . . . . . . . . .  130 

Fac tors  f o r  t h e  I n d u s t r i a l  Combustion Sources Tes ted  . . . . .  131 
P a r t i c u l a t e  S u l f a t e  and SO3 Emiss ion Fac tors  and Ambient S e v e r i t y  

Trace Element Emiss ion Fac to rs  and Ambient S e v e r i t y  Fac tors  f o r  

Comparison o f  E x i s t i n g  Trace Element Emission Fac to r  Data w i t h  
Resu l t s  o f  Cur ren t  Study o f  O i l - f i r e d  I n d u s t r i a l  Combustion 
Sources . . . . . . . . . . . . . . . . . . . . . . . . . . .  136 

the  B i tum inous - f i r ed  I n d u s t r i a l  Combustion Sources Tested . . 138 

60 
the  O i l - f i r e d  Combustion Sources Tested . . . . . . . . . . .  133 

61 

62 Trace Element Emission Fac to rs  and Ambient S e v e r i t y  Fac tors  f o r  

63 Trace Element Emission f a c t o r s  and Ambient S e v e r i t y  Fac to rs  f o r  

64 

the  Wood-f i red I n d u s t r i a l  Combustion Sources Tested . . . . .  140 

POM Emission Fac tors  and Ambient S e v e r i t y  Fac tors  f o r  t h e  Gas, 

POM Emiss ion Fac tors  and Ambient S e v e r i t y  Fac to rs  f o r  t he  

O i l ,  and Bi tuminous Combustion Source Categor ies Tested . . .  142 

Wood-f i red Combustion Sources Tested . . . . . . . . . . . . .  143 
65 

X 

, 



I Number 

66 

67 
i 

68 

L 

I 

69 

70 

71  

72 

73 

74 

A- 1 

8- 1 

TABLES (cont inued)  

& 
Sumnary o f  Trace Element Data f o r  Ash C o l l e c t e d  from Wood-f ired 

Combustion Sources . . . . . . . . . . . . . . . . . . . . . .  146 

Discharge S e v e r i t y  o f  Trace Elements i n  Ash from Wood-f ired 
Combustion Sources . . . . . . . . . . . . . . . . . . . . . .  147 

TCO and Grav imet r ic  Organic Data f o r  Ash from Wood-f ired 
Combustion Sources . . . . . . . . . . . . . . . . . . . . . .  149 

POM I d e n t i f i e d  i n  Scrubber Ash from h o d - f i r e d  S i t e  147 . . . .  150 

1978 and P r o j e c t e d  1985 I n d u s t r i a l  Fuel Consumption . . . . . .  1 5 2  

1978 and P r o j e c t e d  1985 Nat ionwide Emissions o f  C r i t e r i a  
P o l l u t a n t s  from I n d u s t r i a l  E x t e r n a l  Combustion Sources . . . .  154 

Summary o f  C r i t e r i a  P o l l u t a n t  Emissions from S t a t i o n a r y  
Ex terna l  Combustion Sources by Use Sector  . . . . . . . . . .  155 

C u r r e n t  Nat ionwide Emissions o f  T race  Elements fran I n d u s t r i a l  
E x t e r n a l  Combustion Sources . . . . . . . . . . . . . . . . .  157 

I n d u s t r i a l  Combustion Sources . . . . . . . . . . . . . . . .  158 
Maximum R a t i o  o f  Extreme Ranking Observat ions . . . . . . . . .  173 

Elemental  Composit ion and Higher Heat ing Value o f  Fuels . . . .  176 

1978 and P r o j e c t e d  1985 Emissions o f  POM Compounds from 

~ 

x i  



1 .O EXECUTIVE SUMMI:RY AND CONCLUSIONS 

? 

i 

i 
! i  

I !  

Emissions from i n d u s t r i a l  e x t e r n a l  combustion sources used f o r  t h e  pur- 

Emissions r e s u l t i n g  f rom t h e  d i r e c t  f i r i n g  
poses o f  e l e c t r i c i t y  generat ion,  p r o d u c t i o n  o f  process steam and space h e a t i n g  
a r e  cha rac te r i zed  i n  t h e  r e p o r t .  
o f  i n d u s t r i a l  process opera t i ons  o r  f rom t h e  use o f  f u e l  as feedstock were n o t  
considered. Emphasis was p laced on t h e  c h a r a c t e r i z a t i o n  of a i r  emissions f rom 
f l u e  gas s tacks,  a l t hough  samples o f  ash from wood combustion were c o l l e c t e d  
and analyzed d u r i n g  t h e  s tudy f o r  t h e  purpose o f  supplementing a l i m i t e d  data 

base. 

1.1 PROGRAM METHODOLOGY 

The approach t o  t h e  c h a r a c t e r i z a t i o n  o f  emissions f rom i n d u s t r i a l  combus- 
t i o n  sources i n v o l v e d  a c r i t i c a l  r e v i e w  o f  e x i s t i n g  data, f o l l o w e d  by a sam- 
p l i n g  and a n a l y s i s  program t o  f i l l  gaps i n  t h e  data base. 
r e s u l t  o f  t h e  measurement program, i n  combinat ion w i t h  t h e  e x i s t i n g  data, were 
f u r t h e r  evaluated.  Data inadequacies i d e n t i f i e d  a t  t h e  complet ion o f  t h e  cur-  

r e n t  program a r e  discussed w i t h  r e s p e c t  t o  t h e  need f o r  a d d i t i o n a l  study. 

S p e c i f i c a l l y ,  t h e  o b j e c t i v e s  o f  t h i s  program were: 

Data acqu i red  as a 

0 t o  compi le and eva lua te  a l l  a v a i l a b l e  a i r  emissions data 
on p o l l u t a n t s  f rom s e l e c t e d  i n d u s t r i a l  s t a t i o n a r y  conven- 
t i o n a l  combustion processes, 

t o  acqu i re  new emissions da ta  f rom f i e l d  test;, 

v e n t i o n a l  combustion processes and ash from wood combustion, 
u s i n g  combined da ta  f rom e x i s t i n g  sources and f i e l d  t e s t s ,  and 

0 t o  determine a d d i t i o n a l  d a t a  needs, i n c l u d i n g  s p e c i f i c  areas 
o f  da ta  u n c e r t a i n t y .  

0 

0 t o  c h a r a c t e r i z e  a i r  emiss ions from se lec ted  s t a t i o n a r y  con- 

The emissions c h a r a c t e r i z a t i o n  was based on m o d i f i e d  Level  I sampling and analy-  

s i s  procedures, t h e  p r i n c i p a l  m o d i f i c a t i o n  be ing  the use o f  gas chromatography/ 
mass spectroscopy t o  analyze f o r  p o l y c y c l i c  o rgan ic  m a t e r i a l  (POM). Level  I 
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procedures use semiquantitative (plus  o r  minus a fac tor  of 3 )  t.echniques of 
sample col lect ion and laboratory and f i e l d  analysis to: 
liminary emissions d a t a  fo r  waste streams and pollutants n o t  adequately char- 
acter ized;  ( 2 )  ident i fy  potential  problem areas; and (3)  s e t  p r io r i t i e s  
fo r  waste streams and pollutants in those streams fo r  fur ther ,  more quantita- 
t i v e  tes t ing .  Using the  information from Level I ,  available resources can be 
directed toward Level I1  testing, which  involves specif ic  quantitative analysis 
of components of those streams’that do contain s ignif icant  pollutant levels .  
The data developed a t  Level I 1  are  used t o  identify control technology needs 
and to  fur ther  define the environmental hazards associated with emissions. 

(1) provide pre- 

1.2 SOURCE DESCRIPTION 

Stationary external Combustion sources used w i t h i n  the industrial  sector 
f o r  e l e c t r i c i t y  generation, production of steam fo r  process heating, and space 
heating can be c lass i f ied  according t o  the type of fuel used and furnace and 
boi le r  design.  Fuels used i n  indus t r ia l  combustion systems include bituminous 
coal ,  anthraci te  coal ,  l i gn i t e  coal,  wood, residual o i l ,  d i s t i l l a t e  o i l ,  and 
natural gas. Pulverized dry bottom furnaces and stoker furnaces are  the major 
furnace designs used by the industr ia l  sector f o r  the combustion of bituminous 
coal.  Stoker furnaces predominate f o r  wood-fired combustion sources and for  
the combustion of l i g n i t e  and  anthracite coals. Although a large percentage 
of industr ia l  boi lers  are  cas t  iron systems, these systems const i tute  only 
about 7 percent of t o t a l  industr ia l  bo i le r  capacity. Firetube boi lers ,  i n  
which the  combustion gases pass through tubes submerged in water, make u p  
about 24 percent of to ta l  industr ia l  capacity. These uni t s  generally are  
smaller t h a n  about 21 GJ/hr* input capacity.  Watertube boi lers  const i tute  
about 69 percent of the industr ia l  bo i l e r  caoacity. I n  a watertube systeir 
the combustion gases t ransfer  heat t o  tubes into which water i s  fed t o  be 
converted t o  steam. 
and systems w i t h  steam pressures exceeding about 65 kPa are  almost exc1usive;y 
watertube systems. 

~~~ ~~ 
~~ 

~~~~ ~ ~~ 
~~ 

~ ~ ~~ 

Boiler systems la rger  than about 53 GJ/hr i n p u t  caDacity 

- 
*One B t u  = 1,055 Joules ( J ) .  Although i t  i s  EPA policy t o  use the metric 

system, th i s  publication uses. cer ta in  nometr ic  units for  convenience. 
conversion tab le  i s  presented in A p p e n d i x  D. 

A 
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There are approximately 500,000 industrial bLilers in the United States 
with an estimated capacity of about 4,000 x 1OI2 J/hr. 
primary fuel, accounting for about 63 percent of the total industrial fossil 
fuel use in 1978; while oil and.coa1 account for about 18 percent and 15 percent, 
respectively. Wood and other miscellaneous fuels are minor fuel sources. 
Total fuel consumption by the industrial external combustion sources considered 
in this study was 8700 x l o ”  Jlyr in 1978, about 25 percent of total national 
fuel consumption by the stationary combustion sources studied in this program. 
The overall growth rate during the 1978 to 1985 period should be about 3 percent 
per year. Coal consumption by 1985 could account for 30 percent of industrial 
fuel use in 1985, if provisions of the National Energy Plan are fully imple- 
mented. This increase, however, could be a gross overestimate because of the 
influence of regulatory actions limiting, for example, sulfur content o f  the 
coal fuel. 

Natural gas is the 

Air, water, and solid waste pollutants are emitted from many sources con- 
The major source of air emissions is stituting an industrial boiler facility. 

flue gas emissions from stacks. Other potential sources of air emissions, 
depending on the size of the facility and the type of fuel burned, are ash 
handling and storage, fuel handling and storage, and drifts and vapors from 
cooling systems. Wastewater emission streams and sources of solid wastes vary 
in number and volume, depending again on facility size and type of fuel burned, 
Emphasis in this study was placed solely on air emissions from stacks, with 
the exception of the characterization of bottom ash and fly ash from the wood- 
fired systems tested in this study. 

Air pollution control on industrial boilers is mainly directed at reducing 
particulate flue gas emissions from solid fuel-fired sources. The estimated 
overall efficiency of particulate removal in the industrial sector, based on 
data in the National Emissions Data System (NEDS), is 81 percent for pulverized 
units and 53 percent for stokers. Application of control measures for SO, and 
NO, is not extensive in the industrial sector, but will increase with the pro- 
mulgation of regulations for control of such emissions from industrial boilers. 

1.3 EXISTING EMISSIONS DATA BASE 

This study emphasized gaseous and particulate emissions from industrial 
sources. Existing flue gas emissions data were evaluated before conducting 
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t h e  sampl ing  and a n a l y s i s  program. 
many d a t a  inadequac ies  were i d e n t i f i e d .  
can be s m a r i z e d  as f o l l o w s .  

As a r e s u l t  o f  t h e  da ta  e v a l u a t i o n  e f f o r t ,  

The s t a t u s  o f  t h e  e x i s t i n g  da ta  base 

0 The e x i s t i n g  da ta  base f o r  c r i t e r i a  p o l l u t a n t s *  i s  g e n e r a l l y  
adequate, w i t h  t h e  e x c e p t i o n  of  t h a t  f o r  emissions from wood- 
f i r e d  combustion sources. 

The e x i s t i n g  data base f o r  p a r t i c u l a t e  s u l f a t e  and s u l f u r i c  
a c i d  emissions i s  inadequate f o r  t h e  o i l -  and s o l i d  f u e l - f i r e d  
combustion source c a t e g o r i e s .  

The e x i s t i n g  da ta  base f o r  p a r t i c u l a t e s  by s i z e  f r a c t i o n s  and 
t r a c e  elements i s  adequate o n l y  f o r  g a s - f i r e d  sources. 

e The e x i s t i n g  da ta  base f o r  s p e c i f i c  o r g a n i c s  i s  inadequate 
f o r  a l l  i n d u s t r i a l  source ca tegor ies .  

As n o t e d  p r e v i o u s l y ,  i n d u s t r i a l  b o i l e r s  a re  a l s o  sources o f  wa te r  p o l l u -  

e 

0 

t i o n  and s o l i d  waste. 
l a r g e  i n d u s t r i a l  b o i l e r s  used f o r  e l e c t r i c i t y  genera t i on ,  a r e  s i m i l a r  t o  those 

a t  e l e c t r i c  u t i l i t i e s .  
e l e c t r i c  u t i l i t i e s  e a r l i e r  i n  t h i s  program, and t h e  r e s u l t s  can be found i n  
Volume 111 o f  t h i s  program r e p o r t  s e r i e s .  

However, these sources, p a r t i c u l a r l y  i n  t h e  case o f  

These sources o f  p o l l u t i o n  were c h a r a c t e r i z e d  f o r  

I n  o r d e r  t o  overcome some o f  t h e  d e f i c i e n c i e s  i n  t h e  e x i s t i n g  emissions 
d a t a  base, t h e  f o l l o w i n g  32 e x t e r n a l  combust ion s y s t e m  were tes ted :  10 gas- 
f i r e d ,  3 d i s t i l l a t e  o i l - f i r e d ,  and 5 r e s i d u a l  o i l - f i r e d  b o i l e r s ;  3 b i t m i n o u s  

p u l v e r i z e d  wet bo t tom and 2 b i tuminous  p u l v e r i z e d - d r y  bottom u n i t s ;  3 b i t m i n o u s  
s t o k e r s ;  and 5 wood- f i red  s toke rs .  S p e c i f i c  s i t e s  were chosen based on the  
r e p r e s e n t a t i v e n e s s  o f  t h e  s i t e s  as measured aga ins t  t h e  i m p o r t a n t  system 
c h a r a c t e r i s t i c s  w i t h i n  each source ca tegory ,  i n c l u d i n g  system design, s i z e ,  
and age. 

1.4.1 Leve l  I F i e l d  T e s t i n g  

The Source Assessment Sampling System (SASS) t r a i n ,  developed under con- 
t r a c t  t o  EPA, was used t o  c o l l e c t  b o t h  gaseous and p a r t i c u l a t e  emissions i n  

* C r i t e r i a  p o l l u t a n t s  a r e  those p o l l u t a n t s  f o r  whi-ch a N a t i o n a l  Ambient A i r  
Q u a l i t y  S tandard  (NAAQS) e x i s t s ,  e.g., p a r t i c u l a t e ,  s u l f u r  d i o x i d e ,  n i t r o g e n  
ox ides ,  carbon monoxide and hydrocarbon. 
i s  c a t e g o r i z e d  i n  t h i s  s tudy  as a t r a c e  element. 

The c r i t e r i a  p o l l u t a n t .  lead ,  
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quantities sufficient for the wide range of analyses needed to adequately 
characterize emissions from the industrial combustion sources. The SASS train 
consists of a conventional heated probe, three cyclones and a filter mounted 
in a heated oven, a gas conditioning system, an XAD-2 polymer adsorbent trap, 
and a series of impingers. Particulate matter is size-fractionated and col- 
lected in the cyclones and on the filter, gaseous organics and some inorganics 
are collected by the XAD-2 adsorbent, and the remaining gaseous inorganics and 
trace elements are captured by the impingers. The train is run until at least 
30 m3 of gas has been collected. 
with analytical technique sensitivities to ensure that any emission that would 
increase the ambient loading by more than 1 pg/m3 would be detected. 
cyclones were deleted for the gas- and oil-fired sites because particulate 
loadings were too low to provide weighable quantities of samples from each 
cyclone. 

This criterion was established in conjunction 

The 

In addition to using the SASS train for stack gas sampling, other equip- 
ment was employed to collect those components that could not be analyzed from 
the train samples. A gas chromatograph (GC) with flame ionization detection 

-2 

. .  

.~ 

was used in the field to analyze c 1 - C ~  hydrocarbons collected in Tedlar 
gas sampling bags. 
O2 and N2 by GC using thermal conductivity detection. Field sampling for 

Additionally, these samples were analyzed for CO. C02, 
i 

NO, and SOs was also conducted at selected sites using a Method 7 train 
(40-CFR-60, Appendix A, Method 7 )  for NOx and a controlled condensation 

: I  
: ~ 

I sampling train for SO, collection. 

1.4.2 Modified Level I Laboratory Analysis 

A modified Level I sampling and analytical procedure was used in this 
emissions assessment program. Major deviations from Level I procedures 
included the use of gas chromatographylmass spectroscopy (GC/MS) for organic 
analyses, the combination of certain SASS train fractions before analysis and 
the deletion of inorganic analysis of SASS train samples collected from gas- 
and oil-fired sources. 
as a result of low levels of pollutants found in the flue gases of previously 
tested gas- and oil-fired utility boilers and residential heating systems. 
Full details of the procedures used are presented in Section 4. 

The combination and deletion guidelines were instituted 
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1.4.2.1 Inorganic Analyses-- 

collected in the SASS train fractions and to provide semiquantitative data on 
the elemental distributions and total emission factors. The primary tool for 
Level I inorganic analysis is Spark Source Mass Spectrography (SSMS). SSMS 
data were supplemented with Atomic Absorption Spectrometry (AAS) data for 
Hg, As, and Sb, and with standard method determinations for sulfates. 

Level I inorganic analysis was designed to identify all elemental species 

The following SASS train fractions from the solid fuel-fired sources were 
analyzed for their elemental composition: (1) the cyclone catches, (2) the 
particulate filter, ( 3 )  the XAD-2 sorbent, and (4) a composite sample contain- 
ing portions of the XAD-2 module condensate and HNO3 rinse, and the first 
impinger solution. Fuel was also analyzed for the solid fuel- and oil-fired 
sources. 

1.4.2.2 Organic Analyses-- 
Level I organic analysis provides data on volatile ( c 7 - c 1 6 )  and nonvola- 

tile (>CIS) organic compounds to supplement data for gaseous organics (Cl-C,) 
measured in the field. Organics in the particulate fractions, the XAD-2 sor- 
bent, and XAD-2 module condensate trap were recovered by methylene chloride 
extraction. SASS train components including the tubing were carefully rinsed 
with methylene chloride or methylene~~chlor ide/acetone solvent to~~recover all 
organics collected in the SASS train. 
from the gas- and oil-fired sites were combined for analysis; however, samples 
collected from sol id fuel-fired sources were analyzed separately. 

~~~ ~ 

SASS train rinses and extracts recovered 

~~ - 
Because all samples contain significant quantities of solvents from 

rinsing and are too dilute to detect organic compounds by the majority of 
instrumental techniques employed by Level I procedures, the first step in the 
analysis was to concentrate the sample fractions from as much as 1000 ml to 
10 ml in a Kuderna-Danish apparatus in which rinse solvent is evaporated while 
the organics of interest are retained.* Kuderna-Danish concentrates were then 
evaluated by GC, gravimetric analysis, infrared spectrometry (IR), and sequen- 
tial GC/MS.+ The extent of the organic analysis is determined by the stack 

~ ~ 

*Kuderna-Danish is a glass apparatus for evaporating bulk amounts of solvents. 
'The major modification' in the Level I sampling and analysis procedure was the 
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gas concen t ra t i ons  found f o r  t o t a l  o rgan ics  ( v o l a t i l e  and n o n v o l a t i l e ) .  I f  

t h e  t o t a l  o rgan ics  i n d i c a t e  a s t a c k  gas c o n c e n t r a t i o n  below 500 ug/m3, f u r t h e r  

a n a l y s i s  i s  n o t  conducted. 
f r a c t i o n a t i o n  by 1 i q u i d  chromatography i s  conducted f o l l o w e d  by  GC, g r a v i m e t r i c  
and I R  analyses. 

on i n d i v i d u a l  f r a c t i o n s  which c o n t a i n e d  an e q u i v a l e n t  c o n c e n t r a t i o n  o f  500 

u g h 3  o r  which were o f  s p e c i a l  i n t e r e s t .  

1.4.3 Resu l t s  

I f  t h e  c o n c e n t r a t i o n  i s  above 500 vg/m3, a c l a s s  

Low r e s o l u t i o n  mass spectroscopy a n a l y s i s  was a l s o  conducted 

The r e s u l t s  o f  t h e  f i e l d  measurement program f o r  f l u e  gas emissions f rom 

R e s u l t s  o f  ana l -  
i n d u s t r i a l  sources, a long  w i t h  supplementary values o b t a i n e d  f rom t h e  e x i s t i n g  
da ta  base f o r  c e r t a i n  p o l l u t a n t s ,  a r e  p resented  i n  Tab le  1. 
yses o f  ash samples f rom w o o d - f i r e d  systems a re  a l s o  p resen ted  i n  t h e  t a b l e .  
A l s o  l i s t e d  i n  Tab le  1 a r e  ambient s e v e r i t y  f a c t o r s ,  d e f i n e d  as t h e  r a t i o  o f  
t h e  c a l c u l a t e d  maximum g round- leve l  c o n c e n t r a t i o n  o f  t h e  p o l l u t a n t  spec ies  t o  
t h e  l e v e l  a t  wh ich  a p o t e n t i a l  env i ronmenta l  hazard e x i s t s .  An ambient 

s e v e r i t y  f a c t o r  o f  g r e a t e r  t h a n  0.05 i n d i c a t e s  a p o t e n t i a l  problem r e q u i r i n g  
f u r t h e r  a t t e n t i o n  (see Appendix A f o r  t h e  r a t i o n a l e  used t o  s e l e c t  0.05 as t h e  

va lue  i n d i c a t i v e  o f  a p o t e n t i t a l  env i ronmenta l  problem). Fo r  t h e  ash samples 
c o l l e c t e d  d u r i n g  t e s t s  o f  t h e  w o o d - f i r e d  sources, d i s c h a r g e  s e v e r i t y ,  t h e  

r a t i o  o f  t h e  e lementa l  c o n c e n t r a t i o n  i n  t h e  ash t o  t h e  h e a l t h  Minimum Acute 
T o x i c i t y  E f f l u e n t  (MATE) va lue  o f  t h e  element, was used as a measure o f  poten- 
t i a l  hazard. 
concern r e g a r d i n g  t h e  impact  o f  emiss ions  on  hea l th .  

A d i scha rge  s e v e r i t y  exceeding one i s  cons idered t o  war ran t  

The p a r t i c u l a t e ,  e lementa l ,  and p a r t i c u l a t e  s u l f a t e  emiss ion  f a c t o r s  shown 
i n  Tab le  1 a r e  t h e  mean va lues  o f  those measured i n  t h i s  s tudy .  
p u l v e r i z e d  wet bo t tom u n i t  and one b i tuminous  s t o k e r  were c o n t r o l l e d  by  e lec -  

t r o s t a t ’ c  p r e c i p i t a t o r s .  M u l t i c l o n e s  were used on t h e  rema in ing  b i tuminous  
c o a l - f i r e d  u n i t s ,  w i t h  t h e  e x c e p t i o n  o f  one p u l v e r i z e d  d r y  u n i t ,  wh ich  was 

c o n t r o l l e d  by a doub le  a l k a l i  f l u e  gas d e s u l f u r i z a t i o n  (FGD) u n i t  (measured 
p a r t i c u l a t e  e f f i c , e n c y  - 99.47 p e r c e n t ) .  
b o i l e r s  were c o n t r o l l e d  by p a r t i c u l a t e  scrubbers;  t h e  rema in ing  t h r e e  wood- 

One b i tuminous ,  

Emissions from two wood- f i red  

f i r e d  u n i t s  were 
presented  i n  t h e  

u n c o n t r o l l e d .  Emiss ion  f a c t o r s  f o r  gas- and o i l - f i r e d  u n i t s  
t a b l e  rep resen t  u n c o n t r o l l e d  emiss ion  f a c t o r s .  As noted 

i 
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p r e v i o u s l y ,  t h e  o v e r a l l  e f f i c i e n c y  of  . p a r t i c u l a t e  c o n t r o l  i n  t h e  i n d u s t r i a l  
s e c t o r  i s  81 pe rcen t  f o r  p u l v e r i z e d  u n i t s  and 53 percent  f o r  s tokers .  Gas- 
and o i l - f i r e d  u n i t s  a r e  e s s e n t i a l l y  u n c o n t r o l l e d .  Con t ro l  measures f o r  

c r i t e r i a  p o l l u t a n t s  o t h e r  than  p a r t i c u l a t e s  a re  n o t  widespread i n  t h e  
i n d u s t r i a l  s e c t o r .  

As can be seen from Tab le  1, t h e  ma jo r  c r i t e r i a  p o l l u t a n t s  o f  concern are: 

p a r t i c u l a t e s  f rom r e s i d u a l  o i l  sources and a l l  u n c o n t r o l l e d  s o l i d  f u e l - f i r e d  
u n i t s ;  NOx f rom a l l  source ca tegor ies ;  S O 2  f r om o i l -  and s c l i d  f u e l - f i r e d  
sources, i n c l u d i n g  wood- f i red  u n i t s  ( a s s m i n g  a s u l f u r  con ten t  o f  0.1 percent  

and 95 pe rcen t  conve rs ion  t o  SO2); and HC from b i tuminous  s t o k e r s  and wood- 
f i r e d  b o i l e r s .  Ambient s e v e r i t y  f a c t o r s  a re  a l l  g r e a t e r  t h a n  0.05 f o r  these 
p o l l u t a n t / s o u r c e  combinat ions.  Emissions o f  CO f rom a l l  t h e  combustion source 
c a t e g o r i e s  t e s t e d  do n o t  rep resen t  an e n v i r o m e n t a l  problem. 

P a r t i c u l a t e  s u l f a t e  and SO3 em iss ions  f rom t h e  s o l i d  f u e l - f i r e d  sources 
t e s t e d  a r e  a s s o c i a t e d  w i t h  ambient s e v e r i t y  f a c t o r s  i n  excess o f  0.05 and, 

t hus ,  r e p r e s e n t  a p o t e n t i a l  env i ronmenta l  hazard. Also,  SO3 emissions, mea- 
sured  i n  one t e s t  o f  a u n i t  b u r n i n g  r e s i d u a l  o i l ,  a r e  s i g n i f i c a n t  d e s p i t e  t h e  
use o f  a doub le  a l k a l i  FGD u n i t  t o  c o n t r o l  emiss ions  f rom t h i s  source. 
A l though  t h e  SO2 removal e f f i c i e n c y  o f  t h i s  FGO u n i t  was 97.5 percent ,  on l y  

28.5 p e r c e n t - o f  t h e  SO3 was removed-from the f l u e  gas. ~~ ~~ ~~~~ 

The t r a c e  element da ta  shown i n  T a b l e  1 i n d i c a t e  t h a t  many t r a c e  e l e -  

ments e m i t t e d  by c o n t r o l l e d  b i tum inous  c o a l - f i r e d  sources a r e  of concern. 
Elements o f  g r e a t e s t  concern appear t o  be a r s e n i c ,  b e r y l l i u m ,  c o b a l t ;  chromium, 

i r o n ,  potassium, l i t h i u m ,  sodium, n i c k e l ,  phosphorUs,- lead, and s i l i c o n .  
C h l o r i n e ,  on t h e  b a s i s  o f  i t s  c o n c e n t r a t i o n  i n  c o a l ,  and o t h e r  elements i n  
a d d i t i o n  t o  those  l i s t e d  above, may a l s o  be o f  concern because o f  v a r i a t i o n s  
i n  t h e  e lementa l  c o n t e n t  o f  b i t um inous  c o a l s .  Because many i n d u s t r i a l  sources 
a r e  t o t a l l y  u n c o n t r u l l e d  o r  o n l y  p a r t i a l l y  c o n t r o l l e d ,  f u r t h e r  c o n s i d e r a t i o n  

of t r a c e  element emissions i s  war ran ted .  

Trace element emissions o f  concern  f r o m  t h e  wood- f i red  sources t e s t e d  
i n c l u d e  bar ium, ca l c ium,  po tass ium and phosphorus. 

c a l c u l a t e d  f rom t h e  mean o f  t h e  e m i s s i o n  f a c t o r  f rom these sources exceed 0.05 
f o r  these elements.  O v e r a l l  removal e f f i c i e n c y  o f  p a r t i c u l a t e s  and n o n v o l a t i l e  

Ambient s e v e r i t y  f a c t o r s  

.. ~ . ~ .  
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t r a c e  elements f rom t h e  f i v e  wood- f i red  u n i t s  t e s t e d  i s  est imated t o  be 

36 percent .  

Chromium, n i c k e l ,  phosphorus, and vanadium emiss ions f rom d i s t i l l a t e  o i l -  
f i r e d  sources, and chromium, sodium, n i c k e l ,  s i l i c o n ,  and vanadium emissions 
from r e s i d u a l  o i l - f i r e d  sources a r e  s i g n i f i c a n t .  Ambient s e v e r i t y  f a c t o r s ,  
based on mean emiss ion f a c t o r s  measured i n  t h i s  study, exceed 0.05. 

t i o n ,  i n f o r m a t i o n  i n  t h e  e x i s t i n g  da ta  base i n d i c a t e s  t h a t  ambient s e v e r i t y  
f a c t o r s  can exceed 0.05 f o r  c h l o r i n e ,  c o b a l t ,  f l u o r i n e  and magnesium emissions 

f rom r e s i d u a l  o i l - f i r e d  b o i l e r s .  

I n  addi -  

POM emissions f rom b i tuminous  s t o k e r s  and wood- f i red  b o i l e r s  a re  poten- 
t i a l l y  s i g n i f i c a n t .  Mean emiss ion  f a c t o r s  f o r  t o t a l  POM were 180 and 210 pg/J. 

r e s p e c t i v e l y ,  f o r  these sources. A l though no a c t i v e  carc inogens were p o s i t i v e l y  
i d e n t i f i e d  and ambient s e v e r i t y  f a c t o r s  f o r  most compounds were l e s s  than 0.05. 
t h e  p o s s i b l e  presence o f  benzo(a)pyrene i n  s i g n i f i c a n t  amounts was i n d i c a t e d  

i n  t h e  emissions o f  two wood- f i red  b o i l e r s  and one b i tuminous  s toke r .  Level  I 1  
t e s t i n g  i s  needed t o  p r o v i d e  p o s i t i v e  i d e n t i f i c a t i o n  o f  t h e  POM compounds 
emi t ted  f rom these sources. 

The samples o f  ash c o l l e c t e d  f rom t h e  wood- f i red sources were analyzed 

f o r  t r a c e  elements by SSMS and f o r  o rgan ics ;  TCO, g r a v i m e t r i c  o rgan ics ,  and 
POM. Three types  o f  samples were c o l l e c t e d ;  bottom ash, c i n d e r  ash c o l l e c t e d  
downstream o f  t h e  combust ion chamber, and f l y  ash c o l l e c t e d  by  a p a r t i c u l a t e  
scrubber  c o n t r o l  dev ice.  Discharge s e v e r i t y ,  t h e  r a t i o  o f  t h e  e lementa l  con- 
c e n t r a t i o n  i n  the  ash t o  t h e  e lementa l  h e a l t h  MATE v a l u e  f o r  s o l i d s ,  was used 
t o  eva lua te  t h e  impact o f  ash d i sposa l .  
t h a t  a p o t e n t i a l  env i ronmenta l  problem e x i s t s .  

A va lue  i n  excess o f  one i n d i c a t e s  

As shown i n  Tab le  1, t h e  d i scha rge  s e v e r i t y  i s  i n  excess o f  one f o r  sev- 

e r a l  t r a c e  elements. E lemen ts .o f  concern i n  bottom ash a r e  barium, ca lc ium, 
chromium, i r o n ,  potassium, manganese, n i c k e l ,  phosphorus and s i 1  i con .  For  
c i n d e r  ash, d ischarges s e v e r i t i e s  i n  excess o f  one were found f o r  a rsen ic ,  
barium, ca lc ium, i r o n ,  potassium, manganese, n i c k e l ,  phosphorus, and s i l i c o n .  

F l y  ash elements o f  concern i n c l u d e  ca lc ium, chromium, i r o n ,  potassium, manga- 
nese, n i c k e l ,  phosphorus and s i l i c o n .  I f  eco log i ca l  e f f e c t s  a re  considered, 
severa l  o t h e r  elements w i l l  wa r ran t  concern because t h e  eco logy  Discharge 
Mul t imed ia  Env i ro rmenta l  Goal (DMEG) o'r MATE values f o r  t h e  p o l l u t a n t s  o f  
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interest are generally lower than those for health. 
to MATE values and are derived through a series of models which use available 
data relating to properties of chemical toxicants for both health and ecologi- 
cal effects. D M E G  values represent concentrations that wi 11 cause minimal 
adverse effects on either a hunan (health O M E G )  or an ecological receptor 
(ecological D M E G ) .  

OMEG values are equivalent 

A s  anticipated, TCO and gravimetric organics were not present in signifi- 
cant amounts in bottom ash. Organics were generally found in greater amounts 
in cinder ash and fly ash, but are not of environmental concern. Although 
POM compounds were not found in the samples of bottom ash and cinder ash. they 
were found in the one sample of fly ash collected by a particulate scrubber. 
The POM compounds were identical to P O M  compounds collected downstream of the 
scrubber by the SASS train at this site. Further, the relative distribution 
of these compounds in the scrubber ash and in the SASS samples was similar. 
Based on this, wood fly ash will present a definite hazard at sites emitting 
POM compounds such as benzo(a)pyrene. 
tively identified in the flue gas emissions of two uncontrolled wood-fired 
ooiiers during This sway. 

1.5 CONCLUSIONS 

The compound benzo(a)pyrene was tenta- 

~ ~ 
~ 

Several conclusions, listed as follows, can be drawn from the characteri- 
zation of emissions from industrial external combustion source: 

@ Industrial external combustion sources in 1978 accounted for 
25, 15, 9, 24 and 28 percent, respectively, of total nation- 
wide emissions of particulates,-NOx, S O 2 ; - C O .  and HC emissions 
from external combustion sources. 

@ Flue gas emissions of NOx from industrial boilers are environ- 
mentally significant. 
for all of the source categories tested in this study, ranging 
from 0.25 for wood-fired stokers to 2.9 for bituminous, pulver- 
ized wet bottom units. 

t Flue gas emissions of S O 2  from the residual oil- and bituminous 
coal-fired sources are associated with ambient severity factors 
greater than 0.05 and, thus, are of environmental concern. The 
calculated SO2 ambient severity factor of 0.07 for wood, shown 
in Table 1, is based on a fuel sulfur content of 0.1 percent. 
Normally the wood sulfur content will be lower than the assumed 
value of-0.1 percent and emissions from wood fuels containing - 

Ambient severity factors exceeded 0.05 
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l ess  than 0.07 percent  s u l f u r  would.not be o f  concern. Ambient 
s e v e r i t y  f a c t o r s  f o r  p a r t i c u l a t e  s u l f a t e  f rom b i tuminous coal  
and wood combustion, and f o r  SO3 f rom t h e  two source ca tegor ies  
tes ted ,  b i tuminous,  p u l v e r i z e d  d r y  bot tom b o i l e r s  and res idua l  
o i l  b o i l e r s ,  a r e  i n  excess o f  0.05 and war ran t  concern. 

F lue  gas emissions o f  CO f rom i n d u s t r i a l  sources a re  o f  l i t t l e  
concern. Ambient s e v e r i t y  f a c t o r s  a re  l e s s  than  0.01 f o r  a l l  
source ca tegor ies .  

F lue gas emissions o f  HC a re  s i g n i f i c a n t  f o r  b i t m i n o u s  s tokers  
and wood b o i l e r s ;  ambient s e v e r i t y  f a c t o r s  determined i n  t h i s  
s tudy  are  0.05 and 0.35, r e s p e c t i v e l y .  

F lue  gas emissions o f  p a r t i c u l a t e  f rom u n c o n t r o l l e d  s o l i d  
, f u e l - f i r e d  sources a r e  o f  d e f i n i t e  concern. Uncon t ro l l ed  

emissions o f  p a r t i c u l a t e s  f rom r e s i d u a l  o i l  combust ion 
(ambient s e v e r i t r  f a c t o r  o f  0.05) may a l s o  be s i g n i f i c a n t .  
Well c o n t r o l l e d  sources a r e  n o t  expected t o  be a problem. 
High e f f i c i e n c y  dev ices,  such as ESPs, shou ld  adequate ly  
c o n t r o l  p a r t i c u l a t e  emiss ions f rom l a r g e  b i tuminous  pu lve r -  
i z e d  u n i t s  and s tokers .  Ambient s e v e r i t y  f a c t o r s  l 'ess than 
0.05 a re  ach ievab le  w i t h  c o n t r o l  dev ices w i t h  e f f i c i e n c i e s  
of 80 t o  90 percent  f o r  wood- f i red  u n i t s  o f  50 x l o 9  J / h r  
i n p u t  capac i t y .  

P a r t i c l e  s i z e  d i s t r i b u t i o n  da ta  f o r  p a r t i c u l a t e  emissions 
from s o l i d  f u e l - f i r e d  b o i l e r s  a re  inadequate.  The da ta  
g e n e r a l l y  e x h i b i t e d  h i g h  v a r i a b i l i t y . .  F u r t h e r  s tudy  o f  
source c a t e g o r y l c o n t r o l  d e v i c e  combinat ions i s  needed. 

Trace element emiss ions f rom c o n t r o l l e d  b i tuminous  coa l  
combustion sources a re  o f  concern. Bi tuminous s tokers ,  
p robab ly  because o f  l e s s  e f f i c i e n t  c o n t r o l  o f  p a r t i c u l a t e s ,  
were t h e  l a r g e s t  e m i t t e r s  o f  t r a c e  elements and p a r t i c u l a t e s .  
Elements o f  p r i n c i p l e  concern a r e  arsen ic ,  b e r y l l i u m ,  
c h l o r i n e ,  c o b a l t ,  chromium, i r o n ,  potassium, l i t h i u m ,  
sodium, n i c k e l ,  phosphorus, and lead.  

s Trace element emiss ions o f  concern f rom wood- f i red  b o i l e r s  
a re  barium, calc ium, potassium, and phosphorus. Mean 
ambient s e v e r i t y  f a c t o r s  exceed 0.05. 

0 For d i s t i l l a t e  o i l  sources t r a c e  element emiss ions o f  con- 
ce rn  a re  chromium, n i c k e l ,  phosphorus, and vanadium; f o r  
r e s i d u a l  o i l  sources c h l o r i n e ,  chromium, sodium, n i c k e l ,  
s i l i c o n  and vanadium a r e  a l s o  assoc ia ted  w i t h  mean ambient 
s e v e r i t y  f a c t o r s  i n  excess o f  0.05 and, thus,  a re  env i ron-  
m e n t a l l y  s i g n i f i c a n t .  

0 

e 

0 

0 
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Ana lys i s  o f  o r g a n i c  emiss ions  from i n d u s t r i a l  s i t e s  i n d i c a t e s  
t h a t  t h e  p r i n c i p a l  o r g a n i c  c o n s t i t u e n t s  a r e  e s t e r s ,  e thers ,  
g l y c o l s  and a l i p h a t i c  and a romat i c  hydrocarbons. 
p r e v a l e n t  c o n s t i t u e n t s  a r e  g e n e r a l l y  assoc ia ted  w i t h  MATE 
va lues  i n  t h e  10 t o  1000 mg/m3 range. 
f a c t o r s  w i l l  no t  exceed 0.05 a t  these MATE l e v e l s .  However, 
more d e t a i l e d  Level  I 1  a n a l y s i s  would be r e q u i r e d  t o  
d e f i n i t e l y  i d e n t i f y  compounds and e s t a b l i s h  t h e i r  env i ron-  
mental  s i g n i f i c a n c e .  

F lue  gas emissions o f  POM f rom g a s - f i r e d  sources were no t  
s i g n i f i c a n t .  
t i o n s  were naphthalene and phenanthrene. The da ta  base 
f o r  POM emiss ions  f rom g a s - f i r e d  i n d u s t r i a l  sources i s  
adequate. 

POM emiss ions  from o i l - f i r e d  sources were n o t  s i g n i f i c a n t .  
B ipheny l  was e m i t t e d  i n  sma l l  amounts f rom two r e s i d u a l  
o i l - f i r e d  b o i l e r s  b u t  t h e  a s s o c i a t e d  ambient s e v e r i t y  
f a c t o r  was l e s s  t h a n  0.001. The POM d a t a  base f o r  o i l -  
f i r e d  sources i s  adequate. 

.POM compounds o f  p o t e n t i a l  env i ronmenta l  s i g n i f i c a n c e  may 
be p r e s e n t  i n  t h e  f l u e  gas emissions from b i tuminous  s toke rs .  
and wood- f i red  b o i l e r s .  A compound, t e n t a t i v e l y  i d e n t i f i e d  
as benzo(a)pyrene, was found a t  some o f  these s i t e s .  Phenan- 
LI I Ic I Ic  a lso  eiilitted i n  s i g n i f i c a n t  amoiint; from OK o f  the  
wood- f i red  b o i l e r s .  Level  I1  GC/MS a n a l y s i s  i s  r e q u i r e d  t o  ’ 
p o s i t i v e l y  i d e n t i f y  POM compounds and t o  e s t a b l i s h  t h e  impact  
o f  t h e  POM-emissions f rom these source ca tegor ies .  

The d i s p o s a l  o f  f l y  ash f r o m  wood combustion poses a poten- 
t i a l  hazard. Compounds, such as  benzo(a)pyrene, i f  p resen t  
i n  f l u e  gas emissions, c o u l d  be c o l l e c t e d  by  t h e  c o n t r o l  
dev ice .  The d i scha rge  s e v e r i t y  o f  t h i s  compound i n  t h e  ash 
c o u l d  w e l l  exceed u n i t y .  
f o r  seve ra l  t r a c e  elements a r e  a p p r e c i a b l y  g r e a t e r  t han  u n i t y .  

The most 

Ambient s e v e r i t y  

Compounds i d e n t i f i e d  i n  h i g h e s t  concentra- 

LL I--^ . . - -  

I n  add.ition,- t h e  d ischarge s e v e r i t i e s  
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2.0 INTRODUCTION 

i 

The  combustion of common fue ls  - coal ,  o i l ,  gas, and wood - i n  conven- 
t ional s ta t ionary systems f o r  heating and power generation i s  one of the 
la rges t  and most widespread sources of environmental pollution. Combustion 
of these fue ls  a f f ec t s  a i r ,  water, and land. I n  a preliminary assessment 
of the significance of s ta t ionary combustion systems as sources o f  pollution, 
i t  was estimated tha t  these combustion sources contribute a major portion 
of the to ta l  manmade emissions of nitrogen oxides, su l fur  dioxide, and 
par t iculate  matter. Further, many of the combustion processes and associ- 
ated pollution control technologies a l so  produce so l id  wastes, i n  the form 
of ash and sludge, t ha t  present disposal problems. Leaching of chemical 
compounds and heavy metals from fuel or  waste material ,  as well as d i r e c t  I 

discharges of wastewater streams, may r e su l t  in  contamination of water 
resources. Assessment of the environmental impacts i s  complicated by 
multimedia e f fec ts .  as pol lutants  merge w i t h  o r  pass between envirormental 
media. For example, removal of sulfur dioxide and par t icu la te  matter from 
f lue gases s ign i f icant ly  increases the  amount of so l id  wastes requiring 
disposal. 

The U . S .  Environmental Protection Agency (€PA) has long been act ive in 
regulating the release of pol lutants  from stat ionary conventional combustion 
processes. The involvement has included characterizing emission streams, 
researching on the health and ecological e f f ec t s  o f  combustion pol lutants ,  
developing and demonstrating pollution control technologies, and se t t ing  a n d  
enforcing environmental standards. Much of the e a r l i e r  work on combustion 
pollutant character izat ion,  however, was focused on the three major a i r  
pol lutants  - su l fur  dioxide, n i t r o g e n  oxides, and par t icu la te  matter - and 
the subsequent development of control technologies and standards fo r  these 
pollutants.  As a consequence, the ea r ly  characterization work was limited 
i n  scope and d i d  not adequately address the emissions of other potent ia l ly  
hazardous pollutants or the multimedia aspects of combustion emissions. 
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These obse rva t i ons  were conf i rmed i n  t h e  p r e l i m i n a r y  assessment study,' which 
i d e n t i f i e d  t h e  inadequate c h a r a c t e r i z a t i o n  o f  f l u e  gas emissions o f  t r a c e  

elements, s u l f a t e s ,  p a r t i c u l a t e  m a t t e r  by  s i z e  f r a c t i o n ,  and p o l y c y c l i c  o rgan ic  
m a t t e r  (POM). I n  a d d i t i o n ,  t h e  same s t u d y  a l s o  i d e n t i f i e d  t h e  general in -  

adequacy o f  t h e  da ta  base c h a r a c t e r i z i n g  a i r  emissions f rom c o o l i n g  towers 
a n d ' c o a l  s to rage  p i l e s ,  and wastewater e f f l u e n t s  and s o l i d  wastes f rom com- 

b u s t i o n  processes. 

From t h e  above d iscuss ion ,  i t  i s  apparent  t h a t  much o f  t h e  da ta  d e s c r i b i n g  
p o l l u t a n t  types  and q u a n t i t i e s  r e l e a s e d  from s t a t i o n a r y  convent iona l  combus- 
t i o n  processes were unava i l ab le .  
s i o n s  f rom these processes, t h e r e f o r e ,  was needed as a b a s i s  f o r  i d e n t i f y i n g  
t h e  p o l l u t a n t s  o f  concern, f o r  e s t i m a t i n g  t h e  t o t a l  q u a n t i t i e s  o f  p o l l u t a n t s  
emi t ted ,  f o r  assess ing  the  impacts  o f  p o l l u t a n t  emiss ions  on h e a l t h  and t h e  
environment,  and f o r  e v a l u a t i n g  t h e  need f o r  c o n t r o l  techno logy  development. 
I n  response t o  t h e  need f o r  a comprehensive c h a r a c t e r i z a t i o n ,  t h e  EPA's Indus- 
t r a i l  Env i ronmenta l  Research L a b o r a t o r y  a t  Research T r i a n g l e  Park (IERL-RTP) 
i n  N o r t h  C a r o l i n a  e s t a b l i s h e d  t h e  Emissions Assessment o f  Convent ional  Com- 

b u s t i o n  Systems program as  one o f  t h e  p r i m a r y  e f f o r t s  f o r  f i i i i n g  t h e  i a e n t i -  
f i e d  d a t a  gaps. S p e c i f i c a l l y ,  t h e  o b j e c t i v e s  o f  t h i s  program are :  

A comprehensive c h a r a c t e r i z a t i o n  o f  emis- 

~.~ ~ 

0 C o m p i l a t i o n  and e v a l u a t i o n  o f  a:l a v a i l a b l e  e m i s s i o n s  d a t a  
on p o l l u t a n t s  from s e l e c t e d  s t a t i o n a r y  conven t iona l  combus- 
t i o n  processes. 

A c q u i s i t i o n  o f  needed new emiss ions  d a t a  f rom f i e l d  t e s t s .  

C h a r a c t e r i z a t i o n  o f  a i r  emiss ions ,  wastewater e f f l u e n t s ,  
and s o l i d  wastes generated f rom s e l e c t e d  s t a t i o n a r y  conven- 
t i o n a l  combustion processes, u s i n g  combined d a t a  f rom 
e x i s t i n g  sources and f i e l d  t e s t s .  

0 D e t e r m i n a t i o n  o f  a d d i t i o n a l  da ta  needs, i n c l u d i n g  s p e c i f i c  
areas o f  d a t a  u n c e r t a i n t y .  

Because o f  t h e  comprehensive c h a r a c t e r i z a t i o n  requ i rement ,  t h e  assess- 

0 

0 

ment process i n  t h e  c u r r e n t  program i s  based on a c r i t i c a l  examinat ion  of 
e x i s i n g  data,  f o l l o w e d  by a phased sampl ing  approach t o  f i l l  d a t a  gaps. 

I n  t h e  f i r s t  phase, sampl ing and a n a l y s i s  procedures a re  used t o  p r o v i d e  
resul ts  a c c u r a t e  t o  a f a c t o r  o f  3 so t h a t  p r e l i m i n a r y  assessments can be 

.~ 
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made and problem areas i d e n t i f i e d .  The methodology employed i s  s i m i l a r  t o  
the  Level  I sampl ing and a n a l y s i s  procedures developed under t h e  d i r e c t i o n  
of IERL; a ma jor  a d d i t i o n  be ing  t h a t  GC/MS ana lys i s  f o r  POM i s  performed 

on the  samples c o l l e c t e d  i n  t h i s  program. 
f i r s t  phase w i l l  determine a l l  waste s t ream/po l l u tan t  combinat ions r e q u i r i n g  

a more d e t a i l e d  and accurate Level  I 1  sampl ing and a n a l y s i s  program. 
o f  ma jor  p o t e n t i a l  b e n e f i t s ,  t he  c h a r a c t e r i z a t i o n  o f  combustion source ernis- 
s ions  f rom t h i s  program w i l l  a l l o w  EPA t o  determine the  env i ronmenta l  accep- 
t a b i l i t y  o f  combustion wastes streams and p o l l u t a n t s  and the  need f o r  c o n t r o l  
o f  env i ronmen ta l l y  unacceptable p o l  1 u t a n t s .  

Eva lua t i on  o f  r e s u l t s  f rom t h e  

I n  t e n s  

The combustion source types t o  be assessed i n  t h i s  program have been 
se lec ted  because o f  t h e i r  re levance t o  emiss ions and because they  a re  among 
the  l a r g e s t ,  p o t e n t i a l l y  l a r g e s t ,  o r  most numerous ( i n  use) o f  e x i s t i n g  
combustion source types. A t o t a l  o f  51 source types have been se lec ted  f o r  
s tudy.  Se lec ted  source types have been c l a s s i f i e d  under  t h e  f o l l o w i n g  
p r i n c i p a l  ca tegor ies :  

(1) E l e c t r i c i t y  genera t i on  - e x t e r n a l  combustion 
( 2 )  I n d u s t r i a l  - e x t e r n a l  combust ion 
(3 )  E l e c t r i c i t y  genera t ion  and i n d u s t r i a l  - i n t e r n a l  combustion 
(4)  Comnerc ia l / i ns t i  t u t i o n a l  - space hea t ing  and i n t e r n a l  combustion 
( 5 )  R e s i d e n t i a l  - space h e a t i n g  

These f i v e  p r i n c i p a l  ca tegor ies  have been f u r t h e r  d i v i d e d  i n t o  subcategor ies 
based on f u e l  type, fu rnace des ign,  and f i r i n g  method. 
i s  needed because o f  t he  d i f f e r e n c e s  i n  the  emiss ion c h a r a c t e r i s t i c s  of 

combustion source types.  

The subca tegor i za t i on  

T h i s  program r e p o r t  i s  t h e  f i f t h  i n  a s e r i e s  o f  f i v e  group/category 
repo r t s ,  and i s  concerned w i t h  the  c h a r a c t e r i z a t i o n  o f  emiss ions from indus-  
t r a i l  combustion sources. 
da ta  e v a l u a t i o n  and t e s t  r e s u l t s ,  and t o  p rov ide  i n  a s i n g l e  document, b e s t  
es t imates  o f  emiss ion  f a c t o r s  for s t a c k  gas e f f l u e n t s  f rom i n d u s t r i a l  com- 

b u s t i o n  sources. These emiss ion es t ima tes  were de r i ved  u s i n g  combined da ta  

f rom e x i s t i n g  i n f o r m a t i o n  sources and f i e l d  t e s t s  conducted i n  the  c u r r e n t  
program. 

The main purposes o f  t h i s  r e p o r t  a re  t o  d i scuss  

The r e p o r t  a l s o  p rov ides  es t ima tes  o f  na t ionwide  f l u e  gas emiss ions 
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from industrial  combustion sources, and ident i f ies  major gaps i n  emissions 
data. As such, information contained i n  the report  can be used for:  

Compiling emission factors  f o r  pollutants fo r  which no 
exis t ing data were available.  

Upgrading exis t ing emission fac tors  fo r  pollutants.  

Performing environmental assessments of industrial  
combusti on sources. 

Determining the nationwide burden of emissions from 
industr ia l  combustion sources. 

Evaluating the need f o r  control technology development, 
based on analysis of the environmental impacts of uncon- 
t ro l led  and controlled emissions. 

Planning future  Level I1  f i e l d  t e s t s  t o  provide c r i t i c a l  
data needs. 

Providing input t o  the development of emission standards. 

A to ta l  of seven industrial  combustion source types are  considered:* 

2.1.1l.l.G External combustion, bituminous, pulverized dry 

2.1.11.2.0 External combustion, bituminous, pulverized wet 
2.1.11.6.0 External~combgstioti, ~~ bituminous, spreader stoker 
2.1.42.4.0 External combustion, wood, stoker 
2.1.21.0.2 External combustion, residual o i l  
2.1.22.0.2 External combustion, d i s t i l  l a t e  oi 1 
2.1.30.0.0 External combustion, natural gas 

The approach taken in t h i s  emissions characterization of industrial  
combustion sources i s  similar t o  tha t  taken t o  characterize other combustion 
source types. First ,  available information concerning the process and popu- 
l a t ion  charac te r i s t ics  of the combustion sources and the i r  emissions was 
assembled and assessed to  determine the  adequacy of the available data 
base. 
s i t e s  t o  f i l l  ident i f ied data gaps in  the exis t ing data base. 

Sampling and analysis were then conducted a t  selected representative 
The r e su l t s  

*The 1.0. Code referes  t o  the  c l a s s i f i ca t ion  code used i n  Reference 1. 
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were eva lua ted  t o  determine the  need f o r  and type of a d d i t i o n a l  sampling and 
ana lys i s ,  and t o  i d e n t i f y  the  env i ronmen ta l l y  s i g n i f i c a n t  substances emi t ted  

from i n d u s t r i a l  c m b u s t i o n  sources. Emissions data ob ta ined  from the sampling 
and ana lys i s  program were combined w i t h  e x i s t i n g  emiss ions da ta  t o  p rov ide  
es t imates  o f  c u r r e n t  and f u t u r e  na t i onw ide  emissions of p o l l u t a n t s  from indus- 
t r i a l  combustion sources. 
t h e  adequacy o f  emiss ion data.  
Appendix B. 
sented i n  Appendix C. 

Appendix A descr ibes  t h e  c r i t e r i a  f o r  eva lua t i ng  
The da ta  reduc t i on  procedure i s  presented i n  

F i n a l l y ,  d e t a i l e d  t a b u l a t i o n s  o f  the  e x i s t i n g  da ta  base a re  pre-  

! 

t 

19 



3.0 SOURCE DESCRIPTION 

The primary use of fuel in the industr ia l  sector  i s  fo r  the production 
o f  steam which  i s  then used f o r  process heating, e l e c t r i c i t y  generation, or 
space heating. Fuels used fo r  t h i s  purpose include natural gas, o i l ,  coal,  
wood, and waste products such as process or refinery gas, and bagasse. 
Natural gas and o i l  are  also used i n  s ta t ionary  internal combustion engines 
to  produce e l e c t r i c i t y ,  and as feedstocks for  various chemical processes. 
I n  addition, natural gas ,  o i l ,  and process and refinery gases are often used 
fo r  d i r ec t  process heating. 

This study i s  concerned with the characterization of emissions from the 
use of natural gas, o i l ,  coal, and wood i n  industr ia l  boilers.  These boilers 
have a wide range of capaci t ies  and operate under a wide range of conditions. 
Although industr ia l  boi lers  a r e  sometimes defined as those boilers i n  the 
10 to  500 GJ/hr size range, units a s  small a s  0.4 GJ/hr and a s  large as 1500 
GJ/hr i n  capacity are  used in  the i n d u s t r i a l  sector.  
tures   range from 100zC t o  50O0C~.-To provide- an understanding bf  the emissions 
associated w i t h  i ndus t r i a l , bo i l e r s ,  t h i s  section presents an overview of the 
industr ia l  boi ler  population with br ief  descriptions of industry s ize  and 
geographic d i s t r ibu t ion ;  fuel consumption; combustion system design, s ize  
d is t r ibu t ion  and age; control system application; .and trends. 

3 .1  SIZE OF THE INDUSTRY A N D  GEOGRAPHIC DISTRIBUTION 

Boiler steam tempera- 

Table 2 compares natural gas, o i l ,  coal ,  and other fuel use in  the 
industr ia l  sector with consunptions in  t h e  commercial, res ident ia l ,  and 
e l e c t r i c  u t i l i t y  sectors for the year 1978. A s  shown i n  t h e  t ab le ,  the 
industr ia l  sec tor  accounts f o r  approximately 25 percent of t o t a l  fuel use. 
Natural gas i s  t h e  primary fuel in  the industr ia l  sec tor ,  accounting f o r  
about 63 percent of  the total  fo s s i l  fuel  use in  1978; while o i l  and coal 
account fo r  about 18 percent and 15 percent, respectively. 
and process and ref inery gases are minor  fuel^. sources. 

Wood, bagasse, 
Approximately 72 

1 
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percent of the energy derived from foss i l  fuels  i n  the industr ia l  sector was 
used to  provide steam f o r  process heat,  while about 15 percent was used for 
e l e c t r i c i t y  generation, and 14  percent was used fo r  space heating.5 

TABLE 2 .  U.S. FUEL CONSUMPTION I N  THE UTILITY, INDUSTRIAL, 
COMMERCIAL, AND RESIDENTIAL SECTORS IN 1978 

Annual consumption (10’’ Joules)  

I 

1 

t 

Fuel Ut i l i t y  Industrial  Comnerci’al Residential 

Natural gas 2.56 6.49 2.20 3.90 
Pet ro 1 em 4.09 1. 78a 2.60 2.53 
Coal 11.46 1 .54b  0.14 0.21 
Other 0.01 0.45 - 0.10 0.05 

Total 18.12 10.26 5.04 6.69 
a 

bExcludes use f o r  coke production. 
Source: References 2 ,  3, and 4. 

Excludes o i l  company use. 

Estimates of t o t a l  fuel consumption i n  the industr ia l  sector  are shwon 
i n  Table 3 for  the period 1974 through 1978. 
increase in  industr ia l  fuel consunption of  about 3 percent per year. 
growth is  expected to  continue through 1985. 

This tab le  shows an overall 
This 

TABLE 3. FUEL CONSIMPTION TRENOS IN THE INDUSTRIAL SECTOR 

Annual consunption (lo’* Joules) 

1974 1975 1976 1977 1978 

Natural gas 5.92 6.12 6.51 6.45 6.49 
D i s t i l l a t e  o i l a  0.26 0.26 0.32 0.39 0.38 
Residual o i l a  0.93 0.75 0.99 1.11 1.40 

1.60 1.36 1.35 1.50 1.54 Coal 
Other - 0.27 0.30 0.35 0.40 0.45 

Total 8.98 8.79 9.52 9.85 10.26 

b 

a 

bExcludes use f o r  coke production. 
Source: References 2 ,  3 ,  and 4. 

Excludes o i l  company use. 
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Figures  1 th rough 3 i l l u s t r a t e  1978 reg iona l  consumption o f  gas, o i l ,  
and coa l ,  r e s p e c t i v e l y ,  i n  the  i n d u s t r i a l  sec tor .  
percentages o f  t o t a l  U.S. i n d u s t r i a l  consumption are  shown f o r  s ta tes  where 
consumption i n  the  i n d u s t r i a l  s e c t o r  exceeded 1 percent  o f  the  U.S. t o t a l .  
S t a t e s  i n  wh ich  i n d u s t r i a l  consumption exceeded 5 percent  o f  t he  U.S. t o t a l  

a r e  shaded. These f i g u r e s  show t h a t  consumption o f  a l l  f u e l s ,  e s p e c i a l l y  
coa l ,  was r e l a t i v e l y  h i g h  i n  t h e  i n d u s t r i a l i z e d  n o r t h  c e n t r a l  s ta tes ;  and 
t h a t  n a t u r a l  gas consunpt ion was r e l a t i v e l y  h i g h  i n  t h e  gas producing 
southern  s t a t e s  o f  Texas and Louis iana,  and i n  C a l i f o r n i a .  

For  each type o f  f u e l ,  the  

The d i s t r i b u t i o n  o f  i n d u s t r i a l  fue l  consumption i n  1978 w i t h  respec t  t o  
(1) e x t e r n a l  and i n t e r n a l  combustion, ( 2 )  f u e l  type, and (3)  f u e l  f i r i n g  
method i s  es t imated  i n  Table 4. The v a r i o u s  f u e l  f i r i n g  systems shown i n  

t h e  t a b l e  a re  descr ibed i n  t h e  f o l l o w i n g  sec t ion .  Increases a re  expected 
i n  t h e  use o f  coa l  and re fuse  fue l s .  

3.2 CHARACTERISTICS OF COMBUSTION EOUIPMENT 

A t y p i c a l  steam producing e x t e r n a l  combustion system cons is t s  o f  a com- 
b u s t i o n  chamber, i n  which f u e l  and a i r  a re  mixed and caused t o  reac t ,  and a 
hea t  exchanger, o r  b o i l e r ,  which t r a n s f e r s  heat  from t h e  f u e l  combustion 
p roduc ts  t o  water ,  caus ing t h e  p r o d u c t i o n  of steam. 
c l a s s i f i e d  accord ing  t o  the  f u e l  f i r i n g  method, a n d ~ - t h e  t ype  o f  b o i l e r  used, 
which a re  g e n e r a l l y  independent o f  one another .  
f i r i n g  techniques and b o i l e r  systems t y p i c a l l y  used in t he  i n d u s t r i a l  sector .  

A system i s  g e n e r a l l y  
~~ ~ ~~ ~ ~~ ~ 

Th i s  s e c t i o n  descr ibes  

3.2.1 Fuel  F i r i n g  Methods . .  - 

The f u e l  f i r i n g  techniques used i n  a combustion system a f f e c t s  the  degree 
o f  m i x i n g  between the  f u e l  and combust ion a i r ,  and, i n  the  case o f  l i q u i d  and 

s o l i d  f u e l s ,  t h e  f u e l  sur face  area exposed t o  the  combustion a i r .  Thus, f o r  
a l l  f u e l s  and e s p e c i a l l y  f o r  l i q u i d  and s o l i d  f u e l s ,  t he  f i r i n g  method can 
have an impact  on emissions o f  incomple te  combustion products ,  i n c l u d i n g  CO, 

hydrocarbons, and p a r t i c u l a t e  soo t  (unburned carbon).  For  coa l  and o t h e r  

s o l i d  f u e l s ,  t h e  f i r i n g  method can i n f l u e n c e  the  amount o f  i n e r t  m a t t e r  
which becomes e n t r a i n e d  i n  exhaust  gases. 
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TABLE 4. ESTIMATED INDUSTRIAL FUEL USE ky 
COMBUSTION SYSTEM, 1978 - 

Fuel used, 
Source category (PJ/yr) 

Industrial  10,260 

External combustion 8,690 
Coal 1,540 

Bituminous 1,490 
Pulverized, dry 730 
Pulverized, wet 150 
Cyclone 40 
Spreader stokers 510 
Other stokers 60 

Anthracite 10 
All stokers 10 

Lignite 40 
Spreader stokers 40 

Petroleum 1,710 
Residual o i l  1,400 

Tangential f i r i n g  170 
Other 1,230 

Di s t i l l a t e  o i l  310 
Tangential f i r i n g  50 

Gas 4,990 
Tangenti a1 f i r i n g  500 

~ -Other ~ ~~ ~~ 4,490 
Other 450 

WoodIBark 420 
Bagasse 30 

Internal combustion 1,570 
D i s t i l l a t e  o i l  . 70 
Gas 1,500 

Other 260 

_- 
Source: References 1 through 7 .  
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3.2.1.1 Gas Burners--  

Because n a t u r a l  gas can be mixed e a s i l y  w i t h  a i r ,  gas burners a re  con- 
s i d e r a b l y  s imp le r  than those used. fo r  o i l  o r  s o l i d  f u e l s .  Natura l  gas i s  
genera l l y  mixed w i t h  a f r a c t i o n  o f  t h e  a i r  necessary f o r  complete combustion 
be fore  being f e d  t o  the  combustion chamber. 
t h i s  stage i s  c a l l e d  pr imary  a i r .  
chamber e i t h e r  th rough nozz les o r  th rough p e r f o r a t e d  r i n g s .  
t h e  chamber, t he  gas m i x t u r e  i s  i g n i t e d  and mixes w i t h  secondary a i r ,  which 
makes up t h e  remainder o f  a i r  necessary f o r  complete combustion. 

3.2.1.2 A tomiza t ion  Methods f o r  O i l - F i r e d  Systems-- 

The a i r  mixed w i t h  the  gas a t  

Upon e n t e r i n g  
The gas m ix tu re  e n t e r s  the  combustion 

I n  o r d e r  t o  maximize the  su r face  area o f  o i l  exposed t o  a i r  i n  i n d u s t r i a l  
combustion systems, measures are  taken t o  atomize o i l  as i t  en te rs  the  combus- 
t i o n  chamber. Four bas i c  methods o f  o i l  f i r i n g  are  c u r r e n t l y  i n  use: a i r ,  
steam, and mechanical ;  and r o t a r y  c u p .  P a r t i c u l a t e  emissions from a i r  
atomized systems a r e  t y p i c a l l y  l ower  than emissions from systems us ing  o the r  
techniques. e 

I n  a i r  a tom iza t i on  systems, o i l  i s  f ed  t o  the  Combustion chamber through 
a c e n t r a l  tube o f  a nozz le,  and p ressu r i zed  a i r  i s  f e d  th rouqh an annulus 
around t h e  o i l  passageway. The a i r  and o i l  streams a re  combined e i t h e r  
i n s i d e  the  nozz le,  o r  a l lowed t o  mix a f t e r  l e a v i n g  t h e  nozzle.  The pressure 
drop across t h e  nozz le  causes t u r b u l e n t  m i x i n g  o f  t h e  o i l  and a tomiz ing  a i r ,  

r e s u l t i n g  i n  t h e  fo rma t ion  o f  f i n e  o i l  d r o p l e t s .  The d r o p l e t  stream i g n i t e s  

and mixes w i t h  secondary combustion a i r  i n  the  combustion chamber. 

Steam atomized burners operate under the  same p r i n c i p l e s  as a i r  atomized 
burners,  except  t h a t  h i g h  pressure  steam, r a t h e r  than p ressu r i zed  a i r ,  i s  

used t o  atomize the  o i l .  
g e n e r a l l y  exceed emissions from a i r  atomized systems by a f a c t o r  of about 
three. '  
i s  more r e a d i l y  a v a i l a b l e  than p ressu r i zed  a i r .  

P a r t i c u l a t e  emiss ions from steam atomized systems 

Steam atomized systems a re  g e n e r a l l y  used when h i g h  p ressu re  steam 

I n  mechanical a tomiza t i on  systems, p ressur ized  o i l  i s  f e d  t o  the  
combustion chamber through one o r  more o r i f i c e s .  
angu lar  momentum as they  l eave  these o r i f i c e s .  

O i l  d r o p l e t s  a re  g i ven  
Th is  angu lar  momentum causes 
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t he  d r o p l e t s  t o  break up i n t o  f i n e r  s i zes .  
these systems a re  t y p i c a l l y  h ighe r  t h a n  emissions from a i r  o r  steam atomized 

systems.' However, mechanical a t o m i z a t i o n  systems are  s imp le r  and genera l l y  
e a s i e r  t o  m a i n t a i n  t h a n  a i r  o r  steam a tomiza t i on  systems. 

P a r t i c u l a t e  emissions from 

Rotary  cup systems feed o i l  t o  t h e  smal le r  end o f  a r o t a t i n g  cone, the  
l a r g e r  end o f  which i s  exposed t o  the  combustion chamber. 
cause t h e  o i l  t o  form a t h i n  f i l m  on t h e  w a l l  o f  t he  cone. 

t o  the  l i p  o f  t h e  cone, and i s  d ispersed i n t o  t h e  combustion chamber i n  the  
form of f i n e  d rop le ts .  Rotary  cup systems have h i g h  maintenance requirements 
r e l a t i v e  t o  o t h e r  a tomiza t i on  systems, and a re  t h e r e f o r e  n o t  g e n e r a l l y  i n  use 
i n  newer b o i l e r s .  

3.2.1.3 Coal -F i  r i n g  Methods-- 

C e n t r i f u g a l  fo rces  
The o i l  m igra tes  

C o a l - f i r i n g  techniques can be d i v i d e d  i n t o  two major  groups: s t o k e r  
f i r i n g  and suspension f i r i n g .  S toke r  f i r i n g  systems can be f u r t h e r  d i v i d e d  

i n t o  t h r e e  groups: under feed s tokers ,  over feed s tokers ,  and spreader s tokers.  
Suspension f i r i n g  systems i n c l u d e  p u l v e r i z e d  c o a l - f i r i n s  and cyc lone systems. 

I n  an under feed s toke r ,  coa l  i s  f e d  t o  the  bottom of a fue l  bed, where 
mo is tu re  and v o l a t i l e s  are d r i v e n  o f f  and the  coa l  i s  coked. The v o l a t i l e s  

r i s e  th rough the  bed-and undergo combust ion above the  bed. 

i s  f o rced  t o  the  t o p  o f  the  bed by newly f e d  coa l  and s p i l l s  o u t  o f  t he  bed 
on to  s i d e  gra tes ,  where combustion i s  completed. Combustion a i r  i s  supp l ied  
a t  t he  s i d e  g ra tes ;  a l s o  o v e r f i r e  a i r  i s  o f t e n  supp l i ed  t o  t h e  f lame zone 

above the  bed. 
b i tuminous coa l  o r  a n t h r a c i t e ,  crushed t o  about 0.6 t o  3.2 cm i n  diameter.  
They account f o r  r o u g h l y  24 percent  o f  t o t a l  c o a l - f i r e d  i n d u s t r i a l  combus- 
t i o n  system capac i t y .  

The'coked coal  

Underfeed s toke rs  g e n e r a l l y  a re  used t o  burn  Eastern cok ing  

I n  an over feed s toker ,  coa l  i s  f e d  on to  a cont inuous conveyor c a l l e d  a 
t r a v e l i n g  g r a t e .  
th rough the  fu rnace chamber, where combust ion a i r  i s  f e d  through the  bottom 

o f  t he  g r a t e .  
f a l l  t o  the  bottom o f  t he  furnace a t  t h e  end o f  t he  g ra te .  
can burn  a wide v a r i e t y  o f  coa ls ,  w i t h  the  excep t ion  o f  cok ing  b i tuminous 

The g r a t e  c a r r i e s  t h e  coa l  under an a d j u s t a b l e  ga te  and 

The c o a l  burns as i t  moves across t h e  furnace,  and ash p a r t i c l e s  
Overfeed s tokers  

i 
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coals,  which mat and r e s t r i c t  airflow through the grate.  I n  addition to 
coal, overfeed stokers can be designed to  burn wood or other solid fuels.  
They account for  roughly 8 percent of t o t a l  coal-fired industrial  combustion 
system capacity. 

In a spreader stoker,  feeders d i s t r ibu te  coal uniformly over the traveling 
grate.  Combustion a i r  i s  provided both over and under the grate.  Captured 
flyash is also recycled. Spreader stokers can be used t o  b u r n  almost any 
type of coal o r  so l id  f u e l ,  including wood, wood waste products, and bagasse. 
Coking qua l i t i e s  of coals used i n  spreader stokers have l i t t l e  e f f ec t  on 
system performance. 
t o t a l  coal-fired industr ia l  combustion system capacity. 

Spreader stokers represent approximately 23 percent of 

I 
-- 

I 

t 

1 
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Pulverized coal-fired systems cons t i tu te  approximately 33 percent of 
to ta l  U.S. industrial  coal-fired boi le r  capacity. These systems use coal 
pulverized to  the consistency of f ine  powder. 
suspended in primary a i r  before being fed t o  the  combustion chamber, where 
i t  i s  ignited and mixed w i t h  secondary combustion a i r .  
furnaces are  fur ther  c lass i f ied  as dry bottom or  wet bottom systems depending 
on the ash removal technique used. I n  dry bottom furnaces, coals w i t h  h i g h  
fusion temperature are  burned and dry ash removal techniques are used, while, 
in wet bottom furnaces, coals w i t h  low fusion temperatures are  used and ash 
can be removed through a slag tap.  I n  the industrial  sector ,  dry bottom 
pulverized coal-fired systems are  much more widely used than wet bottom 
systems. 

T h i s  coal i s  generally 

Pulverized coal 

- 
- 

Cyclone furnaces are  not as widely used i n  the industrial  sector as 
pulverized coal-fired systems or  stoker systems (Table 4 ) .  These furnaces 
a re  used t o  burn low fusion temperature coal t h a t  has been crushed t o  a 
maximum pa r t i c l e  s ize  of about 4.75 mm (4  mesh). The coal i s  fed tangentially,  
w i t h  primary a i r ,  t o  a horizontal cyl indrical  chamber. I n  the furnace, smaller 
coal par t ic les  are  burned i n  suspension, while, because o f  the tangential 
f i r i n g  method, larger  par t ic les  are  forced against  the outer wall of the 
chamber. Ash i s  a lso forced against  the outer wall, where, because of i t s  
low fusion temperature. i t  forms a molten layer of s lag and causes larger  
coal par t ic les  t o  adhere t o  the combustion chamber wall unt i l  they are  burned 
instead of becoming entrained i n  exhaust gases leaving the combustion chamber. 
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I n  a l l  c o a l - f i r e d  combustion systems, p a r t i c u l a t e  emissions are d i r e c t l y  

r e l a t e d  t o  t h e  ash conten t  o f  t h e  coal  used. However, t he  ex ten t  t o  which 
t h e  ash becomes e n t r a i n e d  i n  exhaust gases i s  dependent on t h e  c o a l - f i r i n g  

methods. 
have been pub l ished by EPA f o r  va r ious  c o a l - f i r i n g  techniques. ’  

s toke rs ,  o t h e r  s tokers .  p u l v e r i z e d  coa l  f i r e d  systems, and cyc lone systems , 
p a r t i c u l a t e  emiss ion f a c t o r s  a re  13A, 5A, 16A and 2A pounds per  t o n  o f  coa l ,  
r e s p e c t i v e l y .  The ash conten t  o f  coa l  i n  percent  i s  denoted by A ;  an emission 
f a c t o r  o f  20A represents  100 percent  en t ra inment  o f  coa l  ash con ten t  i n  the  
f l u e  gases assuming complete combust ion o f  a l l  combust ib le  ma t te r .  

3.2.1.4 Wood-Fir ing Methods-- 

P a r t i c u l a t e  emiss ion f a c t o r s ,  based on t h e  ash conten t  o f  coa l ,  

For  spreader 

F i r i n g  methods f o r  wood-burning b o i l e r s  i n c l u d e  spreader s tokers ,  over-  
feed s toke rs ,  underfeed s tokers,  du tch  ovens, suspens ion - f i r i ngs ,  and 
f l u i d i z e d - b e d  combustion ( F B C ) .  The v a r i o u s  s t o k e r  and suspension f i r i n g  
methods designs a re  e s s e n t i a l l y  t h e  same as those descr ibed i n  Sec t ion  3.2.1.3 
f o r  c o a l - f i r e d  b o i l e r s .  The du tch  oven des ign  i s  b a s i c a l l y  a r e f r a c t o r y -  

l i n e d ,  r e c t a n g u l a r  box i n t o  which the  wood f u e l  i s  dropped through a feed 
chute.  The fuel burns on  a f i x e d  g r a t e  t h a t  i s  sometimes water-cooled. 
Ash f a l l s  t h rough  t h e  g r a t e  and c o l l e c t s  i n  an ash p i t .  The FBC design 
uses a bed o f  i n e r t  p a r t i c l e s  th rough wh ich  a i r  i s  b lown so t h a t  t h e  bed 
behaves as a f l u i d .  
bo th  i n  suspension and i n  t h e  bed. 
t h e  combustion chamber where i t  c o l l e c t s  a f t e r  f a l l i n g  th rough t h e  bed. 

Wood f u e l  en te rs  i n  t h e  space above t h e  bed and burns 
The ash i s  removed from t h e  bottom o f  

The v a s t  m a j o r i t y  o f  i n s t a l l e d  wood--fired b o i l e r s  a r e  spreader s toke rs  

and du tch  ovens. 
when they began t o  be rep laced by s toke rs  i n  new i n s t a l l a t i o n s .  

a re  s t i l l  q u i t e  common, but new ones a r e  r a r e l y ,  i f  ever ,  b u i l t .  
common des ign  o f  new b o i l e r s  i s  t h e  spreader s toker .  
and FBC are  r e l a t i v e l y  ra re .  

The l a t t e r  were the  s tandard des ign  p r i o r  t o  the  1950s, 
Dutch ovens 

The most 
The o t h e r  s t o k e r  designs 

Wood-burning b o i l e r s  a re  r a r e l y  f i r e d  w i t h  100 percent  wood f u e l .  They 

a re  u s u a l l y  equipped t o  burn a f o s s i l  f u e l  as w e l l ,  w i t h  o i l  and n a t u r a l  gas 
be ing  the  most comon  a l t e r n a t i v e  f u e l s .  The o i l  o r  n a t u r a l  gas i s  u s u a l l y  
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used t o  s t a r t  u p  the boiler or carry most of the steam load  during periods 
when the wood supply i s  interrupted. When coal i s  used as a supplemental fue l ,  
i t  i s  almost continuously co-fired with the wood. 

3.2.2 Heat Transfer Systems 

I n  the industrial  sector ,  three boiler types are currently in use: cas t  
iron boilers,  f i re tube boi lers ,  and watertube boilers.  

3.2.2.1 Cast Iron Boilers-- 

Although a large percentage by number of industrial  boilers are cast  
iron systems, these systems comprise only abou t  7 percent of the to ta l  U.S. 
industrial  boiler capacity. Cast iron systems are generally used t o  burn o i l  
o r  natural gas.’ 
water. I n  a cast  iron system combustion gases r i se  past a ver t ical  heat 
exchanger. 
the exchanger tubes as i t  becomes heated. 
durable, with a n  average boiler l i f e  of  about  50 years.’ 
l i t t l e  maintenance, and can handle overloading in demand surges. 
cost of a cast  iron boiler i s  generally higher than the cost of a f i re tube 
bailer of comparable s ize .  

3.2.2.2 Firetube Boilers-- 

They are used to  produce e i ther  low pressure steam or  hot 

Water enters  a t  the  bottom of  the heat exchanger, and r i ses  through 
Cast iron systems a r e  re l iab le  and 

They require very 
However, the 

Firetube boilers make up  a b o u t  24 percent of t o t a l  U.S. industrial 
boiler capacity. These units generally are smaller than a b o u t  21 GJ/hr 
input capacity. I n  f i re tube systems, combustion products pass t h r o u g h  
tubes submerged in water. Natural gas and o i l  are generally used as  fue ls ,  
because the ash present i n  coal can cause tube fouling. Small uni ts  are 
generally f i red by natural gas, while larger  uni ts  are generally f i red by 
d i s t i l l a t e  or residual o i l .  Firetube systems are used for space heating, 
process steam, and  portable e l e c t r i c  generation units.’ They are susceptible 
t o  structural f a i lu re  when subjected t o  large variations in steam demand, 
and are ,  therefore, used primarily where l o a d s  are re la t ive ly  constant. 

3.2.2.3 Watertube Boilers-- 

Watertube systems const i tute  about 69 percent of the total  U.S. indus- 
t r i a l  boiler capacity. These systems range in input capacity from 0.42 t o  

I 
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over  1580 Gl/hr. 

256 GJ/hr; l a r g e r  u n i t s  a r e  f i e l d - e r e c t e d .  

gases c o n t a c t  t h e  ou ts ides  o f  tubes i n t o  which water i s  f e d  t o  be converted 
t o  steam. 
r a p i d  hea t  t r a n s f e r ,  good response t o  steam demands, and h i g h  e f f i c i e n c y  
(> - 80 p e r c e n t ) .  
can produce h i g h  pressure steam more s a f e l y  than can f i r e t u b e  b o i l e r s .  
B o i l e r  systems l a r g e r  than about 53 GJ/hr and systems w i t h  steam pressures 
exceeding about 65 kPa a r e  a lmost  e x c l u s i v e l y  water tube systems. Watertube 

systems can burn any a v a i l a b l e  f u e l .  

3.3 SIZE DISTRIBUTION AND AGE OF INDUSTRIAL BOILERS 

Package u n i t s  a r e  a v a i l a b l e  wi th  c a p a c i t i e s  up t o  about 

I n  a watertube system, combustion 

The tubes a r e  r e l a t i v e l y  sma l l  i n  diameter,  and t h e r e f o r e  prov ide 

Also,  because o f  t h e  smal l  tube diameter,  watertube b o i l e r s  

S ize  d i s t r i b u t i o n s  f o r  t h e  most w i d e l y  used types o f  b o i l e r s  i n  the 
i n d u s t r i a l  s e c t o r  and f o r  systems u s i n g  d i f f e r e n t  c o a l - f i r i n g  techniques 
a r e  presented i n  Table 5. T h i s  t a b l e  a l s o  shows t h e  t o t a l  number and capac i t y  
o f  these combustion system ca tegor ies .  
systems w i t h  c a p a c i t i e s  l e s s  t han  10 GJ/hr make up a l a r g e  percentage (58 per- 
cent  by number) o f  b o i l e r s  used i n  t h e  i n d u s t r i a l  sector ;  however, watertube 

systems i n  t h e  25 t o  500 M / h r  c a p a c i t y  range account f o r  almost 70 percent  
o f  i n d u s t r i a l  b o i l e r  capac i t y .  F i r e t u b e  systems, i n  t h e  0.42 t o  26.4 GJ/hr 

s i z e  range, account f o r  an a d d i t i o n a l  13 percent  o f  capac i t y .  

systems are,  on t h e  average, l a r g e r  t h a n  gas or o i l - f i r e d  systems; with 
p u l v e r i z e d  c o a l - f i r i n g  systems l a r g e r  t h a n  106 GJ/hr c o n s t i t u t i n g  33 percent  
o f  t h e  t o t a l  c o a l - f i r i n g  capac i t y ,  and spreader s tokers,  w i t h  a median capac- 

i t y  i n  t h e  range o f  106 t o  265 GJ/hr, c o n s t i ~ t u t i n g  another  23 percent.  
Table 6 shows t h e  e x t e n t  t o  which v a r i o u s  a t o m i z a t i o n  methods are used f o r  
d i f f e r e n t  s i z e  ranges o f  o i l - f i r e d  i n d u s t r i a l  b o i l e r s .  A i r  a tom iza t i on  i s  
t h e  most conmon a t o m i z a t i o n  technique f o r  smal l  u n i t s ,  w h i l e  steam atomiza- 

t i o n  i s  comnonly used f o r  l a r g e r  systems. 

As shown i n  t h i s  t a b l e ,  cast  i r on  

~~ ~~ ~ 

C o a c f i r e d  

There a r e  approx imate ly  1500 wood- f i red  i n d u s t r i a l  b o i l e r s  i n  t h e  
Un i ted  States.  
b o i l e r s  s o l d  between 1965 and 1973. 

Table 7 shows t h e  s i z e  d i s t r i b u t i o n ,  by number, o f  wood- f i red 
Al though t h e  d i s t r i b u t i o n  presented i n  
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TABLE 6. POPULATION DISTRIBUTION OF OIL-FIRED INDUSTRIAL 
BOILERS B Y  ATOMIZATION METHOD (1972) 

~ 

Percent  by number i n  r a t e d  
caoaci  t y  range (GJ/hr)  

10.6-17.5 17.5-106 106-264 264-528 

I 
A i r  a tom iza t i on  40 15 5 1 

Steam a tomiza t i on  20 70 85 94 

Mechanical a tomiza t i on  10 10 10 5 

Rotary  cup a tomiza t i on  30 5 -- -- 

Source: Reference il  

I 

i 

TABLE 7. CAPACITY DISTRIBUTION OF WOOD-FIRED BOILER SALES 
FROM 1965 THROUGH 1973 

Capaci ty  range Percent  o f  b o i l e r s  
GJ/hr s o l d  

8-13 ~ 2.2 ~ 

13-79 72.8 

79-197 18.4 

197-394 3.3 

Over 394 4.4 

Source: Reference 11. 

i 
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Table 7 i s  for  a limited time period, i t  i s  expected t o  be typical of the 
capacity d is t r ibu t ion  of the total  ins ta l led  population. The dis t r ibut ion of 
f i r i ng  designs i n  each capacity range i s  shown in Table 8 f o r  wood-fired 
boilers sold between 1965 and 1976. I t  i s  c lear  from t h i s  table  tha t  spreader 
stokers are the most popular design, par t icular ly  i n  the larger s izes .  

Data are  available from boi ler  s a l e s  infprmation on the age dis t r ibut ion 

A s  indicated i n  this table.  
of various types of industrial  and comercial  boilers t ha t  burn natural gas, 
o i l ,  and coal.’ These a re  presented in Table 9. 
over 95 percent of the coal-fired capacity i n  the i n d u s t r i a l / c m e r c i a l  sector 
was over 10 years old in 1978. 
been purchased i n  the past  10 years.  
uni ts  may indicate  t h a t  a large number of units are  on standby.’ 

3.4 CONTROL SYSTEM FOR INDUSTRIAL BOILERS 

Also, coal-burnina f i re tube systems have not 
The boi ler  age data f o r  coal-fired 

Data on emission control systems used f o r  industr ia l  boilers have been 
gathered u s i n g  the National Emissions Data System (NEDS).’yl’ Natural gas 
and o i l - f i r ed  systems generally a re  n o t  controlled because they do not 
require controls t o  meet typical S t a t e  Implementation Plan (SIP) regulations. 
Par t iculate  emissions from coal-fired industr ia l  boi lers  are generally con- 
t r o l l e d ,  while SO2 emissions are  generally not controlled. Table 10 presents 
the results of a survey of par t icu la te  emission control systems f o r  a to ta l  
of 2533 boilers.12 
types of cyclones; uncontrolled boilers were also common. 

The most frequently used control devices were various 

Average co l lec tor  e f f ic ienc ies  and to ta l  nationwide control e f f ic ienc ies  

As t h i s  tab le  shows, nearly a l l  pulverized coal-fired systems and cyclone 
f o r  coal-fired indus t r i a l ’bo i l e r s ,  based on NEDS da ta ,  are  shown i n  Table 
11. 
systems are  equipped with control systems, while stoker systems are  l e s s  
frequently controlled.  Typical SIPS require some degree of control (about 
80 percent) fo r  most coal-fired industr ia l  boilers.  Also, New Source Per- 
formance Standards promulgated in 1974 apply to  a l l  new, modified or recon- 
s t ructed foss i l  fuel or wood-fired boilers with input capaci t ies  greater 
than 256 GJ/hr, and require approximately 99 percent control of par t iculate  
emissions fo r  coal-fired systems i n  this size range.I3 New Source Performance 
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TABLE 8. DISTRIBUTION O F  F I R I N G  DESIGNS WITHIN CAPACITY RANGES 
IN W O O D - F I R E 0  BOILER SALES, 1965-1975 

Percent (by  number) i n  rated 
capacity range (GJ/hr) 

1 

! 

Firing design 8-13 13-79 79-197 197-394 Over 394 

Spreader stoker 50.0 34.6 72.5 100.0 66.7 
Underfeed stoker 0 1.9 0 0 0 
Overfeed stoker 0 34.0 20.0 0 0 
Suspension-firing 0 0 2.5 0 11.1 

50.0 29.5 5.0 0 22.2 Other _- __________---.--~---_-----_I_ 

Source: Reference 10. 

TABLE 9. AGE DATA FOR INDUSTRIAL/COMMERCIAL 
SIZE BOILERS, 1978 

Percent 
of capacity 

S.ystem t.ype 4 0  y r s  old 

Natural gas 

Cast iron_ 30 
F i retu be 2 7  
Watertube 28 

Di s t i l l a t e  o i l  

Cast iron 42 
Firetube - 37 
Watertube 15 

Residual oi l  

Cast iron 43 
Firetube 37 
Watertube 20 

Coal 

Cast iron 3 
Fi re tube 0 
Wa ter tu  be 5 __ 

Source: Reference 5. 
! 
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TABLE 10. CONTROL SYSTEMS USED FOR COAL-FIRED BOILERS 
- . ~ _ . _ _ _  -_ 

Percent 
Cont ro l  technique (by number) 

No c o n t r o l  

Cyclone 

Scrubber 

E l  e c t r o s t a  i 

33 

47 

4 

i t a t o r  14 

1 

Source: Reference 12 (2533 u n i t s  surveyed).  

Fab r i c  f i l t e r  

TABLE 11. ESTIMATED APPLICATION OF CONTROL EQUIPMENT 
TO COAL-FIRED INDUSTRIAL BOILERS. 1978 

Average 
c o l l  e c t o r  Cont ro l  Net  
e f f i c i e n c y  a p p l i c a t i o n  c o n t r o l  

System type (pe rcen t )  (percent )  (percent )  

Pu lve r i zed  a5 95 81 

Cyclone 82 91 75 

Stoker  85 62 53 

Source: Reference 5 and 6. 
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Standards that  would affect industrial  boilers are expected t o  be proposed 
in the ear ly  1980s.'' 
application o f  control and instaalat ion o f  more e f f i c i en t  control systems, 
especially for  par t iculate  matter,  in the future. 

Passage of these standards would resu l t  in increased 
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F lue  gases represent  t h e  p r i n c i p a l  source o f  a i r  emissions f rom i n d u s t r i a l  
b o i l e r s .  P o l l u t a n t s  emi t ted  i n  f l u e  gas streams i n c l u d e  p a r t i c u l a t e s ,  n i t r o g e n  
ox ides,  s u l f u r  ox ides,  s u l f a t e s ,  carbon monoxide, t r a c e  elements, and a v a r i e t y  
o f  o rgan ic  m a t e r i a l s  i n c l u d i n g  p o l y c y c l i c  o rgan ic  m a t e r i a l  (POM). Emissions o f  
n i t r o g e n  ox ides  r e s u l t  f rom t h e  o x i d a t i o n  of t he  n i t r o g e n  component o f  com- 
b u s t i o n  a i r  and n i t r o g e n  present  i n  t h e  f u e l .  
p r i m a r i l y  SO*, r e s u l t  f rom t h e  o x i d a t i o n  o f  s u l f u r  p resent  i n  the  f u e l .  
q u a n t i t i e s  o f  n i t r o g e n  ox ides,  SO3,  and s u l f a t e s  emi t ted  depend on t h e  t ype  
o f  f u e l  burned, t h e  amount o f  excess a i r  present ,  and t h e  f lame temperature.  
The fo rma t ion  o f  SO3 and s u l f a t e s  i s  a l s o  ca ta lyzed by t r a c e  elements i n  the  
f u e l ,  such as vanadium and n i c k e l .  

Emissions o f  s u l f u r  ox ides,  
The 

Emissions o f  carbon monoxide and o rgan ic  compounds such as hydrocarbons 
v and POM r e s u l t  f rom incomplete combustion. P a r t i c u l a t e  m a t t e r  emissions 

comprise combustion produc ts  o f  m i n e r a l  compounds present  i n  the  f u e l  and 
produc ts  o f  incomplete combustion, such as soot .  Elements p resent  i n  the  
fue l  a re  emi t ted  p r i m a r i l y  as p a r t i c u l a t e s  w i t h  some ino rgan ic  species emit-  

t e d  i n  gaseous form. 

, 

F u g i t i v e  a i r  and water  emiss ions from coa l  and ash s to rage p i l e s  i n  t h e  
i n d u s t r i a l  s e c t o r  a re  r e l a t i v e l y  m i n o r  i n  comparison t o  such emissions from 

u t i l i t y  sources. Coal consumed b y  t h e  i n d u s t r i a l  s e c t o r  represents  o n l y  about 
10 percent  o f  t h e  coal  burned by u t i l i t i e s ;  coa l  s torage p i l e s  f o r  i n d u s t r i a l  
b o i l e r s  a re  g e n e r a l l y  smal l ,  approx imate ly  33 percent  o f  t h e  s i z e  o f  coal  
s torage p i l e s  for a c o a l - f i r e d  u t i l i t y  b o i l e r  o f  s i m i l a r  capac i ty ;  and the  

average p a r t i c u l a t e  c o l l e c t i o n  e f f i c i e n c y  o f  c o a l - f i r e d  i n d u s t r i a l  b o i l e r s  i s  
70 percent  compared t o  an o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  o f  92 percent  f o r  
c o a l - f i r e d  u t i l i t i e s .  Thus, f u g i t i v e  a i r  and water  emiss ions from i n d u s t r i a l  
coa l  and ash s to rage p i l e s  represent  approx imate ly  3.3 percent  and 7.6 
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percen t ,  r e s p e c t i v e l y ,  o f  such emiss ions  from t h e  u t i l i t y  sec to r .  
s ions  have been examined i n  d e t a i l  i n  t h e  u t i l i t y  r e p o r t  (Volune 111) o f  t h i s  
EACCS program s e r i e s  and were no t  cons ide red  i n  t h i s  i n d u s t r i a l  combustion 

source sampl ing  and a n a l y s i s  prdgram. F u g i t i v e  emissions from gaseous and 
l i q u i d  f u e l s  a r e  considered m i n o r  because gaseous f u e l s  a re  conta ined be fore  

combustion, and evapora t i on  losses  from l i q u i d  f u e l s  a re  smal l  because o f  
t h e i r  low v o l  a t i  1 i ty. 

These emis- 

Other  sources o f  a i r  and wa te r  p o l l u t i o n  and s o l i d  waste genera t i on  have 
a l s o  been examined i n  d e t a i l  i n  t he  u t i l i t y  r e p o r t  and were n o t  sub jec ted  t o  
f u r t h e r  examinat ion  i n  t h i s  s tudy  o f  i n d u s t r i a l  emissions. These sources 
i n c l u d e  c o o l i n g  towers,  b o i l e r  blowdown and feedwater t rea tment ,  equipment 
c lean ing ,  p a r t i c u l a t e  scrubbers,  and f l u e  gas d e s u l f u r i z a t i o n  (FGD) equipment. 

However, r e s u l t s  o f  a d e t a i l e d  s tudy  o f  emissions from an i n d u s t r i a l  b o i l e r  
b u r n i n g  e i t h e r  e x c l u s i v e l y  coa l  o r  o i l  and equipped w i t h  a d o u b l e - a l k a l i  FGD 
u n i t ,  conducted under t h e  auspices o f  t h i s  program, a r e  desc r ibed  i n  Reference 
15. F lue  gas emissions from t h i s  u n i t  a r e  summarized i n  t h i s  r e p o r t  ( s i t e  
200/201, p u l v e r i z e d  coa l  and s i t e  202/203, r e s i d u a l  o i l ) .  

E e c a ~ j e  of the  tjlpej afid q ~ a n t i t f e j  of p i 2 1 j  harned, ._ ..-+..<-7 ;!!d">L, 1a I c0ii;bi;stion 
sources c o n t r i b u t e  more t o  t h e  n a t i o n w i d e  p o l l u t a n t  burden than commercial 
and r e s i d e n t i a l  combustion sources, b u t - l e s s  t h a n  u t i l i t y  combustion sources. 
I n d u s t r i a l  b o i l e r s  a r e  u s u a l l y  l a r g e r  t h a n  r e s i d e n t i a l  and commercial sources, 

b u t  a r e  l e s s  numerous and b e t t e r  c o n t r o l l e d .  I n  genera l ,  i n d u s t r i a l  b o i l e r s  
have h i g h e r  s tacks ,  which promote d i s p e r s i o n  o f  p o l l u t a n t s .  I n d u s t r i a l  b o i l e r s  

a r e  s m a l l e r  t h a n  u t i l i t y  b o i l e r s ,  b u t  a r e  g e n e r a l l y  n o t  as w e l l  ma in ta ined 

and c o n t r o l l e d .  Poor maintenance can, i n  some ins tances ,  l e a d  t o  excess 
emissions o f  p o t e n t i a l l y  hazardous a i r  p o l l u t a n t s ,  such as POM. 

D e t a i l e d  da ta  on f l u e  gas emiss ions  f rom i n d u s t r i a l  b o i l e r s  a r e  presented 

i n  t h e  f o l l o w i n g  s e c t i o n s .  
t a n t  emissions t o  wa te r  from i n d u s t r i a l  b o i l e r s  a r e  n o t  d iscussed i n  t h i s  

r e p o r t .  However, t h e  t r a c e  element and o rgan ic  c o n t e n t  o f  a l i m i t e d  number 

of ash samples f rom wood b u r n i n g  s i t e s  were measured, and the  da ta  a r e  d i s -  
cussed l a t e r  i n  t h i s  s e c t i o n .  Data, c h a r a c t e r i z i n g  ash f rom wood combustion 
a r e  l i m i t e d  and were f e l t  t o  be o f  p o t e n t i a l  i n t e r e s t  because o f  t h e  h i g h  
l e v e l s  o f  POM compounds found i n  t h e  f l u e  gas o f  some wood- f i red  combustion 

sources. 

As noted  above, f u g i t i v e  a i r  emissions and p o l l u -  
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4.1 EVALUATION OF E X I S T I N G  E M I S S I O N S  DATA 

4.1.1 C r i t e r i a  f o r  E v a l u a t i n g  t h e  Adequacy o f  Emission Data 

A ma jo r  t a s k  i n  t h i s  program was t h e  i d e n t i f i c a t i o n  o f  gaps and 
inadequacies i n  t h e  e x i s t i n g  emissions data base f o r  combustion sources. 
The r e s u l t s  o f  t h i s  e f f o r t  were used t o  determine t h e  e x t e n t  o f  t h e  
sampling and a n a l y s i s  program r e q u i r e d  t o  complete an adequate emissions 

assessment f o r  each o f  t h e  combustion source types.  I n  a d d i t i o n ,  t h e  da ta  
acqu i red  d u r i n g  t h e  sampling and a n a l y s i s  program, i n  combi.l lation w i t h  t h e  
e x i s t i n g  data,  a l s o  need t o  be assessed. 
t h e  complet ion o f  t h e  c u r r e n t  program w i l l  r e q u i r e  f u r t h e r  study. 

Data inadequacies i d e n t i f i e d  a t  

The c r i t e r i a  f o r  assessing t h e  adequacy o f  e m i s i i o n s  da ta  were 
developed by c o n s i d e r i n g  bo th  t h e  r e l i a b i l i t y  and t h e  v a r i a b i l i t y  o f  t h e  
data.  A d e t a i l e d  p r e s e n t a t i o n  o f  t h e  procedures used t o  i d e n t i f y  and 
eva lua te  emissions da ta  i s  g i ven  i n  Appendix A. B r i e f l y ,  t h e  general  
approach was t o  use a th ree -s tep  process. I n  t h e  f i r s t  step, t h e  a v a i l a b l e  
data were screened f o r  adequate d e f i n i t i o n  o f  process and f u e l  parameters 
t h a t  may a f f e c t  emissions, as w e l l  as f o r  v a l i d i t y  and accuracy o f  sampling 
and a n a l y s i s  methods. I n  t h e  second s t e p  of t h e  data e v a l u a t i o n  process, 
emissions data deemed acceptable i n  Step 1 were sub jec ted  t o  f u r t h e r  engineer ing 
and s t a t i s t i c a l  analyses t o  determine t h e  i n t e r n a l  cons i s tency  o f  t h e  t e s t  
r e s u l t s  and t h e  v a r i a b i l i t y  i n  emission fact9t-s.  The t h i r d  and f i n a l  s t e p  
i n  t h e  process used a method developed by Monsanto Research Corpo ra t i on  
(MRC) t h a t  i s  based on both t h e  p o t e n t i a l  environmental  r i s k s  associated w i t h  
t h e  emissions o f  each p o l l u t a n t  and t h e  q u a l i t y  and v a r i a b i l i t y  o f  t h e  data. 
The p o t e n t i a l  environmental  r i s k s  assoc ia ted  w i t h  p o l l u t a n t  emissions were 
determined by u s i n g  an ambient s e v e r i t y  f a c t o r  t h a t  i s  d e f i n e d  as t h e  r a t i o  o 
t h e  c a l c u l a t e d  maximum ground- level  c o n c e n t r a t i o n  o f  t h e  p o l l u t a n t  species 
f o r  an i s o l a t e d  t y p i c a l  source t o  t h e  l e v e l  a t  which a p o t e n t i a l  environmenta 
hazard e x i s t s .  Data v a r i a b i l i t y ,  V,  i s  d e f i n e d  as 

v 
X 

where s ( i )  i s  t h e  s tandard d e v i a t i o n  o f  t h e  mean and x i s  t h e  est imated mean 
value. De f ined  i n  t h i s  manner, data v a r i a b i l i t y  i s  a measure o f  t h e  " r e l a t i v e  
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p r e c i s i o n "  o f  t h e  es t imated  mean emiss ion  f a c t o r ,  assuming a normal d i s t r i b u -  
t i o n  o f  emiss ion f a c t o r s  (see Appendix A ) .  
f a c t o r  da ta  i s  < 70 percent ,  (equ iva len t  t o  an accuracy f a c t o r  o f  < 3, which 
has been d e f i n e d  by EPA as t h e  acceptab le  accuracy f o r  Level  I sampling and 
a n a l y s i s ) ,  t h e  d a t a  a r e  deemed adequate. However, i f  t h e  v a r i a b i l i t y  o f  the  

emissions d a t a  i s  > 70 percent ,  t h e  de te rm ina t ion  o f  da ta  adequacy and the  

need f o r  f u r t h e r  measurement w i l l  be based on c a l c u l a t e d  ambient s e v e r i t y  
f a c t o r s  f o r  each p o l l u t a n t .  
bound o f  t h e  ambient s e v e r i t y  f a c t o r  i s  - < 0.05. 

I f  t h e  v a r i d b i l i t y  o f  emission 

The data w i l l  be considered adequate i f  t h e  upper 

I n  a d d i t i o n  t o  t h e  general  approach descr ibed above, f u e l  ana lys i s ,  mass 
balance, and physic.0-chemical cons ide ra t i ons  can o f t e n  be used t o  es t imate  
emiss ion l e v e l s  and t o  e s t a b l i s h  t h e  adequacy o f  t h e  da ta  base. For  example, 
f l u e  gas emiss ions o f  t r a c e  elements from o i l - f i r e d  b o i l e r s  can be determined 

from t h e  t r a c e  element con ten t  o f  f u e l  o i l  by mass balance. Thus, an adequate 
c h a r a c t e r i z a t i o n  o f  t h e  t r a c e  element c o n t e n t  o f  f u e l  o i l  w i l l  p rov ide  an 
adequate c h a r a c t e r i z a t i o n  o f  t r a c e  element emissions f rom o i l - f i r e d  b o i l e r s .  
Fuel s u l f u r  con ten t ,  ash conten t  o f  c o a l ,  and the  n i t r o g e n  conten t  o f  res idua l  

o i ;  aie  o t h e r  example; o f  :del character iz t i : :  t h a t  cz:: be nsed t o  es t imate  
emissions f r o m  combust ion sources. EPA emiss ion f a c t o r s  g i ven  i n  Reference 9 
(AP-42) f o r  p a r t i c u l a t e s ,  s u l f u r  ox ides ,  and n i t r o g e n  ox ides a re  dependent 
t o  va ry ing  degrees on c e r t a i n  o f  t h e  above f u e l  c h a r a c t e r i s t i c s .  

combustion system c h a r a c t e r i s t i c s ;  e.g., s ize ,  load ,  burner  type,  and o t h e r  
o p e r a t i o n a l  parameters,  a l s o  a f f e c t  emiss ions o f  some c r i t e r i a  p o l l u t a n t s .  

These e f f e c t s  a re  q u a n t i f i e d  i n  AP-42 f o r  some combustion source Categor ies.  

Cer ta in  

Both f u e l  and combustion system c h a r a c t e r i s t i c s  a r e  impor tan t  f a c t o r s  

a f f e c t i n g  c r i t e r i a  p o l l u t a n t  emissions, and the  magnitude o f  these f a c t o r s  
can be determined f o r  combustion source ca tegor ies  under  rep resen ta t i ve  combus- 
t i o n  c o n d i t i o n s  b y  examinat ion o f  EPA emiss ion  fac to rs . '  However, the  e x i s t i n g  

emiss ions d a t a  base i s  t oo  l i m i t e d  t o  a l l o w  e s t i m a t i o n  o f  c r i t e r i a  p o l l u t a n t  
emiss ions under nonrepresenta t ive  o r  abnormal c o n d i t i o n s  o f  combustion source 
opera t i on ,  n o r  i s  i t  p o s s i b l e  t o  q u a n t i f y  emissions o f  c e r t a i n  pOl lUtantS,  e.g., 
POM, under any c o n d i t i o n s .  
or, such f a c t o r s  as f u e l ,  burner  e f f i c i e n c y ,  and load, t h e  magnitude o f  such 

Al though emiss ions o f  POM a re  known t o  be dependent 
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fac to rs  cannot be assessed g i ven  the  present  s t a t e  b f  knowledge o f  emissions 
from combustion sources. 

a d d i t i o n a l  da ta  f o r  use i n  t h e  assessment o f  t h e  s i g n i f i c a n c e  o f  POM and 
o t h e r  emissions f rom r e p r e s e n t a t i v e  combustion source ca tegor ies ,  us ing  the  
general  approach descr ibed p r e v i o u s l y .  

4.1.2 E x i s t i n g  Emissions Data: Gas-Fired Sources 

4.1.2.1 C r i t e r i a  P o l l u t a n t  Emissions--  

A major  o b j e c t i v e  o f  t h i s  program i s  t o  p rov ide  

C r i t e r i a  p o l l u t a n t  emiss ions da ta  f o r  g a s - f i r e d  i n d u s t r i a l - s i z e  

b o i l e r s  have been ob ta ined by KVB Engineer ing,  Inc.16’17 These data were 
ob ta ined  under severa l  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  f o r  rep resen ta t i ve  
g a s - f i r e d  u n i t s ,  i n c l u d i n g  23 water tube b o i l e r s  and n i n e  f i r e t u b e  b o i l e r s .  
I n p u t  c a p a c i t i e s  o f  these u n i t s  ranged f rom 8.5 t o  338 GJ/hr. 
t h e  c r i t e r i a  p o l l u t a n t  emissions d a t a  ob ta ined  a t  b a s e l i n e  c o n d i t i o n s  
(approx imate ly  80 percent  l o a d  and 10 percent  COz) i s  presented i n  Table 
12. For  each p o l l u t a n t ,  t h i s  t a b l e  shows t h e  number o f  da ta  po in ts ,  t h e  
mean emiss ion f a c t o r ,  t he  v a r i a b i l i t y  o f  t h e  mean, t h e  ambient source 
s e v e r i t y  f a c t o r ,  an assessment o f  t he  da ta  base adequacy, and f o r  comparison, 
t h e  pub l ished EPA emiss ion f a c t o r . ’  
i n  Appendix C w i t h  i n f o r m a t i o n  on t h e  u n i t s  tes ted ,  i n c l u d i n g  age, 
e f f i c i ency ,  and s tack  gas composi t ion.  

A sumnary o f  

D e t a i l e d  t e s t  r e s u l t s  a re  presented 

As i n d i c a t e d  i n  Table 12, t h e  da ta  base f o r  c r i t e r i a  p o l l u t a n t  emissions 
f rom g a s - f i r e d  i n d u s t r i a l  b o i l e r s  i s  cons idered adequate. The v a r i a b i l i t y  

o f  hydrocarbon emissions da ta  exceeds 70 percent ;  however, t he  upper l i m i t  
o f  t he  s e v e r i t y  f a c t o r  f o r  t h i s  p o l l u t a n t  i s  below 0.05. The o n l y  c r i t e r i a  
p o l l u t a n t  o f  p o t e n t i a l  environmental  s i g n i f i c a n c e  f o r  g a s - f i r e d  i n d u s t r i a l  
b o i l e r s  i s  NOx, w i t h  a mean s e v e r i t y  f a c t o r  exceeding 0.1. 
f a c t o r s  shown i n  Table 12 f o r  hydrocarbons, CO, and SO2 a r e  h ighe r  than 
pub l i shed  EPA emiss ion f a c t o r s  by 5- t o  10- fo ld .  

and CO, t h e  d isc repanc ies  a re  p robab ly  a t t r i b u t a b l e  t o  b o i l e r  ope ra t i ng  
cond i t i ons .  

However, emission 

I n  t h e  cases o f  hydrocarbons 

The d isc repancy  i n  t h e  case o f  SO, can n o t  be a t t r i b u t e d  t o  
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boiler  operating conditions, because SO2 emissions from natural gas f i r ing  
depend only on the fuel sulfur  content. 
factor  fo r  502 was calculated from fuel sulfur content, the KVB d a t a  are 
suspect. 

Because the published EPA emission 

TABLE 1 2 .  SUMMARY OF CRITERIA POLLUTANT EMISSIONS DATA 
FOR GAS-FIRED INDUSTRIAL BOILERS 

~ 

Mean EPA 
Number m i s s  i on  Ambient emission 
of data fac to r  V a r i a b i l i t y  severit$ Data base f a c t o r  

P o l l u t a n t  p o i n t s  (ng/J) (percent)  f a c t o  adequscyb (ng/J) 

P a r t i c u l a t e  14 2.46 24 0.0012 A 2.10-6.29 

2 3.20 - 0.0011 A 0.3 502 
NO, (as NO2) 36 71.4 20 0.1160 A 50.30-96.50 

Hydrocarbons 22 6.81 71 0.0134' A 1.26 

co 36 32.0 65 0 .OD02 A 7.13 

%ased on a f i r i n g  r a t e  O f  13.5 W / h r  and a stack he igh t  o f  23 m t e r s .  

bAdequate data base i s  ind ica ted  by A. 
'Upper l i m i t  o f  s e v e r i t y  fac to r .  

4 . 1 . 2 . 2  Fine Part iculate  Emissions-- 

KVB Engineering, Inc~. , a l ~ = a t t e m p t e d  t o  determine the par t ic le  size 
~~ 

dist r ibut ion of f l y  ash from six gas-fired industrial  boilers by optical 
c lass i f icat ion.16 The resu l t s  of the KVB study are variable: for 
three boilers the majority of par t ic les  evi t ted were larger t h a n  6um, 

whereas for the  other three,  the majority of par t ic les  were smaller than 6 urn. 
Also, the re la t ive  numbers of small par t ic les  ( <  2pm) were not determined 
in f ive  of the s i x  t e s t s  because of the d i f f i cu l ty  in counting s,mall par t ic les  
by the optical  technique used. 
t ion data does n o t  represent a serious data deficiency, because of the 
re la t ive ly  low part iculate  emissions from gas-fired sources. 

4.1.2.3 Sulfate and Trace Element Emissions-- 

However, the lack of par t ic le  s ize  distribu- 

Sulfate and t race element emissions data were n o t  found in the l i t e r a tu re  
fo r  natural gas-fired industrial  sources. However, because of the low 
sulfur  and t race element contents of natural gas, the lack of d a t a  does 
n o t  represent a serious deficiency. 
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4.1.2.4 Specific Organic and POM Emissions-- 

Emissions of POM from a gas-fired process heating boiler were measured 
by the Public Health Service.la The uni t  tested was a f i re tube  boiler with 
a rated capacity of 7.6 GJ/hr. 
f i r ing  ra te  of about  9.8 GJ/hr. Test samples were obtained by passing the 
f lue  gas th rough  two water impingers a t  O"C, a se r ies  of freeze-out traps a t  
-17"C, and a high efficiency f i l t e r .  Organic material was then extracted 
from the samples with benzene and separated into a number of fractions by 
chromatography, and concentrations of specif ic  compounds were measured by 
ul t raviolet-vis ible  spectroscopy. Table 13 presents the resu l t s  of these 
measurements. 
no meaningful measure of var iab i l i ty  or  ambient severity i s  possible. 

During tes t ing  the unit  was operated a t  a 

Because POM d a t a  are available fo r  only one gas-fired boi ler ,  

TABLE 13. POM EMISSIONS FROM A GAS-FIRED INDUSTRIAL BOILER'a 

I 

i 

Pollutant 
Emi s s  ions 

(Pg/J )  

Total benzene soluble organics 
Benzo ( a )  pyrene 
Pyrene 
Benzo (e )  pyrene 
Perylene 
Benzo (9 ,  h ,  i ) pyrene 
Anthanthrene 
Coronene 
Anthracene 
Phenanthrene 
Fluoranthrene 

~ 

1040 
0.2 
0.004 
0.014 

ND 
ND 
N D  

0.012 
ND 
ND 

0.09 

N D  - - .no t  detected. 

Generally, emissions o f  POM from gas-fired sources are not of concern 
because of the chemical makeup of natural g a s .  
nantly saturated hydrocarbons, which do not  promote the addition reactions 
between hydrocarbon species necessary t o  form 1 arge molecular weight hydro- 
carbons. Also, cyclic compounds, which form convenient b u i l d i n g  blocks fo r  
FOMs, are n o t  generally present in natural gas .  
severity o f  POM exposure and the deficiency of data. fur ther  tes t ing for  POM 
emissions from gas-fired boilers was conducted. 

Natural gas contains predomi- 

However, because of the 
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4.1.3 Existing Emissions Data: Oil-Fired Sources 

I 

I 

4.1.3.1 Cri ter ia  Pollutant Emissions-- 
i 

KVB and Environmental Ultrasystems obtained c r i t e r i a  pollutant emissions 

boilers a t  a variety of operating conditions. 16r17’19’20 Emissions d a t a  were 
obtained a t  baseline conditions (approximately 80 percent load and 1 2  percent 
COz) fo r  14 d i s t i l l a t e  o i l - f i red  boi lers  and 24 residual oi l - f i red boilers.  
These boilers include f i re tube systems u s i n g  a i r  and steam atomizat ion;  
and watertube systems using a i r ,  steam, and mechanical atomization. The 
d i s t i l l a t e  o i l - f i r ed  boilers tested ranged in input capacity from about 
4 t o  145 GJ/hr; the residual o i l - f i r e d  uni ts  ranged from about 4 t o  660 GJ/hr 
input capacity. 
presented in Appendix C and summarized f o r  d i s t i l l a t e  and residual o i l - f i red  
sources in Tables 1 4  and 15,  respectively. Appendix C presents information 
on the uni ts  tes ted ,  including ages and ef f ic ienc ies ,  as  well as information 
on operating conditions and fuel su l fur  contents. Tables 14  and 15 present 
mean emission fac tors ,  emission factor  v a r i a b i l i t i e s ,  and  ambient severity 
factors for  c r i t e r i a  poiluiani eii i i j j i i j f i j  from disti1l;t: and residual oi l - f i red 

data fo r  a number of d i s t i l l a t e  and res idual  o i l - f i red  industrial  s ize  $ 

The resu l t s  of t e s t s  conducted a t  baseline conditions are 

4 sources, respectively. The tables also present assessments of data base 
adequacy a n d ,  fov~~comparison,~ published ~ E P A  emission fact0rs.g ~~ ~ 

i 

1 

As shown in Table 14 a n d  15,  the c r i t e r i a  pollutant emissions data 
base for d i s t i l l a t e  and residual o i l - f i r e d  industrial  boilers are considered 
adequate. Emission fac tor  v a r i a b i l i t i e s  fo r  hydrocarbons and CO from d i s t i l -  
l a t e  oi l - f i red  boilers and hydrocarbons from residual oi l - f i  red boilers are 
greater t h a n  70 percent; however, the upper l imit  ambient severity factors 
for  these pollutants are a l l  much less  than 0.05. 
d i s t i l l a t e  and residual o i l - f i red  boilers and S O 2  from residual o i l - f i red  
boilers are enviromentally s ign i f icant ,  with ambient severity factors 
exceeding 0.05. Also, ambient severi ty  factors  for  SO2 emissions from 
d i s t i l l a t e  o i l - f i r ed  units and par t icu la te  emissions from residual o i l -  
f i red units approach 0.05 -- 0.022 and 0.020, respectively. 

Emissions of NOx from both 
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TABLE 14. SUMMARY OF C R I T E R I A  POLLUTANT E l i ISS IONS DATA FOR 
D I S T I L L A T E  O I L - F I R E 0  INOUSTRIAL BOILERS 

Mean EPA 
Number emission . Rmbient emission 
of data fac to r  V a r i a b i l i t y  sever i ty  D a t a  base fac to r  

P o l l u t a n t  p o i n t s  (ng/J) (percent) f a c t o 6  adequacyb (ng/J) 

P a r t i c u l a t e  9 13.7 31 0.0036 A 6.41 

502 9 494sc 29 0.0221d A 455sc 

Nox ( a s  NOZ) 20 66.2 14 0.0568 A 70.6 

Hydrocarbons 5 1.86 135 0.0026e A 3.21 

co 18 2.06 98 <0.0001e A 16.0 

%sed on a f i r i n g  r a t e  of 7.1 GJ/hr and a stack height o f  23 meters 

bAdequate data base i s  ind ica ted  by A. 

'5 re fe rs  t o  the percentage of s u l f u r  by weight i n  the  o i l .  
d8ased on a average fue l  s u l f u r  content of  0.24 percent. 
eupper l i m i t  of s e v e r i t y  f a c t o r .  

TABLE 15. SUMMARY OF C R I T E R I A  POLLUTANT EMISSIONS DATA FOR 
RESIDUAL O I L - F I R E D  INDUSTRIAL  BOILERS 

~ ~~ 

Mean EPA 
Number emission knbient emission 
of data fac to r  V a r i a b i l i t y  s e v e r i t y  Data base fac to r  

P o l l u t a n t  p o i n t s  (ng/J) (percent)  f a c t o 6  adequacyb (ng/J) 

P a r t i c u l a t e  22 39.3 35 0.0200 A 30. 

502 25 435sc 9 0.15Wd A 4625 

NOx (as NO2) 34 151 12 0.2460 A 177 

Hydrocarbons 13 3.02 75 0.0061 e A 2.94 

co 31 3.72 61 <o. 0001 A 14.7 

'Based on a f i r i n g  r a t e  of 13.5 W / h r  and a stack height of 23 meters. 
bAdequate data base i s  i n d i c a t e d  by A. 

d8ased on an average fuel  s u l f u r  content of about 1.03 percent. 
eUpper l i m i t  s e v e r i t y  factor.  

5 re fe rs  t o  the percentage of  su l fu r  i n  the  o i l .  C 

f 
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4.1.3.2 Fine Part iculate  Emissions-- 

Par t ic le  s i ze  dis t r ibut ion data by mass were obtained by KVB Engineering, 
Inc . ,  for two d i s t i l l a t e  o i l - f i red  indus t r ia l  boilers and six residual o i l -  
f i r ed   boiler^.'^''^ These data a re  sumnarized i n  Table 16. Mass median 
diameters ranged from 3.4 to  5.0 pm fo r  d i s t i l l a t e  o i l - f i red  boilers and 
from l e s s  than 1.0 um t o  3.4 urn fo r  residual o i l - f i r ed  boilers.  
of respirable par t ic les  (par t ic les  less than about 3 urn) ranged from 26 to  
55 percent f o r  d i s t i l l a t e  o i l - f i red  sources, and from 46 t o  93 percent fo r  
residual o i l - f i red  sources. The pa r t i c l e  s i ze  data base for residual o i l -  
f i red  systems i s  adequate; however, the data base for d i s t i l l a t e  o i l - f i red  
systems must be considered inadequate. 

4.1.3.3 SO3 and Sulfate Emissions-- 

Percentages 

Data obtained by KVB indicate  t h a t  the r a t i o  of SO3 emissions t o  SOx 

emissions from oi l - f i red  industrial  bo i le rs  i s  typical ly  1 t o  2 p e r ~ e n t . ’ ~ ’ ’ ~  
The data show a sharp increase i n  t h i s  r a t i o  a t  low SO2 emission ra tes ;  
however, t h i s  e f f ec t  was a t t r ibu ted  by KVB t o  inadequacies in  the SO3 measure- 
ment technique a t  iow concentrations.” 
generally d i rec t ly  proportional t o  the concentration o f  SO2. Formation of 
SO3 i s  a lso enhanced by increased combustion oxygen and by the presence of 
t race  elements such a s  vanadium and nickel ,  which catalyze the conversion 
of SO2 t o  sos.  No data are ava i l ab le  on the conversion of SO, t o  primary 
su l f a t e  i n  industrial  boi lers .  

-’ [ne rare o f  formation o f  S O 3  i s  

Using the SOx emission r a t e s  presented i n  Tables 14 and 15, i f  
1 .5  percent of the sulfur emitted from o i l - f i r ed  industr ia l  boilers i s  
emitted as S 0 3 ,  emission factors  fo r  S O 3  from d i s t i l l a t e  and residual 
o i l - f i r ed  boi lers  a r e  1.8 ng/J and 6.7 ng/J, respectively. Ambient severity 
factors  f o r  these emission r a t e s  a re  0.067 and 0.26, respectively. Based on 
these fac tors ,  SO3 emissions from both d i s t i l l a t e  and residual o i l - f i red  
industr ia l  boilers are  s ignif icant .  
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4.1.3.4 Trace Element Emissions-- 

The trace element data base for residual oil-fired industrial boilers 
is limited to data obtained by KVB 'for a residual oil-fired b0i1er.l~ 
However, for oil combustion, emissions of trace elements can be estimated 
with a good degree of accuracy by assuming that all trace elements present 
in oil are emitted in the flue gas. 
contents of residual oil, based on a weighted average of residual oils used in 
the United States.21 
calculated using these data are presented in Table 18. 

elements have severity factors greater than 0.05, and are therefore of 
environmental concern. Elements for which mean source severities exceed 0.05 
are arsenic, berylliun, cadmium, cobalt, chromium, iron, potassium, nickel, 
lead, uranium, and vanadium. 
of trace element concentrations in residual oil, and because emissions of 
several trace elements from industrial residual oil-fired boilers appear to 
be environmentally significant, the data base for trace element emissions 
from industrial residual oil-fired boilers is considered i'mdequate. 

Table 17 presents average trace element 

Emission factors and mean ambient source severity factors 
Emissions of several 

Because no data are available on the variability 

Data on trace element concentrations in distillate oil or on trace 
element emissions from distillate oil combustion were not found in the 
literature. However, emissions of trace elements from distillate  oil^- 
combustion are generally much lower than emissions from residual oil 
combustion. 

4.1.3.5 Specific Organic and POM Emissions-- 

~~ 
~~ ~ 

Emissions of POM from oil-fired industrial boilers have.been measured by 
the Public Health Service and by KVB 
Service tests, samples were collected by passing the flue gas through two 
water impingers at O"C, a series of freeze-out traps at -17"C, and a high 
efficiency filter. 
benzene and separated into fractions using chromatography. 
of specific compounds were measured by ultraviolet-visible spectroscopy. 
In the KVB tests, samples were collected by passing the flue gas through 
XAD-2 resin, and concentrations of specific organics were determined using 
combined gas chromatographylmass spectroscopy. l 3  

In the Public Health 

Organic matter was extracted from the filter catch with 
Concentrations 

1 8  

! 
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TABLE 17. AVERAGE TRACE ELEMENT CONCENTRATIONS OF RESIDUAL OIL 

Trace Concen t ra t i on ,  Trace Concen t ra t i on ,  
element ppm element ppm 

Y a n a d i m  160 Ga l l i um 0.4 
N i c k e l  42.2 Ind ium 0.3 
Potassium 34 S i l v e r  0.3 
Sod i um 31 Germanium 0.2 
I r o n  18 T h a l l i u n  0.2 
S i l i c o n  17.5 Z i r con ium 0.2 
Calc ium 14 S t ron t i um 0.15 
Magnesium 13 Bromine 0.13 
C h l o r i n e  12 F l u o r i n e  0.12 
T i n  6.2 Ruthenium 0.10 
A l m i n m  3.8 T e l l u r i u m  0.1 
Lead 3.5 Cesium 0.09 
Copper 2.8 B e r y l  1 i m 0.08 
Cadmium 2.27 I o d i n e  0.06 
Coba l t  2.21 L i t h i u m  0.06 
Rubidium 2 Mercury 0.04 
T i t a n i u m  1 .8  Tantalum 0.04 
Manganese 1.33 Rhod im 0.03 
Chromium 1.3 Go1 d 0.02 
Bar ium 1.26 P l a t i n u n  0.02 
Z inc  1.26 S c a n d i m  0.02 
Phosphorus 1.1 Bismuth 0.01 
Molybdenum 0.90 C e r i m  0.006 
Arsen ic  0.8 Tungsten 0.004 
S e l e n i m  0.7 Hafnium 0.003 
Uranium 
Antimony 
Boron 

0.7 Yttrim 
0.44 Niobium 
0.41 

0.002 
0.001 

I 

t 

Source: Reference 2 1. 
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TABLE 18. TRACE ELEMENT EMISSION FACTORS AND IAEAN AMBIENT SEVERITY 
FACTORS FOR RESIDUAL OIL-FIRED INDUSTRIAL BOILERS 

__ __ 
Emission h b i  en ta  

Concentrat ion f a c t o r  s e v e r i t y  
Trace element (ppm) (WJ 1 f a c t o r  

I 

Aluminum ( A l l  
Arsenic  (As) 
Boron ( 8 )  
Barium (Ba) 
B e r y l l i u m  (Be) 
Bromine ( B r )  
Calc ium (Ca) 
Cadmium (Cd) 
Ch lo r ine  ( C l )  
Coba l t  (Co) 
Chromium (Cr )  
Copper (Cu) 
F l u o r i n e  ( F )  
I r o n  (Fe) 
Mercury (Hg) 
Potassium ( K )  
L i t h i u m  ( L i )  
Magnesium (Mg) 
Manganese (Mn) 

Sodium (Na) 
N icke l  ( N i )  

-~~--Phosphorus-~(P)  = 

Lead (Pb) 
Antimony (Sb) 
Selenium (se) 
S i l i c o n  ( S i )  
T i n  (Sn) 
S t ron t i um (Sr) 
Thorium (Th) 
Uranium (U) 
Vanadium (V)  
Z inc  ( zn )  

Yilyb&num ( M O j  

3.8 
0.8 
0.41 
1.26 
0.08 
0.13 

2.27 

2.21 
1.3 
2.8 
0.12 

0.04 

0.06 

1.33 
0.9 

31 
42.2 

~ --=1~.-1__ 
3.5 
0.44 
0.7 

14 

12 

18 

34 

13 

17.5 
6.2 
0.15 

<0.001 
0.7 

1.26 
160 

87 
18 
9.4 

1.8 
3.0 

320 
51.9 

274 
50.5 
30 
64 

2.7 
411 

0.9 
777 

1.4 
297 

30.4 
ii 

964 

28.8 

708 

ao 
~ ~~ ~- ~ ~ ~~ ~ -2~5 =~ 

10 
16 

400 
142 

- 3.4 
0.02 

16 
3656 

28.8 

0.002 
1.1 

<0.001 

0.11 
<0.001 

0.002 
0.64 
0.012 
0.12 
2.7 

<o. 001 
0.05 
0.002 

0.006 
0.006 

<0.001 
<O.O8i 
0.034 

0.008 

0.638 

0.48 

7.8 
-0.004- = 

0.066 
0.002 
0.010 
0.004 
0.004 

<0.001 
<0.001 

0.22 
0.90 

<0.001 ' 

aBased on a f i r i n g  r a t e  o f  50 x lo9 J / h r .  

! 
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The results of these tests are presented in Table 19. Because o f  
difficulties in sample analysis, the results o f  the KVB tests (unit 3 )  show 
only the lower limits of POM emissions. Variabilities and severity factors 
for the Public Health Service data were not calculated because of the 
limited number of tests and the variations in fuel used and boiler load. The 
data base for POM emissions from distillate and residual oil-fired industrial 
boilers must be considered inadequate. 

TABLE 19. POM EMISSIONS FROM OIL-FIRED INDUSTRIAL BOILERS, oa/J 

t P o l l u t a n t  

Canbustion sources, f i r i n g  rates,  and f u e l s  
U n i t  1 U n i t  2 U n i t  3 

22 GJ/hr 15 W / h r  20 t l f h r  
#2 o i l a  16 o i l b  #6 o i l c  

I 

1 

I 

Tota l  benzene 

Benzo (a)  pyrene 
Pyrene 
Benzo (e) pywne 
Perylene 
Benzo (9,h.i) pyrene 
Ant hd n t hrene 
toronene 
Anthracene 
Phenanthrene 
Fluoranthrene 
Methyl anthracenes 
Oibenz (a,h) anthracene 
Benzo (c) phenanthrene 
3-Methylcholanthrene 
Dibenzo (a.h) pyrene 
Oibenzo (a. i)  pyrene 
Oibenzo (c.9) carbazole 
Chrysene 
Benzofluoranthrenes 

so lub le  organics 1320 
c0.02 
0.04 

NO 
NO 
NO 
NO 
NO 
NO 
NO 

NU 
NM 
NH 
NM 
NM 
NM 
NM 
NM 
NM 

0.05 

31 30 
0.05 
0.3 

NO 
NO 
NO 
NO 
NO 
NO 

1.8 
0.3 

NM 
NM 
NU 
NM 
NM 
NM 
NM 
NM 
NM 

.0.009 
>0.000007 
.0.00009 
>0.000007 
NM 
NM 
NU 
Nu 
4.0056 
NO 
>0.0021 
>O. 00037 
NO 

NO . 
NO 
ND 
NO 
.0.000040 
.0.00001 

0.oMIws 

NO -- not detected 
NM -- not  measured 
‘Reference 18. 
bReference 18. 
‘Reference 1 b. 

Steam atomized watertube u n i t  opera t ing  a t  91 percent load. 

Steam atomized watertube u n i t  opera t ing  a t  48 percent load. 
Mechanical a tomiza t ion  watertube u n i t  operat ing a t  83 percent load. 

Because of d i f f i c u l t i e s  i n  sample analysis.  emissions data reported f o r  t h i s  u n i t  show 
on ly  the  lower l i m i t s  of POM emissions. 

4.1.4 Existing Emissions Data: Coal-Fired Sources 

4.1.4.1 Criteria Pollutant Emissions-- 

emissions data for bituminous coal-fired industrial boilers operating under 
a variety of conditions. 1 6 ’ 1 7 ’ 2 2 - 2 4 ’ 2 6  

verized coal-fired boilers ranging in input capacity from 132 GJ/hr to 1500 
GJ/hr, 11 spreader stokers with capacities ranging from 66 GJ/hr to 417 GJ/hr 

Bituminous Coal -Fired Sources--KVB Engineering obtained criteria pollutant 

The sources tested include nine’pul- 
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i n p u t  capac i t y ,  and 13 g r a t e  t y p e  and underfeed s toke rs  w i t h  i n p u t  capac i t i es  

rang ing  f rom 13 GJ/hr t o  SO GJ/hr. 

b o i l e r s .  
mate ly  80 percent  l o a d  and 10 pe rcen t  COZ) a re  presented i n  Appendix C w i t h  
i n f o r m s t i o n  on o p e r a t i n g  cond i t i ons ,  s t a c k  gas concent ra t ions ,  and f u e l  
s u l f u r  and ash conten ts .  Sumnaries o f  p a r t i c u l a t e ,  S O z ,  NO,, hydrocarbon, 
and CO emiss ions da ta  a r e  presented i n  Tables 20 through 24, respec t i ve l y .  

For  each o f  t h e  above b o i l e r  types, t h e  t a b l e s  present  t h e  number o f  data 
p o i n t s .  t h e  average emiss ion f a c t o r ,  t h e  v a r i a b i l i t y  and t h e  ambient s e v e r i t y  
f a c t o r  assoc ia ted  w i t h  t h e  emiss ion  fac to r .  an assessment o f  t h e  da ta  base 
adequacy, and. f o r  comparison. t he  pub l i shed  EPA emiss ion  fac to r . ’  

A l l  o f  these systems used watertube 

The r e s u l t s  o f  t e s t s  conducted a t  base l i ne  c o n d i t i o n s  (approx i -  

Because d a t a  were a v a i l a b l e  f o r  o n l y  one cyc lone system, the  c r i t e r i a  
p o l l u t a n t  emissions d a t a  base f o r  cyc lones must be considered inadequate. 
However, as noted i n  Chapter 3 (Table 3), cyc lone systems consume o n l y  
about 2.6 percent  of t h e  coa l  used as fuel i n  the  i n d u s t r i a l  sec tor .  

P a r t i c u l a t e  emiss ion  f a c t o r s  and assoc ia ted  ambient s e v e r i t y  f a c t o r s  
a re  presented i n  Tab le  20 f o r  bo th  c o n t r o l l e d  and u n c o n t r o l l e d  emissions. 
C o n t r o l l e d  emissions were determined u s i n g  t h e  average p a r t i c u l a t e  c o n t r o l  
e f f i c i e n c i e s  shown i n  S e c t i o n  3 (Table 11) f o r  t h e  v a r i o u s  b o i l e r  types. 
A l though the  emiss ion  f a c t o r s  f o r  p u l v e r i z e d  d r y  bottom systems and o t h e r  

s t o k e r s  a r e  rough ly  a f a c t o r  o f  two lower  than  t h e i r  r e s p e c t i v e  EPA emiss ion 
f a c t o r s ,  t h e  v a r i a b i l i t y  o f  t h e  d a t a  i s  l e s s  than  70 percent  and t h e  data 
a re  adequate f o r  these u n i t s .  Data v a r i a b i l i t y  i s  g r e a t e r  t h a n  70 percent  

f o r  spreader s toke rs  and t h e r e f o r e  t h e  da ta  base i s  inadequate.  Because 
o n l y  one cyc lone was t e s t e d  the  da ta  base f o r  cyc lones i s  a l s o  inadequate. 
Ambient s e v e r i t y  f a c t o r s  exceed 0.05 f o r  a l l  combustion systems, i n c l u d i n g  
t h e  c o n t r o l l e d  systems. Contro l  systems w i t h  e f f i c i e n c i e s  g r e a t e r  than 95 
percent  would be r e q u i r e d  t o  reduce ambient s e v e r i t y  f a c t o r s  t o  0.05 o r  l ess .  

For  p u l v e r i z e d  c o a l - f i r e d  systems and s tokers .  t he  da ta  base f o r  SO; 
emiss ions i s  cons idered adequate. The emiss ion f a c t o r s  f o r  SO2 have v a r i -  
a b i l i t i e s  w e l l  under 70 percent  and, when t h e  v a r i a b i l i t i e s  a re  taken i n t o  
account,  a re  i n  agreement w i t h  pub l i shed  EPA emiss ion f a c t o r s .  
a re  env i ronmen ta l l y  s i g n i f i c a n t  f o r  a l l  o f  t h e  coa l  combustion systems stud ied.  

SO2 emissions 
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TABLE 21. SUMMARY OF SO2 EMISSIONS DATA FOR BITLMINOUS 
COAL-FIRED I N D U S T R I A L  BOILERS 

~ ~~ 

Mean EPA 
Number emission Ambient emission 

Combustion o f  data factor  Variabi l i ty  severity Data bast factor  
system points (ng/J) (percent) factora adequacy (ng/J) 

I 

1 

I 

Pulverized, dry 6 619s' 25 1.3 A 7435' 

Cyclone 1 3255' _-  0.69 I 1435' 

Spreader stoker 22 758s' 10 1.2 A 7435' 

Other stoker 10 6885' 12 1.7 A 7435' 

aBased on heat capaci t ies  of 200 GJ/hr for  pulverized coal-fired boi lers  and 
cyclones, 150 GJ/hr for  spreader s tokers ,  and 50 W/hr fo r  other stokers; 
stack h e i g h t s  of 50 meters for  pulverized coal-fired boi lers ,  cyclones, and 
spreader s tokers ,  and 23.2 meters for  other stokers; and on an average fuel 
sulfur  content of 1.92 percent. 

bAdequate data based i s  indicated by A and inadequate data base i s  indicated 
by 1. 

'S indicates  percent su l fur  i n  fue l .  

TABLE 22. S'LMHARY OF NOx EMISSIONS DATA FOE S!TIM!NOUS 
COAL-FIRED I N D U S T R I A L  BOILERS 

~ EPA 

Combus t i o n  o f  data f a c t o r  V a r i a b i l i t y  s e v e r l t y  Data base fac to r  
system p o i n t s  ( n g l J )  (percent)  f a c t o 6  adequacyb (ng1.I)  

Hean ~~ ~ ~~ 

~~ 

N&<r ~ m i s s i o n  ~~ Ambient emission 

Pulver ized. d r y  6 243 30 1.7 A 352 

Cyclone 1 402 -- 3.4 I 1070 

Spreader s toker  25 238 1 1.2 A 293 

Other s toker  1 5  127 16 1.0 A 293 

'Based on heat capac i t ies  of 200 W l h r  f o r  pu lver ized  c o a l - f i r e d  b o i l e r s  and cyclones. 
150 W l h r  f o r  spreader stokers, and 50 W l h r  f o r  o ther  stokers; stack heights of 50 meters 
f o r  p u l v e r i z e d  coal  f i r e d  b o i l e r s ,  cyclones. and spreader stokers, and 23.2 meters f o r  
o ther  stokers.  

bAdequate data base i s  ind ica ted  by A and inadequate data base i s  ind ica ted  by I .  

! 

i 
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TABLE 23. SUMMARY OF HYDROCARBON EMISSIONS DATA FOR 
B I T M I N O U S  COAL-FIRED INDUSTRIAL BOILERS 

EPA 
Ambient emission 

Mean 
Number emission 

C a b u s t i o n  of data fac to r  V a r i a b i l i t y  sever i ty  Data base fac to r  
system po in ts  (WJ) (percent )  factora adequacyb (ng/J) 

Pulver ized, d r y  5 3.3 111 0.025' A 

Cyclone -_ 
Spreader s toker  3 4.0 80 0.019c A 

I -_  _ _  - _  

Other s toker  -_ _ _  -- _ _  _ _  

L 

I 

i 

~~ ~ 

aBased on heat capac i t i es  o f  200 W / h r  f o r  pu l ve r i zed  c o a l - f i r e d  b o i l e r s  and cyclones, 
150 GJ/hr f o r  spreader s tokers ,  and 50 W / h r  f o r  o the r  stokers; stack heights of 50 meters 
fo r  pu lver ized coal  f i r e d  b o i l e r s ,  cyclones. and spreader stokers, and 23.2 meters fo r  
o ther  stokers. 

bAdequate data base i s  i nd i ca ted  by A and inadequate data base i s  i nd i ca ted  by I .  
'upper l i m i t  of s e v e r i t y  f ac to r .  

TABLE 24. SUMMARY OF CO EMISSIONS DATA FOR BITUMINOUS 
COAL- F I  RED INDUSTRIAL  BOILERS - .==---I=_-_ ij-,_ :_=_-rX3__.__ _I 

Mean EPA 
Number emission Ambient emission 

Combustion O f  data fac to r  V a r i a b i l i t y  seve r i t y  Data base fac to r  
system po in ts  (ng/J) (percent )  facto+ adequacyb (ng/J) 

Pulver ized, d r y  4 0 0 0 A 20 

Cyclone 1 0 0 I 20 

Spreader s toker  30 132 47 0.0017 A 20 

Other s toker  14 250 76 0.0089C A 20 

_ _  

'Based on heat capac i t i es  of 200 W / h r  f o r  pu l ve r i zed  coa l - f i r ed  b o i l e r s  and cyclones, 
150 GJ/hr f o r  spreader stokers,  and 50 W / h r  f o r  o ther  stokers; stack heights o f  50 meters 
fo r  pu lver ized coal  f i r e d  b o i l e r s ,  cyclones, and spreader stokers,  and 23.2 meters f o r  
o ther  stokers.  

bAdequate data base i s  i nd i ca ted  by A and inadequate data base i s  i nd i ca ted  by I .  
'Upper l i m i t  of s e v e r i t y  f ac to r .  
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The NOA: emissions data base f o r  pulverized c6al-fired systems and 
stokers i s  considered adequate, based on the d a t a  var iab i l i ty .  

emission fac tor  fo r  small stDkers i s  lower by a factor  of about 2.3 t h a n  
t h e  published EPA emission fac tor ;  however the EPA emission factor i s  based 
on a compilation of data for a l l  stokers, including spreader stokers. NO, 
emissions from a l l  o f  the coal combustion systems considered are  associated 
with ambient severi ty  factors greater t h a n  1 ,  and are  therefore considered 
environmentally s ignif icant  . 

The NOx 

Although hydrocarbon and CO emission factors derived from the l i t e r a tu re  
have high va r i ab i l i t i e s  and a re  not generally in agreement with published 
EPA emission fac tors ,  the ambient severi ty  factors  associated with these 
emission factors  are  well below 0.05. 
and CO emissions from pulverized coal-fired systems and stokers i s  
considered adequate. 
small stokers;  however, hydrocarbon emissions from these stokers are 
expected t o  be similar t o  hydrocarbon emissions from spreader stokers. 

Therefore the d a t a  base for  hydrocarbon 

No data are  avai lable  on hydrocarbon emissions from 

Anthracite and Lignite Coal -Fired Sources--0ata were not available in 
t i le  liter-aiuix oii i r i i e i - i a  pcjlliitaiit emission; from anthrsci te  an?. l i gn i t e  
coal-fired sources. However, anthraci te  and l i gn i t e  coals account fo r  
only  abou t  0.65~ percent -and 2 .6~-pe rcen t ,~  respectively, of -the coal _used 
f o r  fuel in the industr ia l  sector.  Published EPA emission factors fo r  
c r i t e r i a  pollutants from anthracite and l i gn i t e  coal-fired sources and 
associated severi ty  factors are  presented in Table 25.9 
part iculate  emission factors and associatgd severity factors are  a lso 
presented, based on an average par t icu la te  emission control efficiency for 
stokers of 85 percent (Table 11). 

Controlled 

Mean ambient severi ty  factors  for  SO2 emissions, :IOx emissions, and 
uncontrolled par t iculate  emissions are in  excess of 0.05 for  both anthracite 
and 1 igni te  coal-fi  red sources. A1 so,  severi ty  factors of controlled parti-  
culate emissions and hydrocarbon emissions from l ign i t e  coal-fired sources 
exceed 0.05, and the severity factor  f o r  controlled par t iculate  emissions 
from anthracite coal-fired sources approaches 0.05. Average severity factors 



! 

I 

for  CO emissions from b o t h  anthracite and l i gn i t e  coal-fired sources, and  
hydrocarbon emissions from anthracite coal-fired sources, are well below 
0.05; therefore these emissions are  n o t  considered envirormentally significant.  
However, because no d a t a  are avai lable  t o  detennine the var iab i l i ty  of emissions 
from anthracite and l i gn i t e  coal-fired sources, the data base f o r  a l l  c r i t e r i a  
pollutant emissions from these sources must be considered inadequate. 

TABLE 25. PUBLISHED EPA EMISSIONS FACTORS AND AMBIENT SOURCE 
SEVERITY FACTORS FOR ANTHRACITE- AND LIGNITE-FIRED 
BOILERS 

- .. . - _FI_-___-.. 
Anthraci t e - f i r e d  bo i le rs ’  L i g n i t e - f i r e d  b o i l e r s b  

m s i o n  h b i e n t  Emission h b i e n t  

P o l l u t a n t  
fac to r  sever i&y fac to r  s e v e r i p  
(ng/J) fac to r  (nglJ)  fac to r  

P a r t i c u l a t e  -- 
Uncontrol led 
Cont ro l led  

SO2 

NO* 
Hydrocarbon 

co 

d 1 4Ad 
2A 

0.25 
0.037 

225Ad 1.1 
M A d  0.16 

551Se 0.41 966Se 0.45 

145 1.2 193 1 .o 
0 0 32.2 0.087 

14.5 0.0002 64.4 0.0008 

’ A l l  s tokers.  
bSpreader stokers. 

‘Based on heat capac i t ies  of 150 GJ/hr f o r  l i g n i t e - f i r e d  spreader stokers and 50 GJ/hr 
f o r  a n t h r a c i t e - f i r e d  stokers;  stack he igh ts  o f  50 meters f o r  l i g n i t e - f i r e d  spreader 
stokers and 23.2 meters f o r  a n t h r a c i t e - f i r e d  stokers;  and t h e  fo l low ing  fue l  s u l f u r  
and ash contents: a n t h r a c i t e  coal -- A = 10 percent, 5 = 0.57 percent; and l i g n i t e  
coal -- A = 7.13 percent, 5 = 0.65 percent.  

dA ind ica tes  percent ash i n  f u e l .  
e5 i n d i c a t e s  percent s u l f u r  i n  f u e l .  

4.1.4.2 Fine Part iculate  Emissions-- 

Par t ic le  s i ze  d a t a  fo r  uncontrolled emissions from bitminous coal-fired 
industrial  boilers are available from two sources. 
coal-fired system were acquired by M o n ~ a n t o , ~ ~  and data for  pulverized systems, 
spreader stokers,  and other stokers were acquired by KVB Engineering.17,23,24.zs 
These d a t a  are summarized in Table 26. For each of the various combustion 

Data on a pulverized 

59 



systems, average values, va r i ab i l i t i e s ,  a n d  ranges &re presented for  the  mass 
fractions o f  par t ic les  smaller t h a n  1 pm, 3 pm, and 10 pm. 

TABLE 26. SUMMARY OF P A R T I C L E  SIZE DATA FOR UNCONTROLLED EMISSIONS 1 

FROM BITUMINOUS C O A L - F I R E D  BOILERS 

Fraction of par t iculate  in 
aerodynamic s ize  range 

< 1  urn <3 urn 4 0  pm i 

I 

! 

I 

! 

Pulverized, dry 
Average (3 t e s t s )  0.04 0.19 0.40 
Variabil i ty 155% 131% 124% 
Range 0.013-0.08 0.12-0.3 0.17-0.54 

Spreader stoker 
Average (8 t e s t s )  0.02 0.08 0.17 
Variabi l i ty  97% 117% 76% 
Range 0.011-0.08 0.025-0.35 0.08-0.48 

Other stoker 
Average (6  t e s t s )  0.23 0.32 0.40 
Variabi l i ty  85% 54% 3 9% 
Faiqe "10-0.58 0.21-C.64 0.28-0.68 

Data are  a lso available on the average collection eff ic iencies  of different 
Collection efficiencies control devices for-par t ic les  i n  various s ize  ranges. 

for  par t ic les  i n  the <1 pm, 1-3 pm, 3-10 pm, and >lo pm aerodynamic s ize  
ranges are  presented in Tab le  27 for  a medium efficiency cyclone, a multi- 
clone, a medium efficiency scrubber, an e l ec t ros t a t i c  precipi ta tor ,  a venturi 
scrubber, and a fabr ic  f i l t e r .  

Mass emission ra tes  o f  par t ic les  smdller t h a n  1 U r n ,  3 pm, and 10 um are 
presented in Table 28 fo r  pulverized coal-fired systems, spreader stokers,  
and other stokers equipped w i t h  the control devices l i s t ed  above. Total 
uncontrolled par t iculate  loadings were taken from Table 20; uncontrolled 
emission factors  f o r  different  s ize  ranges were calculated using these loadings 
and the pa r t i c l e  s i z e  d a t a  presented in Table 26. 
factors  were then calculated using the uncontrolled emission factors for 
the various s i ze  ranges and the control eff ic iencies  presented in Tab le  27. 

Controlled emission 
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TABLE 27. E F F I C I E N C I E S  OF PARTICULATE REMOVAL BY CONTROL 
DEVICES FOR VARIOUS S I Z E  FRACTIONS 

P a r t i c u l a t e  
c o n t r o l  device 

Percent e f f i c i e n c i e s  of p a r t i c u l a t e  removal 
f o r  various aerodynamic s i z e  ranges 

<1 um 1-3 um 3-10 um > l o  m 

Medium e f f i c i e n c y  cyclone 
Mu1 t i c l o n e  
Medium e f f i c i e n c y  scrubber 
High e f f i c i e n c y  ESP 
Ventur i  scrubber 
Fabr ic f i l t e r  

~~ 

0.25 12 50 70 
11 54 85 95 
26 77 98.0 99.6 
96.5 98.25 99.1 99.5 
71 99.5 >99.8 .99.8 
96 99.75 >99.95 >99.95 

Source: Reference 27 

TABLE 28. ESTIMATED UNCONTROLLED AND CONTROLLED F I N E  PARTICULATE 
EMISSIONS FROM BITUMINOUS COAL-FIRED B O I L E R S  

Emission factors f o r  aerodynamic 
p a r t i c l e  s ize  ranges (ng/J) 

< I  urn 4 um <lo  urn Total 

Canbustion system and 
emission c o n t r o l  technique 

Pulverized, d r y  
Uncontrol led 75.1 390 838 2085 
Mediun e f f i c i e n c y  cyclone 74.9 352 576 950 
M u l t i c l o n e  66.8 212 279 341 
Medium e f f i c iency  scrubber 55.5 128 137 142 
High e f f i c i e n c y  ESP 2.63 8.14 12.2 18.4 
Ventur i  scrubber 21.8 23.4 23.0-24.2 23.4-26.7 
Fabr ic f i l t e r  3.00 3.79 3.79-4.01 3.79-4.63 

Spreader stoker 

Uncontrol led 97.9 368 769 4664 
Med im e f f i c iency  cyclone 97.7 336 537 1705 
M u l t i c l o n e  87.2 222 282 477 
Medium e f f i c iency  scrubber 72.5 149 157 235 
High e f f i c iency  ESP 3.43 8.16 11.8 46.8 
Ventur i  scrubber 28.4 29.8 29.8-30.6 29.8-30.4 
Fabr ic f i l t e r  3.92 4.60 4.60-4.80 . 4.60-6.75 

Other s toker  
Uncontrol led 
Mediun e f f i c iency  cyclone 
M u l t i c l o n e  
Medium e f f i c iency  scrubber 
High e f f i c iency  ESP 
Ventur i  scrubber 
Fabr ic f i l t e r  

191 
191 
170 
141 

6.69 

7.65 
55.4 

266 
257 
204 
158 

8.00 

7.84 
55.8  

332 
290 
214 
159 

8.60 
55.8-55.9 
7.84-7.87 

831 
440 
239 
161 

55.8-56.9 
7.84-8.12 

11.1 

61  



I 

! 

As shown i n  Tab le  26, v a r i a b i l i t i e s  f o r  t h e  percentages o f  p a r t i c l e s  i n  

v a r i o u s  s i z e  ranges f o r  d i f f e r e n t  b o i l e r  types  a r e  g e n e r a l l y  h igh .  Only t h e  
v a r i a b i l i t i e s  o f  t h e  percentages o f  p a r t i c l e s  s m a l l e r  t h a n  10 i im and sma l le r  
than 3 pm f o r  s t o k e r s ,  o t h e r  than spreader  s toke rs ,  a re  lower  than 0.70. I n  
a d d i t i o n ,  t h e  v a r i a b i l i t y  o f  mass emiss ion  r a t e s  f o r  a p a r t i c u l a r  s i z e  range 
would be approx ima te l y  equal t o  t h e  sum o f  t h e  v a r i a b i l i t y  o f  t h e  t o t a l  

u n c o n t r o l l e d  p a r t i c u l a t e  emission r a t e  f o r  t h e  b o i l e r  t ype  under cons ide ra t i on ,  
t h e  v a r i a b i l i t y  o f  t h e  percentage o f  p a r t i c l e s  i n  t h e  g i v e n  s i z e  range f o r  
t h a t  b o i l e r  type ,  and, i f  c o n t r o l l e d  emiss ions  a r e  under cons ide ra t i on ,  t h e  
v a r i a b i l i t y  o f  t h e  c o n t r o l  e f f i c i e n c y  f o r  t h e  g i v e n  s i z e  range. 
reason, t h e  mass emiss ion  r a t e  o f  p a r t i c l e s  i n  a g i v e n  s i z e  f r a c t i o n  cannot 
be c a l c u l a t e d  w i t h  a good degree o f  r e l i a b i l i t y .  

For  t h i s  

Thus, t h e  d a t a  base f o r  f i n e  p a r t i c u l a t e  emissions f rom b i tuminous  
c o a l - f i r e d  b o i l e r s  must be cons idered inadequate.  
l i t e r a t u r e  f o r  t h 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 s  o f  emissions from a n t h r a c i t e  
o r  l i g n i t e  c o a l - f i r e d  b o i l e r s .  

4.1.4.3 SO, and S u l f a t e  Emissions-- 

Nc d a t a  were found i n  t h e  

The d a t a  base f o r  SO, and s u l f a t e  emissions from c o a l - f i r e d  i n d u s t r i a l  
b o i l e r s  i s  l i m i t e d .  S u l f u r  t r i o x i d e  emiss ions  were measured by WE f o r  a 
p u l v e r i z e d  c o a l - f i  r e d  u n i t   and^^ two s t o k e r s ,  and by-Monsanto Research Corpora- 

t i o n  f o r  another  p u l v e r i z e d  c o a l - f i r e d  u n i t . 1 7 ~ 2 3 ~ 2 5  
summarized i n  Tab le  29. As shown ' i n  t h i s  t a b l e ,  t h e  average f r a c t i o n  o f  f u e l  
s u l f u r  conve r ted  t o  SO3 d u r i n g  t h e  above t e s t s  was 0.81 pe rcen t ,  and t h e  
v a r i a b i l i t y  o f  t h i s  f r a c t i o n  i s  174 p e r c e n t .  There a r e  i n s u f f i c i e n t  da ta  t o  
de termine whether SO3 emiss ion  r a t e s  v a r y  f o r  d i f f e r e n t  combustion systems o r  
f o r  d i f f e r e n t  o p e r a t i n g  parameters. 
emiss ion  f rom a n t h r a c i t e  o r  l i g n i t e  c o a l - f i r e d  i n d u s t r i a l  b o i l e r s .  

~ 

These d a t a  a re  

A lso ,  no d a t a  a r e  a v a i l a b l e  on SO3 

An average SO3 emission f a c t o r  f o r  b i tuminous  c o a l - f i r e d  b o i l e r s  has 
been c a l c u l a t e d  u s i n g  t h e  KVB and Monsanto da ta  and i s  p resented  i n  Tab le  30. 

A l s o  presented  i n  Tab le  30 a r e  s e v e r i t y  f a c t o r s  f o r  SOs emissions from 
v a r i o u s  combust ion systems es t ima ted  u s i n g  t h i s  emiss ion  f a c t o r .  As shown i n  
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this table, emissions of SO3 are environmentally significant--with mean 
severity factors well in excess of 1.0--for all of the industrial combustion 
systems studied. Because of the high variability of SO, emissions data 
for industrial combustion systems and the environmental significance of 
these emissions, the SO3 emissions data base must be considered inadequate. 

TABLE 29. SUMMARY OF SO3 EMISSIONS DATA FOR BITUMINOUS COAL-FIRED 
BOILERS 

Percent of fuel 
Combustion sulfur emitted 

system as SO3 Reference 

i 

I 

I 

I 

Pulverized, dry 
Pulverized. dry 
Spreader stoker 
Spreader stoker 

Average 
Variabil ity (percent) 

0.11 
0.76 
2.1 
0.3 

0.81 
174 

25 
17 
17 
23 

TABLE 30. EMISSION FACTORS AND AMBIENT SOURCE SEVERITY FACTORS FOR 
503 FROM BITUMINOUS COAL-FIRED INDUSTRIAL BOILERS - 

Combustion System 
SO3 emission Mean Upper limit 
factor severity severity 
(ng/J 1 factora factora 

Pulverized, dry 7.95 Sb 2.23 6.11 
Cyclone 7.95 s 2.23 6.11 
Spreader stoker 7.95 s 1.67 4.58 
Other stoker 7.95 s 2.59 7.09 

aBased on heat capacities of 200 GJ/hr for pulverized coal-fired boilers 
and cyclones, 150 GJ/hr for spreader stokers. and 50 GJ/hr for other 
stokers; and stack heights of 50 meters for pulverized coal-fired boilers. 
cyclones, and spreader stokers, and 23.2 meters for other stokers. 

bS indicates the percentage o f  sulfur present in the fuel. The emission 
factor presented is based on an average fuel sulfur content of 1.92 
percent. 

, 
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Sulfate emissions d a t a  are avai lable  on ly  for the pulverized coal-fired 
boiler tested by M~nsan to . '~  The fract ion of fuel sulfur  emitted as  
su l fa tes  (including HzSOb, )  during these t e s t s  was about 0.13 percent. 
This corresponds t o  an emission fac tor  for su l fa te  in nanograms per joule 
of about  1 .27 5 ,  where S represents fuel  sulfur  content in percent. 
no data are available t o  determine the var iab i l i ty  of these emissions, the 
d a t a  base for  su l f a t e  emissions from industr ia l  coal-fired systems i s  also 
considered inadequate. 

Because 

Emissions of so3 and su l fa tes  from industrial  boilers are expected t o  
be similar t o  emissions from u t i l i t y  boi lers .  
u t i l i t y  boilers show an average conversion of fuel sulfur  t o  primary sulfate  
of 1 .5  percent, where primary su l fa te  i s  defined t o  include SOs,  sulfur ic  
acid and su l fa te  s a l t s  (such as metal l ic  su l fa tes  and amnonium su l f a t e ) .28  
The data also indicate  t h a t  approximately equal amounts of fuel sulfur  are 
converted t o  SO3 and su l fa te  ( su l fur ic  acid and su l fa te  s a l t s ) .  Thus SOs 
emissions data for industr ia l  bo i le rsz5  and u t i l i t y  bo i le rsz8  are in approxi- 
mate agreement. However, su l f a t e  emissions from u t i l i t y  boilers are much 
higher t h a n  t h a t  measured in  the Monsanto industrial  boiler t e s t .  

Data fo r  bituminous coal-fired 
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I 

~ ~~~ 
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4.1.4.4 Trace Element Emissions-- I 
~~~ ~ 

~ 
~~ ~~ 

~~ 
~~ 

Trace element emissions from coal -fired combustion systems are determined 
by the concentrations of t race elements in the coal burned, and the parti t ioning 
patterns of the elements between the bottom ash,  the f l y  ash and the gas 
phase. Trace elements present in coal have been classif ied in three main 
groups based on t he i r  parti t ioning behavior." Class I include elements 
t h a t  are approximately equally concentrated in the f l y  ash and the bottom 
ash, Class I 1  includes elements t h a t  a r e  enriched in the f l y  ash relat ive 
t o  t h e i r  concentrations in the bottom ash, and Class 111 includes elements t h a t  
are emitted in the gas phase. The parti t ioning behavior of a par t icular  
element i s  determined by the v o l a t i l i t y  and adsorptive properties of i t s  
compounds. Most of the trace elements present in coal f a l l  into Class I .  
Class I 1  elements include antimony, arsenic ,  cadminum. copper,"gallium, lead, 
molybdenum, sulfur  and zinc; and  Class I 1 1  elements include bromine, 
chlorine,  and mercury." 
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The d a t a  base fo r  t race element emissions from coal-fired industrial  
boilers i s  limited. Emission ra tes  of a wide variety of elements from a 
pulverized bituminous coal -fired boi ler  were measured by Monsanto Research 

.Corporation.” Also, t race element mass balance and emissions data have been 
developed by KVB f o r  a chain grate stoker and a pulverized coal-fired system.)O 
However, these data pertain only t o  the coal types tha t  were burned during 
tes t ing.  

Trace element emissions from industr ia l  boilers are expected t o  be 
similar t o  trace element emissions from u t i l i t y  boi lers ,  fo r  which an extensive 
d a t a  base has been developed. Estimated emission factors  and source severi t ies  
are  presented in Table 31 fo r  uncontrolled and controlled t race element 
emissions from bituminous coal-fired pulverized and spreader stoker industrial  
combustion systems. 
28 fo r  u t i l i t y  boi lers .  
element concentrations fo r  various types o f  coal, and t race element par t i t ion 
factors calculated from t e s t  data. 

These data were estimated using data developed in Reference 
The u t i l i t y  boi ler  data are  based on average trace 

The emission factors  presented in Table 31 should be considered estimates, 
because the assumption was made t h a t  emissions from industrial  boilers can 
be compared t o  emissions from much larger  u t i l i t y  boi lers .  
boi ler  data in Reference 28 were based mainly on t e s t  data fo r  pulverized 
systems controlled by e l ec t ros t a t i c  precipitators.  T h u s ,  additional assumptions 
were made in calculating controlled emission factors  and emission factors  fo r  
spreader stokers. These assumptions were t h a t  the behavior of t race elements 
i n  cyclone control devices i s  s imilar  t o  t h a t  i n  e l ec t ros t a t i c  precipitators 
and t h a t  the t race element par t i t ioning in a spreader stoker system i s  
similar t o  t ha t  in a pulverized system. Although these assumptions are no t  
s t r i c t l y  correct ,  the estimated emission factors i n  Table  31 should provide 
a good indication of the r e l a t ive  enviromental  significance of trace 
elements from industr ia l  boilers. 

Also, the  u t i l i t y  

As shown i n  Table 31, emissions of a number of elements from industr ia l  
boilers are  environmentally s ignif icant .  Controlled emissions of several 
elements, are associated with seve r i t i e s  exceeding 0.05, and uncontrolled 
emissions of a number of elements and controlled emissions of chlorine are 
associated with severity factors  in excess of 1.0. Because of the lack of 
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trace element emissions d a t a  fo r  coal-fired industrial  boi lers ,  and because 
o f  the potential enviromental significance of these emissions, additional 
d a t a  for  t race element emissions are  needed. 

4.1.4.5 Specific Organic and POM Emissions-- 

Emissions of specif ic  POM from bituminous coal-fired industrial  boilers 
have been measured by the Public Health Service and  by Monsanto Research 
C o r p o r a t i ~ n . ” ’ ~ ~ ~  
from anthracite- or  l igni te-f i red industr ia l  boi lers .  In the Public Health 
Service t e s t s ,  samples were collected by ch i l l ing  the f lue  g a s  and passing 
i t  t h r o u g h  a high efficiency f i l t e r .  Organic matter was extracted from the 
f i l t e r  catch with benzene and  separated into fract ions using chromatography. 
Concentrations of specif ic  organics were measured using ul t raviolet-vis ible  
spectroscopy.’” 
Assessment Sampling System (SASS) t r a i n ,  which uses cyclones t o  capture 
par t iculate  matter and XAD-2 resin t o  capture gaseous organic species. 
Polycyclic species were extracted using methylene chloride,  and concentrations 
of specific organics were determined using combined gas  chromatography/mass 

No d a t a  were found in the l i t e r a tu re  for  POM emissions 

In the Monsanto t e s t s ,  samples were collected using a Source 

spectroscopy. 2 5  

. The resu l t s  of these t e s t s  are shown in Table 32. Variabi l i t ies  and 
severity factors for  the data were not calculated because of the limited 
number of t e s t s  and the var ia t ions in fuel used, boi ler  load; and’combustion 
method. The data base fo r  POM emissions from coal-fired industrial  boilers 

i s  considered inadequate. 

4.1.5 Existing Emissions Data; Wood-Fired Sources 

The pollutant emissions d a t a  base fo r  wood-fired combustion i s  growing 
as a result of an increased in t e re s t  i n  wood as a fuel and increased e f fo r t s  
by EPA t o  f i l l  exis t ing data gaps. 
some measure, due t o  the va r i ab i l i t y  of wood fuel as f i red in a nunber of 
combustion system designs. 
system and pertinent properties of wood, e .g . ,  chemical composition, 
average moisture content and thermal properties,  can be found in references 
31-33. This i n f o n a t i o n ,  while useful i n  assessing the potential impact 
of emissions from wood combustion, cannot be d i rec t ly  related t o  emissions 
from speci f i  c sources. 

The inadequacy of the d a t a  base i s ,  in 

Information concerning wood-fired combustion 
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4.1.5.1 C r i t e r i a  P o l l u t a n t  Emissions--  

P a r t i c u l a t e  emissions da ta  f o r  b o i l e r s  f i r e d  by combinat ions o f  wood 
f u e l s  have been compi led by the  Oregon Department o f  Environmental  

Also,  emissions f rom wood and wood waste b o i l e r s  have been measured by the  
Vermont Agency o f  Environmental  Conservat ion.  36 
data  which were ob ta ined  a t  base l i ne  c o n d i t i o n s  (approx imate ly  80 percent  
l o a d )  f o r  b o i l e r s  f i r e d  by combinat ions o f  wood and bark. 
t i o n  on  b o i l e r  o p e r a t i n g  c o n d i t i o n s  and f u e l  composi t ion i s  a l s o  presented. 
The wood/bark combustion systems f o r  wh ich  p a r t i c u l a t e  emissions da ta  a re  
a v a i l a b l e  can be d i v i d e d  i n t o  d u t c h  oven systems, wh ich  g e n e r a l l y  use 
f i r e t u b e  b o i l e r s ,  and s toke r  systems, wh ich  genera l l y  use water tube b o i l e r s .  
Emissions d a t a  f o r  these two ca tegor ies  a re  sumnarized i n  Tab le  33. 
du tch  oven systems t e s t e d  ranged i n  s i z e  from 2 .4  GJ/hr t o  88 GJ/hr i n p u t  
capac i t y ,  w h i l e  the  s toke rs  t e s t e d  ranged f r o m  30 GJ/hr t o  150 GJ/hr 

i n p u t  capac i t y .  As noted i n  Chapter 3. wood- f i red  b o i l e r s  a re  o f t e n  
i n s t a l l e d  w i t h  a t tached m u l t i c l o n e s  f o r  p a r t i c u l a t e  c o n t r o l  o r  f l y  ash 
r e i n j e c t i o n .  Therefore,  emiss ions da ta  a re  sumnarized i n  Table 33 f o r  
u n c o n t r o l l e d  u n i t s ,  mu1 t i c l o n e  c o n t r o l l e d  u n i t s  w i th  f l y  ash r e i n j e c t i o n ,  

and m u l t i c l o n e  c o n t r o l l e d  u n i t s  w i t h o u t  f l y  ash r e i n j e c t i o n .  For  each 
b o i l e r  type and emiss ion c o n t r o l  method, t he  t a b l e  p resents  the  number o f  

u n i t s  tes ted ,  t h e  average emiss ion f a c t o r  f o r  the  t e s t e d  u n i t s ,  t he  v a r i a b i l i t y  
and the  s e v e r i t y  f a c t o r  assoc ia ted  w i t h  the  emiss ion f a c t o r ,  and an assessment 
o f  t he  da ta  base adequacy. Also,  f o r  comparison, t he  pub l i shed  EPA emission 
f a c t o r  range f o r  u n c o n t r o l l e d  wood/bark b o i l e r s  i s  p r e ~ e n t e d . ~  

Appendix C presents  the  

A v a i l a b l e  i n f o n a -  

The 

The da ta  i n d i c a t e  t h a t  p a r t i c u l a t e  emissions a re  env i ronmen ta l l y  
s i g n i f i c a n t  f o r  u n c o n t r o l l e d  du tch  ovens, and f o r  bo th  m u l t i c l o n e  c o n t r o l l e d  
and u n c o n t r o l l e d  s toke rs .  The v a r i a b i l i t i e s  o f  t he  mean emiss ion f a c t o r s  

f o r  m u l t i c l o n e  c o n t r o l l e d  s t o k e r s  and f o r  c o n t r o l l e d  and u n c o n t r o l l e d  du tch  
ovens a re  below 70 percent .  
combust ion systems i s  considered adequate. 
emiss ion f a c t o r  f o r  u n c o n t r o l l e d  s toke rs ,  however, i s  w e l l  above 70 percent,  
and thus  t h e  da ta  base f o r  u n c o n t r o l l e d  s toke rs  must be considered inadequate. 

There fore ,  t h e  data 'base f o r  these wood- f i red 
The v a r i a b i l i t y  o f  t h e  mean 
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SO2 miss ion  ra tes  were measured f o r  four large bark-fired boilers by 
the National Council of the Paper Industry f o r  Air and Stream Improvement 
(NCASI).37 
270 GJ/hr i n p u t  capacity. 
Appendix C and sumnarized in  Table 34. 
5 percent of the su l fur  present in  the bark was emitted i n  the f lue  gas a s  
SO2. while the remaining 95 percent exited the boiler i n  the form of su l fa te  
i n  e i t he r  the f l y  ash or  the bottom ash. The high conversion of sulfur t o  
su l fa te  was a t t r ibu ted  by NCASI t o  the alkal ine nature of wood ash and h i g h  
excess a i r  levels  generally used f o r  wood/bark boi lers .  The h i g h  excess a i r  
levels  r e su l t  i n  re la t ive ly  low combustion temperatures which cause the SO3 
formation t o  be more thermodynamically favored than i n  o i l  Or coal-fired 
boilers.  
i s  based on the  assumption t h a t  about 50 percent of the su l fur  present i n  
wood is  emitted i n  the f l u e  gas. 

These boilers were stokers ranging i n  s i z e  from 160 GJ/hr t o  
The r e su l t s  of these t e s t s  are  presented i n  

The t e s t s  indicated tha t  about 

The published EPA emission fac tor ,  shown i n  Table 34 f o r  comparison, 

As shown i n  Table 34, the data base f o r  SO2 emissions from wood/bark 
boi lers  meets the c r i t e r i a  f o r  data base adequacy. 
mean emission fac tor  i s  well below 70 percent, and the ambient severi ty  
associated w i t h  the mean emission f ac to r  i s  less  than 0.001. 

The va r i ab i l i t y  of the 

NO, emission ra tes  f o r  wood/bark boi lers  have been measured by the State  
of Vermont,36 TRW Envirormental Engineering Division," Monsanto Research 
Corp.,39 and NCASI."O The boilers tes ted  were d u t c h  oven units and 
s tokers ,  and, ranged in  s i z e  from 5.8 GJ/hr t o  400 GJ/hr i n p u t  capacity. 
The resu l t s  of the t e s t s  are  presented i n  Appendix C and sumnarized i n  
Table 34. 
mass of NOx per u n i t  bo i le r  heat input , ' increases  dramatically w i t h  the 
boi le r  heat i n p u t  capacity. 
f o r  small boi lers  (about 10 GJ/hr i n p u t  capacity) and i n  the range of 50-100 ng/J 
f o r  large boi lers  (grea te r  than 30 GJ/hr i n p u t  capacity).  As i n d i c a t e d  i n  
Table 34, the mean NOx emission f ac to r  from the l i t e r a t u r e  data i s  much 
lower than the published EPA NO, emission factor. '  TJis may be the result 
of differences i n  operating conditions, a s  the units tested by Vermont and 
TRW were operated a t  very h i g h  excess a i r  levels ( u p  t o  500 percent).  

These r e su l t s  ind ica t e  t h a t  the NO, emission fac tor ,  i n  terms of 

Emission fac tors  were i n  the range of 5-10 ng/J 
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As shown i n  Table 34, t he  da ta  base f o r  NOx emissions from wood/bark- f i red 
b o i l e r s  s a t i s f i e s  the  c r i t e r i a  f o r  da ta  base adequacy. The v a r i a b i l i t y  o f  
t he  mean NO, emiss ion f a c t o r  i s  below 70 percent ,  and t h e  ambient s e v e r i t y  

f ac to r  assoc ia ted  w i t h  t h e  mean emiss ion f a c t o r  i s  0.025, which i s  l e s s  than 

the  0.05 l e v e l  cons idered t o  represent  environmental  s i g n i f i c a n c e .  However, 

because the  s e v e r i t y  f a c t o r  i s  c l o s e  t o  0.05, and because t h e  emission f a c t o r  
de r i ved  from the  l i t e r a t u r e  i s  lower  than t h e  pub l ished EPA emission f a c t o r  
by  an o rde r  o f  magnitude, t h e  da ta  base i s  cons idered inadequate. 

Hydrocarbon emissions f rom a number o f  du tch  oven and s toke r  wood/bark 
b o i l e r s  have been measured by t h e  Oregon Department o f  Environmental Q u a l i t y .  41 

The u n i t s  t e s t e d  ranged i n  s i z e  from 11 t o  72 GJ/hr o u t p u t  steam capac i ty .  The 
t e s t  r e s u l t s  a r e  presented i n  Appendix C and summarized i n  Tab le  34. Table 34 
shows the  number o f  sources tes ted ,  t h e  mean emiss ion f a c t o r ,  v a r i a b i l i t y ,  t he  
ambient s e v e r i t y  f a c t o r  assoc ia ted  w i t h  t h e  mean emiss ion f a c t o r ,  an assessment 

o f  t h e  da ta  base adequacy, and, f o r  comparison, t h e  pub l ished EPA emiss ion 
f a c t o r  f o r  hydrocarbons. 

As shown i n  Table 34, t he  da ta  base f o r  hydrocarbon emissions from 

wood/bark - f i red  b o i l e r s  i s  cons idered adequate. A l though the  v a r i a b i l i t y  o f  

t h e  mean emiss ion f a c t o r  de r i ved  f rom t h e  l i t e r a t u r e  exceeds 70 percent ,  t h e  
upper l i m i t  s e v e r i t y  f a c t o r  i s  below 0.05. 
emiss ion f a c t o r  d e r i v e d  from l i t e r a t u r e  i s  taken i n t o  account,  t h i s  emission 
f a c t o r  i s  an agreement w i t h  the  lower  range o f  t h e  EPA pub l ished emission 
f a c t o r .  

A lso,  when the  v a r i a b i l i t y  o f  t he  

No data  on CO emissions f rom wood o r  wood waste combustion were found i n  

the  l i t e r a t u r e .  Therefore,  t h e  da ta  base f o r  CO emissions from wood/bark 

b o i l e r s  must be considered inadequate.  

4.1.5.2 F ine  P a r t i c u l a t e  Emissions-- 

P a r t i c l e  s i z e  d i s t r i b u t i o n  da ta  by mass were ob ta ined by t h e  S ta te  o f  
Vermont f o r  f i v e  u n c o n t r o l l e d  du tch  ovens and 2 uncon t ro l l ed  stokers,36 and 
by  Monsanto Research Corp. f o r  a cyc lone c o n t r o l l e d  s toke r  w i t h  f l y  ash 

r e i n j e ~ t i o n . ~ ’  These da ta  a re  summarized i n  Table 35. 
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TABLE 35. PARTICLE SIZE DISTRIBUTION DATA FOR 
WOOD-FIRED BOILERS 

.. 

Fraction of particulates in 
aerodynamic size range 

Dutch oven-uncontrol led 
Average (16 tests)a 0.42 0.53 0.71 
Variability 27% 25% 13% 
Range 0.0-0.63 0.6-0.88 0.42-0.88 

Stoker-uncontrol led 
Average ( 6  tests) 0.18 0.25 0.42 b 
Variability 120% 99% 58% 
Range 0.019-0.49 0.065-0.58 0.21-0.72 

Stoker-mu1 t icl one control 
Average (6 tests)c 0.19 0.45 0.76 
Variability 7 9% 31% 12% 
Range 0.02-0.43 0.33-0.68 0.65-0.92 

a- 

bTwo boilers were tested three times each for a total of  six 

‘One boiler was tested six times. 

tour boilers were tested th ree  t imes  each an; one bailer was 
tested four times for a total of 16 tests. 

tes~ts. ~~ 
~ ~~~ ~~ 
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Percentages o f  r e s p i r a b l e  p a r t i c l e s  ( p a r t i c l e s  sma l le r  than about 3 urn) average 
about 53 percent  f o r  t h e  u n c o n t r o l l e d  du tch  ovens, 25 percent  f o r  t he  uncon- 
t r o l l e d  s tokers ,  and 45 percent  f o r  t h e  c o n t r o l l e d  s toke r .  
t he  mean f r a c t i o n s  o f  p a r t i c l e s  sma l le r  than 1 pm, 3 um, and 10 urn f o r  uncon- 
t r o l l e d  du tch  ovens have v a r i a b i l i t i e s  w e l l  below 70 pe rcen t  f o r  t he  small s i z e  
ranges. Therefore,  t h 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  da ta  f o r  du tch  ovens a r e  
considered adequate. The p a r t i c l e  s i z e  da ta  f o r  u n c o n t r o l l e d  and c o n t r o l l e d  
s toke rs  have v a r i a b i l i t i e s  h ighe r  than  70 percent  f o r  t h e  smal l  s i z e  ranges. 
For  t h i s  reason, and because o n l y  a few s toke rs  have been tes ted ,  t h e  p a r t i c l e  
s i z e  da ta  base f o r  s toke rs  must be cons idered inadequate. 

4.1.5.3 SO3 and S u l f a t e  Emissions-- 

As Table 35 shows, 

I n  a d d i t i o n  t o  measuring SO2 emissions f rom b a r k - f i r e d  b o i l e r s ,  NCASI 
a l s o  measured p a r t i c u l a t e  s u l f a t e  concent ra t ions  i n  t h e  bot tom ash, t h e  
pr imary  cyc lone c o l l e c t o r  catch,  and the  f l y a s h  emi t ted  f rom t h e  b o i l e r s .  
P a r t i c u l a t e  s u l f a t e  emissions were s u c c e s s f u l l y  measured f o r  t h r e e  o f  t h e  

f o u r  b o i l e r s  t e s t e d  by NCASI. 
rang ing  i n  s i z e  f rom 150 GJ/hr t o  270 GJ/hr heat  i npu t .  
s u l f a t e  emissions da ta  ob ta ined  b y  NCASI are  presented i n  Table 36. T h i s  
t a b l e  a l s o  g i ves  t h e  mean p a r t i c u l a t e  s u l f a t e  emiss ion r a t e  and the  v a r i a b i l i t y  
assoc ia ted  w i t h  t h i s  emiss ion f a c t o r .  
t o  t h e  emiss ion as p a r t i c u l a t e  s u l f a t e s  o f  about 67 percent  o f  t he  f u e l  s u l f u r .  

The v a r i a b i l i t y  o f  t h e  mean emiss ion f a c t o r  i s  w e l l  above 70 percent  and 
the  upper l i m i t  ambient s e v e r i t y  d e r i v e d  f rom t h e  emissions da ta  i s  0.57. 
Thus, t h e  da ta  base f o r  p a r t i c u l a t e  s u l f a t e  emissions f rom wood/bark b o i l e r s  
must be considered inadequate.  No da ta  were found i n  the  l i t e r a t u r e  f o r  

gaseous SO3 emissions f rom wood/bark b o i l e r s .  

37 

These u n i t s  were cyc lone c o n t r o l l e d  s tokers  
The p a r t i c u l a t e  

The mean emiss ion f a c t o r  corresponds 
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TABLE 36. PARTICULATE SULFATE EMISSIONS DATA FOR BARK-FIRE0 BOILERS. 

! 

I 

t 

-~ 

Particulate Fuel Fuel 
sulfate sulfur ash 

Boiler emissions ' content content 

Unit 1 1050s ng/J 0.068% 1.3% 

Unit 2 388s ng/J 0.010% 1.3% 

Unit 3 1090s ng/J 0.060% 2.5% 

Mean 842s ng/J 

Variabi 1 i ty 116% 

S refers to the fuel sulfur content in percent. 

4.1.5.4 Trace Element Emissions-- 

No data were found in the literature on trace element emissions from 
wood- or wood-waste - fired boilers. 
stoker caught in a primary cyclone collector was analyzed for trace elements by 
the'State of V e t n ~ o n t . ~ ~  The results of these tests are presented in Table 37. 
A i s 0  presented in this table are estimates Of trace element emission factors 
and mean ambient severity factors for uncontrolled stokers and multiclone 
controlled stokers without flyash reinjection. These emission factors and ~ 

mean severities were obtained using the particulate emission factors presented 
in Table 33, with the assumption that the trace element content of emissions 
will be similar to that of the primary collector catch. 
more volatile trace elements would become concentrated in smaller particles 
which would penetrate the primary collection system, emissions of some trace 
elements may be higher than Table 37 indicates. 
trace element associated with an ambient severity greater than 0.05 is magnesium, 
with a severity factor of 0.093. 
in the table are based on an analysis of captured flyash rather than flyash emis- 
sions, the data base for all trace element emissions from wood/bark boilers 
must be considered inadequate. 

4.1.5.5 

However. fly ash from a wood-fired 

However, because the 

As shown in Table 37, the only 

However, since the severity factors presented 

Specific Organic and POM Emissions- 

The specific organic and POM emissions data base for wood and wood-waste 
boilers is limited to data for benzo(a)pyrene (BaP) emissions collected by 
Monsanto Research C~rp.~' Monsanto measured BaP emissions for a bark-fired 
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spreader stoker controlled by a cyclone and a venturi scrubber in series. 
BaP concentrations were measured concurrently in the stack gas entering and 
leaving the venturi scrubber. BaP was collected by passing the stack gas 
through a heated filter and a tube filled with XAD-2 resin. The BaP was 
then extracted from the filter and the resin using cyclohexane and methylene 
chloride, respectively; BaP concentrations in the solvents were measured 
using fluorescence spectrophotometry. 

The results of the Monsanto BaP tests are summarized in Table 38. This 
table presents, for the cyclone controlled stack gas and the cyclone and scrubber 
controlled stack gas, the ranges of emission factors, the mean emission factors, 
and the variabilities associated with the mean emission factors. 
results indicate that the secondary scrubber did not reduce BaP emissions. 
fact, on the average, the measured concentration of BaP entering the scrubber 
was lower than the measured concentration leaving it. 
however, within the range of the variability of the data. 
133 percent for measurements conducted upstream of the scrubber and 126 percent 
for measurements conducted downstream of the scrubber. 

The Monsanto 
In 

The difference is, 
The variability was 

Because of this high variability, and because the Monsanto tests were 
for a single boiler, the data base for BaP emissions from wood- and wood-waste 
boilers must be considered inadequate. As noted above, no data were found in 
the literature on emissions of other specific organics or POM. 

~ 

TABLE 38. BaP EMISSIONS DATA FOR A BARK-FIRED STOKER. 

Cyclone Scrubber 
control 1 ed 

emissions emissions 
cont ro 1 1 ed 

Number of tests 6 6 

Emission factor range (pg/J) 0.00-0.047 0.00-0.067 

Mean emission factor (pg/J) 0.014 0.022 

Vari abi 1 i ty (percent) 133 126 

i 
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4.2 E M I S S I O N  DATA A C Q U I S I T I O N  

4.2.1 S e l e c t i o n  of Tes t  F a c i l i t i e s  

The e v a l u a t i o n  o f  e x i s t i n g  emiss'ions da ta  f o r  i n d u s t r i a l  combustion 

sources has shown t h a t  t he  e x i s t i n g  da ta  base i s  g e n e r a l l y  inadequate. To 
c o r r e c t  these d e f i c i e n c i e s ,  a t o t a l  o f  32 s i t e s  were se lec ted  f o r  sampling 

and ana lys i s  o f  f l u e  gas emissions. 

I n  general ,  t h e  assignment o f  t he  number o f  t e s t  s i t e s  t o  each source 
category was based on c o n s i d e r a t i o n  o f  t h r e e  f a c t o r s :  f u e l  consumption 
w i t h i n  t h e  i n d u s t r i a l  sec tor ,  p o t e n t i a l  s i g n i f i c a n c e  o f  t h e  impact caused by  
f l u e  gas emissions, and inadequate c h a r a c t e r i z a t i o n  o f  f l u e  gas emissions. 
Thus, more b i tuminous c o a l - f i r e d  s i t e s  were se lec ted  f o r  t e s t i n g  than were 
warranted by  fue l  consumption because of the  known h i g h  NO,, S O 2  and p a r t i c u l a t e  
emissions from these sources, and t h e  inadequate c h a r a c t e r i z a t i o n  o f  f i n e  
p a r t i c u l a t e ,  t r a c e  element and o rgan ic  emissions f r o m  these same sources. 
S i m i l a r l y ,  f i v e  wood-f i red sources, a number f a r  g r e a t e r  than t h a t  warranted 
by fue l  consumption alone, were s e l e c t e d  f o r  t e s t i n g  because o f  the  inadequate 

c h a r a c t e r i z a t i o n  of most p o l l u t a n t s  f r o m  wood- f i red  sources and the  h i g h  POM 
emissions found i n  an e a r l i e r  t e s t  o f  a wood- f i red  comnercial/institutional 
combustion source. 42 

The cho ice  o f  s p e c i f i c  s i t e s  was based on t h e  representa t iveness  o f  
t he  s i t e s  as measured a g a i n s t  t he  impor tan t  c h a r a c t e r i s t i c s  o f  systems 
w i t h i n  each source category.  

p r i n c i p a l  c h a r a c t e r i s t i c s  considered. When severa l  s i t e s  w i t h i n  a source 
category were se lec ted  f o r  t e s t i n g ,  a range o f  these c h a r a c t e r i s t i c s  was 
g e n e r a l l y  chosen. For  example, t h e  g a s - f i r e d  s i t e s  t e s t e d  i nc lude  th ree  
f i r e t u b e  and seven water tube u n i t s .  The c a p a c i t y  and age o f  t h e  f i r e t u b e  
u n i t s  t e s t e d  were 8, 15, and 25 GJ/hr and 23, 22, and 6 yea rs  o l d  i n  age, 
respec t i ve l y .  
and i n  age f rom 7 t o  50 years.  Cons is ten t  w i t h  i n d u s t r i a l  p r a c t i c e ,  no 

c o n t r o l  dev ices  were used w i t h  these u n i t s .  

F i r i n g  method, u n i t  c a p a c i t y  and age were t h e  

The water tube u n i t s  ranged i n  capac i t y  f rom 36 t o  178 GJ/hr 

1 

I 

I 

I 

t 

The r a t e d  thermal ou tpu t  capac i ty ,  manufacturer,  burner  and b o i l e r  
type  and p o l l u t i o n  c o n t r o l  method, as a p p r o p r i a t e  f o r  t h e . 3 2  sources tes ted ,  

a re .p resented  i n  Tables 39, 40, and 41. As shown i n  t h e  tab les ,  t h e  gas- 
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TABLE 41. CHARACTERISTICS O F  I N D U S T R I A L  SOLID FJEL-F IRED EXTERNAL 
COMBUSTION SOURCES SELECTED FOR TESTING 

1 
~ Age as P o l l u t i o n  

Combustion S i t e  Rated c a p a c i t  o f  1979 c o n t r o l  
source t ype  NO. Manufacturer  ( W l h r )  (MY, (years)  dev ice 

i 

I 

I 

i 

Bituminous, 
p u l v e r i z e d  
wet bot tom 

8 i  tuminous, 
p u l v e r i z e d  
wet bot tom 

Bituminous. 
p u l v e r i z e d  
wet bottom 

Bituminous , 
p u l v e r i z e d  
d r y  bot tom 

Bituminous, 
p u l v e r i z e d  
d r y  bottom 

Bituminous, 
spreader 
s tokers 

Biiuminaos, 
spreader 
s tokers 

spreader 
s tokers 

Wood 
stokers 

Wood 
stokers 

Wood 
stokers 

Wood 
stokers 

Wood 
stokers 

~ B i t u m i n o u s ,  

223 

224 

225 

2001 
201 

341 

221 

225 

340 

145 

146' 

147c 

148 

14gd 

i 

I 

Babcock 6 U i l c o x  

Babcock 6 U i l c o x  

Babcock 6 Y i l c o x  

Babcock 6 Y i l c o x  

Combust i o n  
Engineer ing 

Yickes 

Babcock & Wi lcox 

We1 l o n s - 8 i  r c h f i  e l  d 

Puget Sound 
Machinery 

E r i e  C i t y  Iron 
Works 

Babcock & U i l c o x  

247 

185 

185 

117 

256 

158 

131 

153 

13 

57 

97 

43 

72 

54 

54 

34 

75 

46 

38.4 

45 
~~~ ~ 
~~ 

3.1 

16.8 

28.4 

12.6 

25 

32 

32 

12 

13 

23 

27 

27 

12 

3 1  

19 

29 

~ 

h l t i c l o n e  fo l l owed  by 
ESP. 99.711 es t .  o l a  
e f f .  

M u l t i c l o n e  a t  90% est .  
e f f .  

M u l t i c l o n e  a t  90% e s t .  
e f f .  

M l t i c l o n e  fo l l owed  by 
double a l k a l i  FGO u n i t  
99.4% eff. for part . ;  
96.7% eff. for SO,. 

ESP a t  99% e s t .  e f f .  

M x l t i c y c l o n e  fo l l owed  by 
ESP. 99.5% e s t .  o l a  
e f f .  

M u l t i c l o n e  a t  90% e s t .  
e f f .  

2-mul t icyc lones a t  95% 
e s t .  o/a e f f .  

None 

Scrubber 90% e s t .  
e f f .  

Scrubber 90% e s t .  
e f f .  

None 

Wellons, l n c .  18.5 5.4 11 None 

7 ___c 

"tput  capac i t y .  

bUnderfeed s toke rs  un less o the rw ise  noted. 

'Dutch oven design. 

d F l u i d  bed design. 
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and  d i s t i l l a t e  o i l - f i red  s i t e s  were not equipped with control devices; only 
one residual o i l  s i t e  (S i te  200/201) was equipped with a control device, a 
p i lo t  double a lkal i  FGD uni t ;  two of the wood-fired s i t e s  were equipped with 
scrubbers and a l l  coal-fired s i t e s  were equipped with e i ther  multiclones, ESPs. 
o r  the p i lo t  FGD uni t  evaluated during coal combustion a t  S i t e  202/203. 

4.2.2 Field Testing 

Field tes t ing procedures were based on Level I environmental assessment 
methods. 
par t iculate ,  organic and t race metal samples. 
i s  a high volume (5 scfm) system designed t o  extract par t iculates  and gases 
from the f lue gas stream, separate par t iculates  into four s ize  f ract ions,  
t r a p  organics in an adsorbent, and co l lec t  vo la t i le  t race metals in l iquid 
solutions. 
of trace materials for subsequent laboratory analysis.  
so t h a t  a l l  sample contacting surfaces are type 316 s ta in less  s t e e l ,  Teflon. 
or glass.  

The Source Assessment Sampling System (SASS) was used t o  col lect  
The SASS t r a in  (Figure 4) 

The high sampling volume i s  required t o  co l l ec t  adequate quantit ies 
The t r a in  i s  constructed 

I n  accordance.with the program Procedures Manual, the cyclones were 
not used a t  the gas- and o i l - f i red  sources because of low concentrations of 
particulates and t h e i r  charac te r i s t ic  small par t ic le  diameters for  these 
fuels. I n  a l l  t e s t s ,  however, par t icu la tes  were collected on Spectrograde, 
glass f iber  f i l t e r s  in the heated oven. The sample stream was then cooled 
and the organic material collected by adsorption on XAD-2 resin (a styrene. 
divinylbenzene copolymer). 
i n g  hydrogen peroxide t o  co l lec t  oxidizable constituents. 
third impingers, containing ammonium peroxydisulfate and s i lve r  n i t ra te .  
were used t o  co l lec t  vo la t i le  t race elements. A fourth impinger containing 
s i l i c a  gel was used t o  remove the remaining moisture from the gas stream. 

Samples of the f lue  gas were obtained a t  a single traverse point approxi- 

The gas  t h e n  passed through an impinger contain- 
The second and 

mating the average flow rate of the f lue  gas .  as determined by a multipoint 
traverse.  
t o  obtain a to ta l  sample volume of 30 cubic meters or greater .  
was carried out  in a clean environment according to  Level 1 specifications.  

*This procedures manual was developed spec i f ica l ly  for t h i s  program and i s  

Sampling time fo r  the SASS t r a in  was from 4 t o  6 hours a s  required 
Sample recovery 

not  an approved IERL-RTP procedures manual. 
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Modified Level I f i e l d  t e s t s  were conducted a t  the stack for  32 
industrial  combustion sources. The operating l o a d  and  fuel feed rates  
for  the s i t e s  tested are presented in Table 42. 
were tested a t  energy input levels ranging from 60 t o  106 percent of design 
capacity. 
conditions: 
burning wood ( s i t e  149). 

Twenty-seven of the s i t e s  

The other tests were conducted under s ignif icant ly  derated 
as low as  20 percent of design capacity fo r  a stoker uni t  

Samplerof the f lue gas were a l so  collected in Tedlar gas sampling bags, 
using a s ta in less  s teel  probe, condenser, and diaphragm pump, fo r  onsite 
analyses of f lue  gas consti tuents.  The gas in the bag was injected into a 
gas chromatograph through a heated gas sampling valve. 
hydrocarbons were analyzed using a flame ionization detector ,  measuring the 
result ing peaks for  retention times and areas ,  and comparing these against 
a known se r ies  of C,-C6 n-alkane standards fo r  qua l i ta t ive  and quantitative 
analysis.  
conductivity detector and standard mixes o f  these gases for calibration. 

Low molecular weight 

Carbon monoxide, C02, 02, and N, were measured using a thermal 

Sampling o f  the f lue  gas fo r  NOx was conducted e i the r  by EPA Method 7 
(40-CFR-60, Appendix A, Method 7 )  o r  by chemiluminescence a t  several solid 
fuel-fired units.  

4.2.3 Laboratory Analysis Procedures 

The procedures described in t h i s  section are designed t o  be an integral 
p a r t  of the phased environmental assessment approach and a p p l y  primarily t o  
Level I .  The purpose o f  the i n i t i a l  phase i s  t o  obtain preliminary environ- 
mental assessment information, ident i fy  problem areas ,  and provide the basis 
for the pr ior i t iza t ion  of streams, components, and classes of materials for  
fur ther  tes t ing by more s t r ingent  techniques and procedures. 
resu l t s  of the sampling and of the corresponding analysis procedures should 
be quantitative within a factor  of i3. 
a long  w i t h  the c r i t e r i a  used for  method selection i s  given in the Methods 
and Procedures Manual developed for  t h i s  program. 
in methods and procedures have occurred during the course o f  t h i s  program 
t o  r e f l ec t  experience, changing data needs, and EPA-directed Level I changes. 

As such. the 

A detailed discussion of the approach 

In addition, changes 
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TABLE 42. OPERATING LOA0 AN0 ENERGY INPUT RATES OF THE 
INDUSTRIAL COMBUSTION SOURCES TESTE0 

Excess 
Operat ing Percent Energy a i r  a t  

Combustion S i t e  l oad  o f  base i n p u t  s tack e x i t  
source type No. (GJ/hr) load (GJ/hr) (percent)  

I 

Externa l  Combustion 

Natura l  Gas 150 
151 

Residual O i l  

157 
158 
159 
161 
162 
328 
334 
335 
172 
153 
160 
163 

202/ 20 3 

D i s t i l l a t e  O i l  170 
172 
173 
174 

~ ~ 

a i  tumi nous, pu l  v e r i  - 
zed d ry  bottom 34 1 

2oo izo i  

15 60 18.5 120 
5.4 67 6.8 10 

89 50 117 75 
4.5 30 5.3 40 

50 76 63 50 
50 70 63 35 
50 70 63 95 
27 76 34 50 
49 BO 61 34 
49 80 61  20 
35 81  43 25 
35 82 43 38 
52 67 66 50 
37 47 46 20 

20* 
83 72 104 48 
93 60 116 85 
39 93 48 75 
75 70 94 35 
93 89 104 20* 

20 5 80 256 61  

Bituminous, p u l v e r i -  223 150 61  167 125 
zed wet bottom 224 120 65 133 100 

225 120 65 133 55 
Bituminous, s toke r  221 144 91  179 100 

226 52 40 65 220 
340 123 80 153 125 

*Combustion chamber excess a i r .  
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A detailed l i s t  of these changes i s  provided in Volune 111 o f  th i s  program 

I 

1 

I 

ser ies .  

0 

0 

0 

0 

0 

4.2.3.1 

Major changes include the following: 

The computation of inorganic emissions from gas- and o i l - f i red  
s i t e s  has been modified, based on the assumption t h a t  inorganic 
emissions ar& nil  from gas-fired s i t e s  and that  a l l  inorganics 
from fuel oi l  combustion are emitted from the stack. Thus, in- 
organic emissions from o i l - f i r ed  s i t e s  are calculated from 
analysis of the fuel .  

Organic emission fram gas- and o i l - f i r ed  s i t e s  are  integrated 
values as a r e su l t  of combination of SASS fractions prior t o  
analysis. 

For solid fuel-f i red s i t e s  sampled a f t e r  June 1978, t h e  XAD-2 
resin residue ( a f t e r  Parr bomb combustion) was combined with 
the composite (module condensate, HN03 module r inse,  and H202 
impinger) sample pr ior  t o  analysis by SSMS for  inorganics. 

AAS analysis of the second and third (APS) impingers for  Hg i s  
conducted only i f  the Hg concentration in the fuel i s  >1 ppm 
and "real values" are  obtained for  the composite sample. 

The NO, analysis procedure was changed to EPA Method 7 as a 
r e su l t  of NO, loss over time in the Tedlar gas sampling bags. 

Inorganic Analysis-- 

As noted above, the inorganic analysis  scheme was modified in the case 
of gas- and  oil-fir 'ed s i t e s ,  eliminating inorganic determinations for  gas- 
f i r ed  s i t e s  and res t r ic t ing  inorganic determinations for  o i l - f i r ed  s i t e s  t o  
an analysis of the fuel .  
modified Level I analysis plan shown in Figure 5 was followed. 
scheme consisted of an elemental survey by Spark Source Mass Spectrometry 
(SSMS) for  the determination of approximately 70 elements. Specific analyses 
by Atomic Absorption Spectrometry ( A A S )  were conducted for  mercury and, 
when indicated by the results of the  fuel analysis, for  arsenic  and antimony. 
Par t iculate  su l f a t e  was determined turbidimetrically.  chlorides were measured 
by spec i f ic  ion electrode and/or ion chromatography, and SO3 was determined 
by an acid-base t i t r a t i o n .  

I n  the case of the solid fuel-f i red s i t e s ,  the 
The analytical 

Figure 5 also indicates the procedures followed t o  prepare samples for  
analysis. 
analysis. 

Par t iculate  samples were digested with aqua regia before 
However, these samples were analyzed by SSMS d i r ec t ly  without 
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preparation whenever possible; i . e . ,  no glass f iber  : i l t e r  material was 
present. 
t h i s  extract  was a l s o  the preferred sample fo r  su l fa te  analysis.  
feeds and XAD-2 resin were prepared by combustion in a Parr oxygen bomb 
t o  destroy the organic matrix. No preparative steps were necessary for  
the other inorganic samples. 

Samples for chloride analysis were extracted with h o t  water; 
Fuel 

Brief descriptions of the analytical techniques used for  inorganic 
characterizations are provided below. 

e SSMS - SSMS was used in  the laboratory to perform a semi-quanti- 
t a t ive  elemental survey analysis on a l l  twes of Level I samples. 
The analysis was performed using a JEOL Analytical Instru- 
ments, Inc., Model JMS-OlBM-2 Mass Spectrograph. The JMS- 
01BM-2 is  a high resolution, double-focusing mass spectro- 
meter with Mattauch-Herzog ion opt ics  and ion sensi t ive 
photoplate detection. 
t o  carry ou t  high sens i t i v i ty  trace element analysis of 
metals, powders, o r  semiconductor type materials using an 
RF spark ion source. Elemental analysis by SSMS involves the 
incorporation of a sample a l iquot  into two conducting 
electrodes,  which are decomposed and subsequently analyzed 
by a mass determination using a double-focusing mass 
spectrometer. Decomposition of the sample electrodes i s  
accomplished by applying a radio frequency (1 M H r )  potential 
of about 4 k V ,  which induces a n  e lec t r ica l  discharge 
in the form of a spa rk  plasma. 
associated w i t h  the discharge, the spark plasma created 
i s  composed primarily of elemental species. The posit ively 
charged ions contained in  the  plasma are  accelerated and 
formed into an ion beam by a high potential e l ec t r i c  f i e ld  
(30 k V ) .  
dispersed t o  produce a mass spectrum t h a t  i s  recorded by 
an ion-sens i t i  ve photopl  a te .  

SSMS can be used t o  detect  elemental species contained i n  the 
sample electrodes a t  levels down to  grams. Although the 
sens i t iv i ty  varies somewhat, depending on the element of in- 
t e r e s t  and the sample type. pract ical ly  a l l  elements in the 
periodic tabie  can be detected. Using photoplate detection, 
a l l  elements having masses i n  the range 6 t o  240 can be de- 
tected simultaneously. Concentration data are  derived from 
the in t ens i t i e s  (optical  density) of t he  mass spectral l ines .  
There are several methods f o r  determining concentration d a t a  
from photoplate spectral l i n e  densi t ies .  The methods vary 
widely in terms of the i r  complexi ty  and corresponding precision 
and accuracy of the resu l t s .  The photoplate interpretat ion 
procedures followed f o r  t h i s  program and for  Level I survey 
work in general are  designed t o  yield concentration data accurate 
t o  within a factor  of 2 for  70 elements. 

The instrument i s  specially designed 

Because o f  the high energy 

The beam i s  then energy-focused and momentum- 
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Mercury - Cold Vapor - The cold vapor me:cury analysis i s  
based on the reduction of mercury species i n  acid solution 
w i t h  stannous chloride and the subsequent sparging of ele- 
mental mercury, with nitrogen, through a quar tz  ce l l  where 
i t s  absorption a t  253.7'nm is monitored. 

Arsenic - Hydride Evolution - This procedure en ta i l s  the 
reduction and conversion of arsenic  t o  i t s  hydride i n  acid 
solution w i t h  e i t he r  stannous chloride and metall ic zinc 
or  sodium borohydride. 
the reaction vessel,  in a stream of argon, in to  an argon- 
hydrogen flame in  an AAS. There, the hydride i s  decomposed 
and the arsenic  concentration i s  monitored a t  i t s  resonance 
wavelength, 193.7 nm.  Excess hydrogen peroxide and n i t r i c  
acid present i n  cer ta in  Level I samples in te r fe re  w i t h  the 
analysis  and must be removed before the addition of either 
the zinc s lu r ry  or sodium borohydride used to  generate the 
arsenic  hydride. 

The vo la t i l e  hydride i s  swept from 

Antimony - Hydride Evolution - Antimony-containing compounds 
are decomposed by adding su l fu r i c  and n i t r i c  acids and evap- 
o r a t i n g  the sampie t o  fumes of S O 3 .  The antiniuny l iberated 
is  subsequently reacted w i t h  potassium iodide and stannous 
chloride,  and f i n a l l y  w i t h  sodium borohydride to  form 
st ibine.  T h i s  s t ib ine  i s  removed from solution by aeration 
and swept by a flow of nitrogen i n t o  a hydrogen diffusion flame 
i n  an ABS. 
Because s t ib ine  is  freed from the original sample matrix, 
interferences i n  the flame a r e  minimized. 

Sul fa te  - Turbidimetric - The basis o f  the ana lys i s - i s  the 
formation of a barium su l f a t e  precipi ta te  i n  a hydrochloric 
acid medium w i t h  barium chloride i n  such a manner as t o  form 
barium s u l f a t e  c rys ta l s  o f  uniform size.  The absorbence of 
the barium su l fa te  suspension i s  measured by a transmission 
photometer and the su l fa te  ion  concentration determined by 
comparison of the reading w i t h  a standard curve. 

The g a s  sample abssrption i s  measwed a t  217.6 nm; 

~ 
~ 

~~~ 

~~ ~ ~ ~~ 
~~ ~~ 

~~ 
~~~~ 
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Chloride - Specific Ion Electrode and Ion Chromatography - 
Chloride i s  determined potentiometrically us ing  a so l id  
s t a t e  se lec t ive  ion chloride electrode in con jhc t ion  w i t h  
a double junction reference electrode and a pH meter having 
an expanded mi l l ivo l t  sca le .  Ion chromatography is  used to  
check the  resu l t s  of the spec i f ic  ion electrode determinations, 
and results a r e  generally in  excellent agreement. 

-3 SO - Controlled Condensation - The SO3 concentration of the 
Goksoyr-Ross sampl i ng t r a i n  condenser coi 1 r inse i s  determined 
by an  acid-base t i t r a t i o n  against  0.02N sodium hydroxide tha t  
has been standardized against  primary standard potassium acid 
phthalate.  
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4 . 2 . 3 . 2  Organic Anal,ysis-- 

An overview of the SASS t ra in  samples collected from industrial  sources 
for  organic analysis i s  shown in Figure 6. 
and appropriate sample combination schemes are a l so  shown in  the figure. 
Organic l iquids  required no preparation; however, aqueous l iquids  and solid 
samples were extracted with methylene chloride t o  separate the organic 
and inorganic portions before analysis.  
s i t e s ,  the solvent rinses of SASS t r a in  components were combined w i t h  the 
solvent extracts  of the XAO-2 resin and par t iculate  f i l t e r s  fo r  concentration 
into one organic sample for  analysis. 

The sample preparation procedures 

In the case.of gas- and o i l - f i red  

The modified Level I organic analysis methodology and decision c r i t e r i a  
used fo r  organic characterization of industr ia l  sources are presented in 
Figure 7.  All samples were f i r s t  concentrated in Kuderna-Danish 
evaporators t o  10-ml volumes. 
concentration. the extract  was restored t o  a convenient volume large enough 
for  the material t o  redissolve.)  
concentrate fo r  the following analyses: 

( I f  material dropped out of solution d u r i n g  

Two 1-in1 aliquots were taken from each 

0 t o t a l  chromatographable organic material (GC-TCO) and  
GC/MS analysis fo r  POM and 

gravimetric determination of nonvolatile organic material 
and an infrared ( I R )  analysis on the residue from the gravi- 
metric determi n a t i o n .  

0 

The  data provided by performing the TCO and the gravimetric analyses 
were used t o  make the decision as t o  the analysis path t o  be followed for  
a l l  other determinations. The TCO analysis provided quant i ta t ive inform- 
ation on the bulk amount of semivolatile organic material in the boiling 
range of the C 7  t o  C 1 6  alkanes - 90°C t o  30OoC. The gravimetric 
analysis provided quant i ta t ive resu l t s  on the amount of nonvolatile 
organics in the sample. 
to ta l  organic content of the sample. 
of the sample was'equivalent t o  a stack concentration of 500 pg/m o r  
l e s s ,  the organic analysis was terminated. 
value was greater t h a n  500 u g h 3 ,  the direct ion of the analyses depended 
on the TCO resu l t s .  

These two values combined gave an estimate of the 
Whenever the to ta l  organic content 

3 

Whenever the stack concentration 
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STOP 
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Figure 7. Modified Level I organic analysis plan for industrial sources. 
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If the TCO was less  than 10 percent of  the totdl  organic material, 
the analytical  pathway labeled "Method 2" in  Figure 7 was followed. 
suitably sized sample al iquot  was taken f o r  l iqu id  chromatographic fraction- 
a t ion,  evaporated t o  dryness, and t ransferred t o  an LC column. 
f ract ion was subsequently subjected t o  gravimetric and infrared analyses. 
I f  the TCO was greater  than 10 percent o f  the to ta l  organics, an aliquot 
fo r  LC was prepared by solvent exchange t o  preserve the vola t i le  species. 
In this "Method 1" procedure, each f rac t ion  separated s t i l l  underwent 
gravimetric and infrared analyses; however, i n  addition, these LC fractions 
were a l so  analyzed f o r  TCO. 

A 

Each separated 

The GC-TCO analysis  has been used to  obtain information on the 
quantity of material boiling within d i sc re t e  ranges corresponding t o  the 
boiling points of the n-alkanes C 7  through c16 as well a s  on the to ta l  
amount of material i n  the overall n-alkane boiling range. Materials were 
c lass i f ied  so le ly  on the basis o f  t h e i r  retention time re la t ive  t o  the n- 
alkane and were quantitated a s  n-alkanes. 
taining oxygen, nitrogen, sulfur, or halogens would a l so  be reported as 
a1 kanes. 

T h i s  means any compounds con- 

The infrared analyses provide information on the major functional 
groups ( i . ey ,  chemical compound c lasses)  present i n  a sample. 
by the GC-TCO and IR analyses are  in te r re la ted :  
i n  the GC analysis a r e  too vola t i le  t o  remain when the sample i s  evaporated 
fo r  IR analysis ;  and many compounds ident i f ied  i n  the IR analysis have 
v o l a t i l i t i e s  too low to  be detected by the  GC-TCO procedure. 
manner, the results of GC-TCO analyses of the LC f ract ions complement the 
IR analyses of these samples. 

Data obtained 
many compounds detected 

I n  a similar 

Fractions t h a t  contained more than 15 mg of material o r  t h a t  were of 
special i n t e re s t  were analyzed by low resolution mass spectroscopy (LRMS). 
LRMS i s  an instrumental technique t h a t  may provide molecular weights and 
compound ident i f ica t ion  on a "most probable" basis fo r  samples of low com- 
plexity.  
i f i ca t ion  derived from IR spectra.  

I n  Level I analysis,  i t  is  used t o  supplement the compound class- 

94 



1 

4 

A 

i 

Brief descriptions of the analytical  techniques used in conducting 
the Level I organic analysis and the GC/MS analysis fo r  POM are presented 
bel ow. 

a 

a 

a 

a 

0 

Extraction of Aqueous Samples - These l iquid/ l iquid extractions 
were performed with standard separatory funnels. 
necessary, the pH of the sample was a d j u s t e d  t o  neutral with 
e i the r  a saturated solution of sodium bicarbonate or  amnonium 
chloride. The sample was extracted three times w i t h  a volume 
of high-puri ty  methylene chloride equal t o  approximately 10 
percent of  the sample volume. 
extract  was measured, dried with anhydrous sodium su l fa te ,  and 
concentrated to  10 m l .  

Extraction of Solid Samples - The par t iculate  f i l t e r s ,  cyclone 
catches, and XAD-2 resin samples from the SASS t r a in  were 
extracted in  appropriately sized soxhlet extractors.  
was placed in  a glass thimble and extracted fo r  24 hours with 
Distilled-in-Glass or  Nanograde purity methylene chloride. 
The result ing extracts  were measured, dried, and concentrated. 

Whenever 

The volume of the result ing 

Each sample 

Concentration of Organics - The solvent ex t rac ts  of solid and 
l iquid samples and the solvent rinses of sampling hardware 
were concentrated in K-D evaporators. Heat provided by a steam 
bath was suf f ic ien t  t o  vo la t i l i ze  the solvents with minimal 
loss  of other organic components. Samples were concentrated t o  
a volume between 5 and 10 m l ,  allowed to  cool, transferred to  
a volumetric f lask ,  and di luted t o  a f inal  volume of 10 ml with 
methylene chloride. 

Gravimetric Determination - The weight o f  nonvolatile orgenic 
species was determined on the concentrates obtained from the 
K-D concentration of solvent extract  and r inse samples. The 
samples were transferred t o  tared aluminum weighing dishes, 
evaporated a t  ambient temperature, and stored i n  a desiccator 
t o  constant weight. Weights of organic residues as  small as 
0.1 mg were measured. 

IR Analysis - IR analysis was used t o  determine the functional 
groups in a n  organic sample or  LC fraction of a partitioned 
sample. 
t iona l i ty  (e.9.. carbonyl. aromatic hydrocarbon, alcohol, 
amine, a l ipha t ic  hydrocarbon, halogenated organic, e t c . ) .  
Compound ident i f icat ion i s  possible only when t h a t  compound 
i s  known t o  be present as a dominant consti tuent in the sample. 

The minimum sample amount required fo r  t h i s  analysis i s  0.5 
mg. 
cent (w/w)  a t  l e a s t  fo r  the charac te r i s t ic  functional groups 
of a compound t o  appear suf f ic ien t ly  strong for  interpretation. 

The interpreted spectra provide information on func- 

A compound must be present i n  the sample a t  5 t o  10 per- 
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Organic solvents, water, and some inorga,,ic materials cause 
interferences.  Water, in par t icu lar ,  decreases the resolu- 
tion and sens i t iv i ty  of the analysis .  

The i n i t i a l  organic sample concentrate or LC f ract ion,  a f t e r  
evaporation. was e i ther  (1)  taken up  in a small amount of 
carbon tetrachloride or  methylene chloride and transferred t o  
a NaCl window, or ( 2 )  mixed with powdered KBr, ground t o  a 
f ine  consistency, and then pressed i n t o  a pe l l e t .  
IR spectrophotometer was used t o  scan the sample in  the IR 
region from 2.5 t o  15 microns. 

A grating 

4 TCO Analysis - GC was used t o  d e t e 9 i n e  the p a n t i t y  of low 
boiling hydrocarbons (BP between 90 and 300 C )  in the  K-D 
concentrates of a l l  solvent r inses  and organic extracts  and 
in L C  f ract ions 1 t h r o u g h  7 (when the vola t i le  organics were 
greater  t h a n  10 percent of the  to ta l  organics in the unfrac- 
t ionated sample). Data were used to  f i r s t  determine the  to ta l  
quantity of the lower boiling hydrocarbons in  the sample. 
Whenever t h i s  to ta l  of C 7  t o  C 1 6  hydrocarbons exceeded a stack 
concentration of 75 g/m, the TCO resul ts  were reported as 
quant i t ies  i n  each of the C 7  t o  c 1 6  boiling point ranges rather 
t h a n  a s  a t o t a l .  

The extent of compound ident i f icat ion was limited t o  represent- 
i ng a1 1 rnateri a1 s a s  normal a1 kanes based on comparison of 
boiling points. The analysis i s  serniquantitatije because only 
one hydrocarbon, n-decane, i s  used for  cal ibrat ion.  The d i f -  
ferences in instrument response, o r  sens i t iv i ty .  to  other a l -  
kanes are  well within the desired accuracy l imits  for  Level I 
analysis and are not taken in to  consideration in d a t a  
in te rpre ta t ion .  

LC Separation - This procedure was designed t o  separate samples 
in to  eight  reasonably d i s t i n c t  classes of compounds and  was 
applied t o  a l l  organic samples t h a t  contained a minimum of 
500 vg/m3 of combined vo la t i l e  (TCO) and nonvolatile (gravimet- 
t r i c )  organics. A sample weighing from 9 t o  100 mg was placed 
on a s i l i c a  gel l iquid chromatographic column, and a ser ies  of 
e ight  eluents of sequentially increasing polar i ty  was employed 
to  separate the sample into eight  fractions for  further analyses. 
Because the use of HC1 i n  the f inal  eluent resul ts  in 
par t ia l  degradation of the column material, data were 
derived from only the f i r s t  seven fract ions.  

Two d i s t i n c t  methods were used to prepare samples fo r  LC frac- 
t ionation and subsequent analysis.  
or Method 2 (Figure 4 )  was based on the resu l t s  of gravimetric 
and TCO determinations of the concentrated organic sample. 
Method 1 was used whenever the vola t i le  oraanic content deter- 
mined by the TCO analysis was i n  excess of 10 percent of the 

0 

The selection of Method 1 
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t o t a l .  Method 2 was used whenever the TCO was low - l ess  t h a n  
10 percent of the t o t a l .  

I n  Method 1 ,  the low boiling components must be preserved for  
LC separation and subsequent analysis. 
vent exchange step t o  t ransfer  the  sample from methylene 
chloride t o  the nonpolar solvent hexane before placement on 
the column. 
nents, a simple, d i r ec t  solvent evaporation step i s  suf f ic ien t  
t o  prepare the sample fo r  fractionation. Gravimetric and IR 
analyses were performed on the f i r s t  seven fractions of a l l  LC 
separations. In addition, whenever Method 1 was used, a TCO 
analysis was also performed on each of the seven fractions for  
information on the MSS and types o f  vola t i le  compounds present 
i n  each fract ion.  These data supplement the gravimetric and 
infrared analyses performed on a l l  f ract ions.  

LRMS - This procedure i s  a survey analysis used t o  determine 
compound types in an organic sample or i n  an LC fraction of a 
sample. The analyst i s  spec i f ica l ly  searching fo r  hazardous 
compounds or compounds t h a t  may be generally considered toxic,  
e.g. ,  aromatic hydrocarbons and chlorinated organics. Analysis 
using d i f fe ren t  sample ionizing parameters resu l t s  in molecular 
weight data t h a t ,  combined w i t h  IR and sample source data,  can 
provide specif ic  compound ident i f icat ions on a "most probable" 
basis . 
The mass spectrometer (MS) used in th i s  procedure has suff ic ient  
sens i t iv i ty  such t h a t  1 nanogram o r  less  presented t o  the 
ionizing chamber resu l t s  in a fu l l  spectrum with a signal r a t io  
of 1O:l. A dynamic range of 250,000 i s  achievable. The detec- 
t ion l imi t  fo r  a specif ic  compound related t o  the s ize  of an 
a i r  sample o r  l iquid sample varies widely depending on the types 
and quant i t ies  of the species in the mixture because 
of interfer ing e f fec ts  i n  the spectrum caused by multiple com- 
pounds. The impact of t h i s  interference i s  reduced by lowering 
the ionization vol tage t o  produce spectra containing relat ively 
more intense molecular ions. 

Solid samples are  placed in a sample cup or capi l lary fo r  intro- 
duction through the d i r ec t  inser t ion probe. 
are weighed in to  a cuvette fo r  introduction th rough  a ba t ch  o r  
l iquid inlet  system. The probe or  cuvette i s  temperature pro- 
gramed from ambient temperature to  300oC. 
are taken with a 70 eV ionizing voltage as the sample i s  vola- 
t i l i zed  during the program. 
(10 to  15  eV) can be used a t  the discretion of the operator i f  
the 70 eV data are  complex. 
reference compound spectral l i b r a r i e s ,  IR data ,  and other chem- 
ical  information available on the sample. The resul ts  of LRMS 
analysis give qua l i ta t ive  information on compound types, homo- 
logous se r i e s ,  and, in some cases,  ident i f icat ion of specif ic  

This requires a sol-  

I n  Method 2 ,  where there are  few vola t i le  compo- 

0 

More vo la t i l e  samples 

Periodic MS scans 

A lower ionizing voltage range 

Spectra a re  interpreted using 
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compounds. This i n fo rma t ion  i s  then used t o  assess t h e  hazardous 
na tu re  o f  t h e  sample. 

Gas Chromatography/Mass Spectrometry Ana lys is  f o r  POM - This i s  a 
combined GC/MS method f o r  q u a l i t a t i v e  and q u a n t i t a t i v e  p o l y c y c l i c  
o rgan ic  m a t e r i a l  (POM) de terminat ions .  M i c r o l i t e r  q u a n t i t i e s  o f  
concent ra ted  sample e x t r a c t s  a re  used f o r  t h i s  a n a l y s i s .  

M i c r o l i t e r - s i z e d  samples a r e  i n j e c t e d  onto a gas chromatographic 
column and are  separated by the  d i f f e r e n c e s  i n  t h e  r e t e n t i o n  
c h a r a c t e r i s t i c s  between t h e  sample components and t h e  column ma- 
t e r i a l .  As t h e  components e l u t e  from t h e  column, they  are  t r a n s -  
po r ted  through an ins t rument  i n t e r f a c e  t o  t h e  mass spectrometer 
(MS), which i s  being operated i n  a To ta l  I o n  Mon i to r i ng  (TIM) mode. 

I n  t h e  MS, the  var ious  compounds are  i o n i z e d ,  and a l l  i o n  
fragments i n  t h e  mass range of 40 t o  400 amu a r e  monitored. 
The r e s u l t i n g  mass spec t ra  are s t o r e d  by t h e  computerized 
data system. A l l  compounds e l u t i n g  f rom t h e  GC i n  de tec tab le  
q u a n t i t i e s  cou ld  be i d e n t i f i e d ,  i n c l u d i n g  aromat ic  compounds 
c o n t a i n i n g  heteroatoms, depending on t h e  d e s i r e d  scope o f  
t h e  a n a l y s i s .  The computer i s  used t o  search t h e  s to red  
spec t ra  f o r  t h e  s p e c i f i e d  mass fragments shown i n  Table 43. 

0 

TABLE 43. MASS TO CHARGE (m/e) VALUES MONITORED~ 

I 

I 

1 

128 180 242 
154 184 252 

~~ ~--162b 192 ~~ ~ 256 

166 202' 278 
178 21 6 300 
179 228 302 

aMass t o  charge values have u n i t s  i n  (gm/gm mole) /  

b I n t e r n a l  s tandard i s  ch loronaphthalene.  
(e lec t ron /mo lecu le )  . 

The POM spec t ra  are q u i t e  d i s t i n c t i v e  because they y i e l d  
very s t rong  molecu la r  i ons  w i t h  l i t t l e  f ragmenta t ion .  
mo lecu la r  i ons  t o  f i n d  POM i n  a m i x t u r e  i n v o l v e s  r e c o n s t r u c t -  
i n g  t h e  GC t r a c e  from the  s t o r e d  data us ing  o n l y  a s i n g l e  
mass t o  charge (m/e) value. 
chromatogram i n d i c a t e s  t h e  p o s s i b i l i t y  o f  a POM w i t h  t h a t  
mo lecu la r  we igh t .  
ope ra to r  judges i f  t h e  spectrum i s  c o n s i s t e n t  w i t h  a POM. The 
GC r e t e n t i o n  t ime  and t h e  spectrum a r e  used t o  make t h i s  iden- 
t i f i c a t i o n ,  a l though i t  i s  o f t e n  d i f f i c u l t  t o  c o n f i r m  which 
isomer i s  caus ing a peak w i t h o u t  s tandards f o r  t h e  s p e c i f i c  
m a t e r i a l .  

Using 

Any i n f l e c t i o n  i n  t h i s  mass 

The spectrum i s  then d isp layed,  and t h e  
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Using t h i s  technique, a large number of P0.1 can be screened 
in a short  period of time, and good ident i f icat ion of POM 
type i s  possible. More time i s  required for  exact ident i f i -  
cation. Table 44 l i s t s  POM tha t  are souqht in a l l  samples; 
any POM with a molecular weight on t h i s  l i s t  will be deter- 
mined. 
desired, a l l  t h a t  i s  needed for  the i r  ident i f icat ion i s  the  
molecular weight and a r e l a t ive  retention time o r  a s t anda rd .  
During the search of the data f o r  POM compounds, non-POM 
compounds may in te r fe re ,  especially i f  they coelute with a POM. 
Computer data interaction techniques, such as ion mapping, 
keep these interferences t o  a minimum. 
the peak i s  quantitated u s i n g  an internal standardization 
method. 

The GC/MS sens i t iv i ty  varies with several parameters including 
the type of compound, instrument internal cleanliness,  resolu- 
tion of closely eluting peaks, e t c .  Under "everyday" operating 
conditions, 20 nanograms ( n g )  eluting in a peak abou t  5 seconds 
wide yields  an  MS signal with a usable signal t o  noise ra t io .  
Typically, t h i s  represents a t  l e a s t  100 pg o f  any s ingle  POM 
compound in a concentrated extract  of a sample. 

If  other POM with d i f fe ren t  molecular weights are 

I f  a POM i s  confirmed. 

4 . 2 . 3 . 3  Detection Limits- 

A minimum f lue  gas sampling volume o f  30 m 3  i s  required fo r  a l l  SASS 
runs t o  ensure t h a t  a l l  pollutant species of in te res t ,  bo th  inorganic and 
organic compounds, can be detected a t  levels t h a t  represent the lower 
l imits  of environmental concern. A detailed discussion of detection l imits  
o f  analysis procedures i s  presented in the program Methods and Procedures 
Manual. 

4 . 2 . 4  Test Results 

4 . 2 . 4 . 1  Field Measurement Results-- 

Oxygen concentration data and par t icu la te ,  NO,, C O ? ,  and hydrocarbon 
f lue gas  emissions data for  the t e s t s  conducted are shown in Table  45. The 
C1-C6 gaseous hydrocarbon measurements were conducted in the f i e l d ,  b u t  the 
C7-C16 and the > C16 hydrocarbon emissions were determined in the laboratory. 
These laboratory determinations are included in Table 45 t o  f a c i l i t a t e  com- 
parison w i t h  C1-C6 hydrocarbon emissions and calculation of t o t a l  hydrocarbon 
emissions. 
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TABLE 44. MINIMUM LIST OF POM MONIT9RED 

i Compound npme Molecular weight MATE air (pg,m3) value 

I 

I 

I 

. i  

I 

t 

Naphthalene 
Biphenyl 
F1 uorene 
Phenanthrene 
Anthracene 
Benzoquinoline 
Acridine 
9,lO-Dihydro-phenanthrene 
9,lO-dihydro-anthracene 
2-Methyl-fl uorene 
1-Methyl-fluorene 
9-Methyl -fl uorene 
Di benzothiophene 
3-Methyl -phenanthrene 
2-Methy I -phenanthrene 
2-Methyl -anthracene 
Ethyl fluorene ~ 

Methyl Oibenzothiophene 
F1 uoranthene 
Pyrene 
Dimethyl phenanthrenes 
Benzo (a) fluorene or 1.2-benzofluorene 
Benzo (b) fluorene or 2.3-benzofluorene 
Benzo ( c )  fluorene or 3.4-benzofluorene 
2-Methyl-fluoranthene 
4-Methyl -pyrene 
3-Methyl -pyrene 
1-Methyl -pyrene 
Trimethyl phenanthrenes 

128 
154 
166 
178 
178 
179 
179 
180 
180 
180 
180 
180 
182 
192 
19: 
192 
195 ~ 

196 
202 
202 
206 
21 6 
216 
216 
216 
216 
216 
216 
220 

5.0 x 1.04 
1 .o x 103 
1.4 x 104 
1.59 x 103 
5.6 x 104 

9.0 x 104 
N 

N 
N 
N 
N 
N 

2.3 x 104 
3.0 x 104  
3 . 0  x 104 
30% x 104 

~ K 
N 

9.0 x 104 
2 . 3  x 105 

N 
N 
N 
N 
N 
N 
N 
N 
N - .  

(continued) 
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TABLE 44 (continued) 

Compound name MATE value 
air (p9/m3) 

Mo 1 ecul a r we i g h t 

Benzo (c) phenanthrene 220 2.73 x 104 
Benzo (ghi ) fluoranthene 220 N 
Benzo (a) anthracene 228 4.5 x 10’ 
Chrysene 228 2.2 .x  103 
Tri phenyl ene (9 ,IO-Benzo-Phenanthrene) 228 N 
4-Methyl-benzo (a) anthracene 242 N 
1-Methyl-chrysene 242 1.79 x 103 
6-Methyl-chrysene 242 1.79 x 103 
Benzo (f) fluoranthene 252 N 
Benzo ( k )  fluoranthene 252 1.63 x 103 

252 9.0 x 102 Benzo (b) fluoranthene 
Benzo (a) pyrene 252 2.0 x 
Benzo (e) pyrene 
Peryl ene 252 N 
Benzo (c) tetraphene 256 N 

252 3.04 x 103 

7,lZ-Dimethyl-benzo (a) anthracene 256 2.6 x lo-’ 
9,lO-Dimethyl-benzo (a) anthracene 256 2.96 x 10’ 
1,2.3,4-Di benzanthracene 270 - 1 .o x 104 
2,3,6,7-Di benzanthracene 278 N 
Benzo (b) chrysene 270 N 
Pi cene 270 2.5 x 103 
Coronene 300 N 
Benzo (ghi) perylene 302 5.43 x 102 
1,2.3,4-Dibenzpyrene 302 N 
1,2,4,5-Dibenzpyrene 302 N 
Alkyl substituted naphthalenes - 2.0 x io5 
A1 kyl substituted biphenyl N - 
N =  Not Available 
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The d a t a  represent emissions as measured. Howekzr, a l l  of the coal-fired 
uni t s ,  two of the wood-fired units and one o i l - f i red  uni t  were equipped with 
par t iculate  control devices. These control systems, which include a p i lo t ,  
double a lka l i  FGO unit  on Si tes  200 and 202, and the i r  measured or design 
eff ic iencies  have been l i s t ed  in Tables 40 and 41. Only a limited number 
of NOx emission measurements were made because of the general adequacy of the 
exis t ing emissions data base for  t h i s  pollutant.  
were obtained only a t  Si tes  200 and 202 and the SO2 removal eff ic iencies  
given in Tables 40 and 41 represent actual f i e ld  data from Reference 15. 
Sulfur dioxide emissions, however, can be computed for  a l l  s i t e s  from the  
fuel su l fur  content. 

Sulfur dioxide emission d a t a  

The d a t a  reduction procedures f o r  converting emission concentrations 
(ppm or mg/m3) t o  emission factors (ng/J) are presented in Appendix 6. 
t e s t  results presented in Table 45 will  be discussed in d e t a i l  i n  Section 4.3. 

4.2.4.2 Laboratory Analysis Results-- 

The 

This section presents resu l t s  of laboratory analyses of samples 
collected a t  the combustion sources tes ted .  
used was described in Section 4.2.3. 

Inorganic Analysis Results-- 

The analytical  methodology 

Trace element data were obtained by SSMS fo r  the  sol id  fuel-fired s i t e s  
tes ted.  Results were obtained for  u p  t o  65 elements fo r  each section of the 
SASS t r a in  analyzed and were sumed t o  provide a to ta l  value and an emission 
concentration. Emission concentrations fo r  the o i l - f i r ed  s i t e s  were calculated 
based on fuel analyses assuming t h a t  the to ta l  elemental content o f  the fuel 
i s  emitted with the f lue  gas .  
f o r  the sol id  fue l s .  
be presented in Section 4.3. 

Trace element analyses were also conducted 
A discussion of the f lue  gas trace element data will 

A sumnary of the data from the spec i f ic  inorganic analyses conducted i s  
presented in Table 46. 
arsenic,  and antimony from o i l  and coal-fired sources as  determined by AAS. 
The Goksoyr-Ross procedure was used to  determine SO, concentrations; pro- 
cedures for  the determination of su l f a t e  have been described in Section 4.2.3. 

Data are shown f o r  emission concentrations of mercury. 
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Organic Ana lys i s  Resul ts- -  

To ta l  Orsanic  Gnissions-Tables 47 and 48 present  summaries o f  o rgan ic  

emissions f rom gas- and o i l - f i r e d  s i t e s  and s o l i d  f u e l - f i r e d  s i t e s ,  respec- 
t i v e l y .  The da ta  a re  q u a n t i t a t i v e  and a r e  grouped i n t o  t h r e e  general 
ca tegor ies  c o n s i s t e n t  w i t h  t h e  procedures used fo r  ana lys i s .  These ca tegor ies  

are:  

0 

0 

0 

Gaseous hydrocarbons a r e  determined i n  t h e  f i e l d ,  whereas a l l  o t h e r  

gaseous - compounds b o i l i n g  below 90OC. C1-C6. 
v o l a t i l e  - compounds b o i l i n g  between 90" and 3OO0C, c 7 - C ~ .  and 
n o n v o l a t i l e  - compounds b o i l i n g  above 300°C. a C16. 

organ ic  analyses a r e  performed i n  t h e  l a b o r a t o r y .  
m ina t ions  a r e  i nc luded  here t o  p resen t  an overv iew o f  t o t a l  hydrocarbon 
emissions. 

The C1-Cs f i e l d  d d t e b  

Large v a r i a t i o n s  e x i s t  i n  t o t a l  hydrocarbon emissions w i t h i n  a l l  o f  
A l though t h e  da ta  presented i n  t h e  t a b l e s  t h e  source ca tegor ies  tes ted .  

have n o t  been normal ized  f o r  heat  i n p u t ,  t h e  v a r i a t i o n  i s  g r e a t e r  t han  t h a t  
which cou ld  be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  excess a i r  o r  combustion system 

a i r  leakage. Other  f a c t o r s  c o n t r i b u t i n g  t o  t h e  v a r i a b i l i t y ,  such as system 
age, f u e l ,  and o p e r a t i n g  c o n d i t i o n s ,  w i l l  be d iscussed i n  Sec t i on  4.3. 

Organic Component Analyses--Fur ther  q u a n t i t a t i v e  and q u a l i t a t i v e  
c h a r a c t e r i z a t i o n s  o f  o rgan ic  emissions were conducted i n  accordance w i t h  
program procedures as o u t l i n e d  i n  Sec t i on  4.2. The f o l l o w i n g  subsect ions 

w i l l  d iscuss  t h e  r e s u l t s  o f  these t e s t s .  

L i q u i d  chromatoqraphic separa t i on  resu l t s - -As  d iscussed i n  Sec t i on  4.2.3, 
t h e  composite samples f rom t h e  gas- and o i l - f i r e d  sources and t h e  i n d i v i d u a l  
SASS component samples f r o m  t h e  s o l i d  f u e l - f i r e d  sources are  sub jec ted  t o  

f r a c t i o n a t i o n  i n t o  seven components i f  t h e  t o t a l  nongaseous o rgan ic  emissions 
a r e  found t o  be g r e a t e r  t han  0.5 mg/m3. 
used t o  analyze each f r a c t i o n  f o r  t h e  amounts o f  I) CIS  hydrocarbons and com- 

pound c lasses ,  r e s p e c t i v e l y .  
exceeds 10 percent  o f  t h e  t o t a l  o rgan ics .  then a s o l v e n t  exchange i s  performed 
be fo re  t h e  separa t i on  t o  p reserve  v o l a t i l e  o rgan ics ,  and v o l a t i l e  o rgan ics  

Grav imetry  and I R  spectroscopy are  

I f  t h e  v o l a t i l e  o rgan ic  conten t  o f  a sample 
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(TCO) a re  measured i n  each f r a c t i o n .  The r e s u l t s  o f  t h e  LC f r a c t i o n a t i o n s  
are  presented i n  Tables 49 and 50 (an e x p l a n a t i o n  o f  t h e  sample i d e n t i f i c a -  

t i o n  codes i s  g i ven  i n  F i g u r e  8 ) .  The r e s u l t s  (TCO. GWV. and t o t a l  organics) 
a re  presented as emiss ion concent ra t ions .  However, i t  should be noted t h a t  
t h e  concent ra t ions  prov ided i n  Tables 49 and 50 a r e  g e n e r a l l y  lower than 
those p r e v i o u s l y  presented i n  Tables 47 and 48 because t o t a l  recovery from 
t h e  columns i s  n o t  achieved. I n  a d d i t i o n ,  i n  t h e  case o f  t h e  s o l i d  f u e l -  
f i r e d  sources, o n l y  da ta  from t h e  XAD-2 r e s i n  module o r  t h e  r e s i n  module 
and condensate a r e  shown. 
b u l k  o f  the o rgan ic  emissions but v a r y i n g  amounts o f  o rgan ics  a r e  found 
i n  o t h e r  SASS t r a i n  component samples. 

The XAD-2 r e s i n  module was designed t o  t r a p  t h e  

Examination o f  t h e  data i n d i c a t e s  t h a t  t h e  l a r g e s t  amounts o f  o rgan ic  
m a t e r i a l s  recovered i n  t h e  i n d i v i d u a l  f r a c t i o n s  a r e  found i n  LC f r a c t i o n s  
6 and 7. The d i s t r i b u t i o n  o f  o rgan ics  i n  i n d i v i d u a l  f r a c t i o n s  i s  shown 

g r a p h i c a l l y  i n  F i g u r e  9. 
ketones, amines, a l k y l  s u l f u r  compounds, and some c a r b o x y l i c  acids. 

shou ld  c o n t a i n  s u l f o n i c  acids,  s u l f o x i d e s ,  c a r b o x y l i c  ac ids ,  and phosphates. 

I n f r a r e d  a n a l y s i s  r e s u l t s - - I n f r a r e d  ( I R )  spectroscopy was used t o  

F r a c t i o n  6 shou ld  c o n t a i n  I n  a l coho ls ,  phenols, es te rs .  
F r a c t i o n  7 

determine o rgan ic  compound c lasses  by f u n c t i o n a l  group a n a l y s i s  i n  neat 
sample concent ra tes  and LC f r a c t i o n  res idues .  Table 51 presents  r e s u l t s  o f  
the I R  analyses o f  XAO-2 r e s i n  samples and LC f r a c t i o n s  f r o m  t h e  i n d u s t r i a l  
sources tes ted .  

c a r b o x y l i c  ac ids  a r e  t h e  compound c lasses  t y p i c a l l y  found. 
ph tha la tes  are  comnon contaminants, and t h e i r  presence i n  the  spec t ra  o f  t h e  
samples should be d iscounted.  

A l i p h a t i c  hydrocarbons, aromat ics,  e s t e r s ,  ketones, and 
Benzoates and 

Low r e s o l u t i o n  mass s p e c t r a l  resu l t s - -As  desc r ibed  i n  Sec t ion  4.2.3. low 
r e s o l u t i o n  mass spec t romet r i c  (LRMS) a n a l y s i s  f o r  compounds and compound 
c lasses  i s  performed on any LC f r a c t i o n  o f  a f l u e  gas sample. t h e  source 
concen t ra t i on  o f  which exceeds 0.5 mg/m3. 
a n a l y s i s  o f  LC f r a c t i o n s  meeting t h i s  c r i t e r i o n .  

Table 52 presents  r e s u l t s  o f  LRMS 
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Results of GC/MS analyses for Polycyclic Organic Material (POM)--All 
organic sample concentrates were analyzed by GC/MS for POM. 
the results of POM analyses for the industrial sources. 
represent isomers o f  compounds o f  identical molecular weight which could not 

Additional sampling and Level I1 GC/MS analysis would be required to positively 
identify compounds emitted from those sources. 

Table 53 presents 
D Some compounds shown 

" be definitively identified by techniques used for Level I GC/MS analysis. 
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4.3 ANALYSIS OF DATA EVALUATION AND PROGRAM TEST RESJLTS 

4.3.1 Emissions of Cri ter ia  Pollutants 

The par t iculate ,  N % ,  CO, and t o t a l  organic emissions d a t a  collected in 
th i s  program are presented in Tables 54 a n d  55, respectively. for  gas- and o i l -  
f i red sources and sol id  fuel-fired sources. Emissions of SO2 were not  measured 
i n  the test program w i t h  the  exception of t e s t s  of a double a lkal i  scrubber 
a t  S i tes  200/201 and 202/203. 

4.3.1.1 Gas- and Oil-fired Boilers-- 

(See Reference 15) .  

As shown in Table 54 calculated emission fac tor  data va r i ab i l i t i e s  exceed 
0.7 fo r  a l l  c r i t e r i a  pollutants from the  gas-fired combustion sources tested. 
Data var iab i l i ty  i s  greatest fo r  the HC and CO emission factors.  The varia- 
t ions i n  emissions of c r i t e r i a  pollutants cannot be completely explained on 
the basis of boiler load or  f lue gas oxygen content. As shown in Table 42 ,  
a l l  o f  the boi lers ,  with the  exception of those a t  S i t e s  150, 151, 157, and  
158, were operated a t  loads greater t h a n  70 percent o f  rated capacity. 
a i r  levels measured a t  the f lue  gas stack were greater  t h a n  25 percent for 
a l l  boilers except for  S i t e  151 (10 percent) ,  S i t e  334 (24  percent),  and S i t e  
335 (20 percent). 
ing a t  S i t e  151 could explain the high HC and CO emission factors  measured a t  
th i s  s i t e .  
Si tes  334 and 335. 
conditions (80 percent of ra ted  capacity).  

Excess 

The low excess a i r  level and low load operation during t e s t -  

Moderately high HC and CO emission factors  were also measured a t  
However, b o t h  of these s i t e s  were operated a t  baseline 

The var iab i l i ty  of par t iculate  and hydrocarbon emission factors for  the 
residual o i l - f i red  a n d  d i s t i l l a t e  o i l - f i red  sources tested are greater t h a n  
0.7. 
of c r i t e r i a  pollutants i s  apparent, and the var iab i l i ty  and level of emissions 
must be a t t r i b u t e d  t o  factors  which contribute t o  combustion efficiency such 
as fuel atomization, combustion a i r ,  and other factors not measured in th i s  
program. 

No def in i te  correlation between boi ler  operating parameters and emissions 
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TABLE 54. CRITERIA POLLUTANT EMISSION FACTORS AN0 DATA VARIABILITY 

TESTED 
FOR THE GAS- AND OIL-FIRE0 INDUSTRIAL COMBUSTION SOURCES 

~~ ~~ ~~ ~ 

Emission f a c t o r  (ng/J) 
- S i t e  " 
-7.- 

_._._I.- - 
- . - .. HC . Source ca tegory  number P a r t i c u l a t e s  NO, co 

Gas- f i red  b o i l e r s  150 
. .: ). 151 

157 
158 
159 
161 
162 
328 

. ' 1  . ' - '334 

P F  I !..' 335 

15' . 

,: 

... . I, - 

~ 

t i l l a  

Residual  o i l - f i r e d  b o i l e r s  152 
- 1 5 3  

160 
163 
202 - - 

X 

0 *e d 's 170 
172 
173 
174 

X 
- - 

s 
t S  (ro /x 

- = Not  measured. 
aNot inc luded i n  c a l c u l a t i o n s  o f  mea; (50, standard d e v i a t i o n  o f  the  
mean ( S f l ) ) ,  o r  v a r i a b i l i t y  ( tS (X) /X ) .  
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0.184 

0.062 
0.09 
0.63 
0.14 
0.17 
0.15 
0.001 
0.255 
0.536 
0.22 
0.07 
0.72 

8.8 
16.4 ~ 

3.9 
3.3 

17.6a 
8.1 
3.0 
1.2 

1.4 
19.7 
18.7 

1.0 
10.5 

5.1 
1.5 

- 14 1.9 
- 337 38.9 
- 10 0.7 
- 159 2.0 

103 2051 0.7 
81 2058 -2.1 

12 6 0.6 
51 3 <0.8 
- 623 3.7 

49 
59 ' 543 5.3 
15 259 3.8 
0.71 1.1 1.6 

165 - 1.2 - - 

188 4.6 5.7 
194 6.3 6.3 
146 6.9 0.3 
109 5.5 0.3 

5.3 4 . 1  161 -- - 
160 5.7 3.5 - 
15 0.4 1.3 
0.26 0.20 1.1 

- - 3.7 
- - 0.3 

- <506 0.5 
- - 0.5 

- - 1.3 . 
- - 0.81 
- - 2.0 

--- 

: ..: 

-. 



4.3.1.2 Solid Fuel-Fired Boilers 

Emission factor  and var iab i l i ty  da ta ,  when practicable, are presented in 
Table 55 for  the sol id  fuel-f i red boi lers  tes ted.  
0.7 fo r  a l l  pollutants from a l l  the combustion source categories included in 
the program. 
bituminous-fired sources has been calculated for  uncontrolled emissions only 
by adjusting the measured emission factors  t o  r e f l ec t  the design, estimated, 
or measured efficiency of the control device, A l l  of the bituminous uni ts  were 
controlled by multiclones and/or e l ec t ros t a t i c  precipi ta tors  or, in the case 
of S i t e  200, by a double a lkal i  FGO scrubber. The par t iculate  efficiency of 
t h i s  l a t t e r  uni t  was determined in the f i e l d  by actual measurement of i n l e t  
and out le t  par t iculate  concentrations. 

Data var iab i l i ty  exceeds 

The var iab i l i ty  of the par t icu la te  emission factor data for  

The large var iab i l i ty  of the par t iculate  emission factors can be a t t r ibu-  
ted t o  one or more causes including single-point sampling ( s t r a t i f i ca t ion  of 
particulates a t  the sampling locat ion) ,  e r rors  in estimation of control device 
eff ic iencies ,  fuel charac te r i s t ics  and inherent var iab i l i ty  in emissions caused 
by boiler design and operating parameters. 

The  va r i ab i l i t i e s  of the emission fac tors  for  a l l  pollutants from the 
wood-fired boi lers  are a l l  re la t ively high w i t h  the exception of t ha t  for  un-  
controlled par t iculates .  However, the  va r i ab i l i t i e s  are  n o t  too surprising 
because of the differences in design, operating conditions and fuel burned. 
The furnaces a t  Si tes  146 and  147 were o f  dutch oven design; the furnace a t  
S i t e  149 was a fluid-bed type; and the remaining two u n i t s  were underfeed 
stokers. During the t e s t  a t  S i t e  149 the unit was operating a t  20 percent of 
rated capacity. 
in large p a r t  t o  the var iab i l i ty  of the pollutant emission data, i s  reflected 
by high par t iculate ,  CO, and HC emissions and  low NO, miss ions .  

4.3.1.3 Comparison of Cri ter ia  Pollutant Emission Factors 

The poor combustion efficiency of t h i s  uni t ,  which contributes 

In Table 56, the emission factors f o r  the sources tested in t h i s  program 
are compared with emission factors derived from the existing data base and 
with EPA emission  factor^.^ The mean c r i t e r i a  pollutant factors  fo r  most source 
categories are overall in f a i r  agreement with the existing d a t a  base and EPA 
emission factors.  Significant differences in the d a t a  bases were most 
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TABLE 55. CRITERIA POLLUTANT EMISSION FACTORS AND DATA 

COMBUSTION SOURCES TESTED 
VARIABILITY FOR THE SOLID FUEL-FIRED INDUSTRIAL 

Emission f a c t o r s  (ng/J) 
S i t e  

Source category  number P a r t i c u l a t e s  NDx co HC 

Bituminous, p u l v e r i z e d  
d r y  bottom b o i l e r s  200 18.6 372 14 6.1 

- 25 1.6 
X 11.5 372 20 3.8 

- - - - 341 4.4 
- 

Bituminous, p u l v e r i z e d  
wet  bottom b o i l e r s  22'3 10.0 - 0 0.38 

- 0 0 . 2 8  
- 0 0.69 224 46.2 

225 4.0 - - - - 
X 20 - 0 0.45 

13 - 0 0.12 
2.8 - 0 1.1 

s (2) 
t s  ( x ) /x 

Bituminous, spreader s t o k e r  221 
226 
3 40 - - 

.I 

Wood b o i l e r s  145 
146 
147 

148 
149 - 

- 0 2.0 

192 - 0 0.1 
- 61 1.7 
- 20 1.3 
- 20 0.6 

2.8 - 4.4 1.9 

66 67 156 16.3 
18 20 257 10.4 
18 48 50 0.8 
92 327 0 0.6 

20.1 

- -  41 

84 
54 

5 1588 209 - -- 156 - 
70 93. 410 47 
26 59 297 41 

1.0 1.8 2.0 2.4 

- = Not measured. 
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TABLE 56. COMPARISON OF C R I T E R I A  POLLUTANT EMISSION FACTORS 
FOR INDUSTRIAL  COMBUSTION SOURCES 

Combustion source type 

Gas- f i red b o i l e r s  

D i s t i l l a t e  o i l - f i r e d  
b o i l e r s  

Residual  o i l - f i r e d  
b o i l e r s  

Bituminous, p u l v e r i z e d  
d r y  bottom b o i l e r s  

Bituminous, p u l v e r i z e d  
wet b o t t m  b o i l e r s  

Bituminous, spreader 
s toke rs  

Wood b o i l e r s  

Data source 

Cur ren t  s tudy 
E x i s t i n g  data 
Combined e x i s t i n g  da ta  

and c u r r e n t  s tudy  
EPA: AP-42 

Current  s tudy 
E x i s t i n g  da ta  
Canbined e x i s t i n g  data 

and c u r r e n t  s tudy 
EPA: AP-42 

Cur ren t  study 
E x i s t i n g  data 
Canbined e x i s t i n g  data 

and c u r r e n t  s tudy  
EPA: AP-42 

Cur ren t  s tudy  
E x i s t i n g  data 
Combined e x i s t i n g  data 

and c u r r e n t  s tudy 
EPA: AP-42 

Cur ren t  s tudy 
E x i s t i n g  data 
Canbined e x i s t i n g  data 

and c u r r e n t  study 
EPA: AP-42 

Cur ren t  s tudy 
E x i s t i n g  data 
Combined e x i s t i n g  data 

and c u r r e n t  s tudy 
EPA: AP-42 

Current  s tudy 
E x i s t i n g  data 
Combined e x i s t i n g  data 

and c u r r e n t  s tudy  
EPA: AP-42 

Emission f a c t o r  (nglJ)  

P a r t i c u l a t e s a   NO^ co HC 

0.22 
2.5 

1.5 
2-6 

10.5 
13.7 

12.7 
6 

8.1 
39 

34.5 
30 

196A 
148A 

160A 
332A 

I l O A  
NO 

I l O A  
251A 

383A 
331A 

336A 
254A 

135 
404 

300 
215-645 

54 NO 543 
71 3.2 33 

70 3.2 161 
50-96 0.26 8 

NO NO NO 
66 NO 2.1 

66 NO 2.1 
70 106 15 

160 NO 5.7 
151 448 3.7 

152 448 4.0 
177 464 15 

372 NO 20 
243 713 ND 

261 
352 

NO 
ND 

NO 
586 

ND 
243 

243 
293 

93 
5 

713 
766 

NO 
NO 

ND 
766 

NO 
NO 

NO 
766 

NO 
ND 

20 
20 

0 
NO 

0 
20 

20 
132 

122 
40 

41 C 
NO 

5.3 
6.8 

6.3 
1 

1.3 
1.9 

1.6 
3 

3.5 
3.0 

3.2 
3 

3.8 
3.3 

3.4 
6 

0.5 
NO 

0.5 
6 

1.3 
4.0 

2.7 
20 

47 
NO 

45 NO 410 47 
430 65 86-2580 86-3010 

' Ind icates f u e l  ash con ten t .  

bEPA'SO, emiss ion f a c t o r s  based on fue l  s u l f u r  c o n t e n t  o f  1.03 pe rcen t  f o r  b i t m i n o u s  coal  . 

- P 

and r e s i d u a l  o i l ;  0.24 percent  f o r  d i s t i l l a t e  o i l ;  0.57 p e r c e n t  f o r  a n t h r a c i t e ;  and 
4,600 g/IO' h' fo r  n a t u r a l  gas. 

NO - No data 
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prevalent for  CO and HC emissions. Par t icu la te  emissions measured in th i s  
study also exhibited var ia t ions from EPA emission factors ,  most noticeably 
f o r  the solid fuel-f i red boilers.  The par t icu la te  emission data reported in 
Table 56 for the solid fuel-f i red sources are uncontrolled emissions and are 
given, for  the bituminous combustion sources, in terms o f  the ash content of 
the fuels used during the  t e s t  program t o  minimimize possible e r ror  in  con- 
verting measured emissions t o  uncontrolled emissions. 
a s  noted previously, could introduce errors  into the conversion from measured 
t o  uncontrolled eff ic iency.  
single-point sampling, the most important factor  a f fec t ing  the calculation 
of uncontrolled par t icu la te  emissions i s  the control device efficiency. 
However, those units with the lowest calculated uncontrolled emissions were 
controlled with multiclones. 
percent overall eff ic iency.  I t  i s  d i f f i c u l t  to postulate that  these mechanical 
control units were capable o f  operating a t  higher than design e f f ic ienc ies ,  
a condition tha t  would increase calculated uncontrolled emissions and generally 

However, other factors ,  

Disregarding errors in sampling produced by 

These uni t s  were generally rated a t  90 or 95 

achieve closer agreement with EPA emission factors .  

Emission fac tors  f o r  the gas- and o i l - f i r ed  uni t s  were 
agreement for  par t icu la tes  and NO,. The CO emission fac tor  
combined exis t ing data and current s t u d y ,  however, was much 
EPA emission f ac to r  f o r  gas-fired uni t s  and much lower than  
fac tor  for  the o i l - f i r ed  units.  Emissions of CO are highly 

~~ 

~ ~~ ~~ 

~ 

generally in good 
derived from the 
higher than the 
the EPA emission 
dependent on 

unit operations, and the differences i n  emission factors probably r e f l ec t  
differences in furnace combustion conditions. The hydrocarbon emission factor 
from the combined data base was much higher than the EPA emission factor for  
gas-fired uni ts ,  again probably re f lec t ing  differences in furnace design and 
operation. 
for  the o i l - f i r ed  sources. 

Hydrocarbon emission f ac to r s ,  however, were in good agreement 

The combined exis t ing data and current study emission factors for wood- 
f i red boilers and EPA emission factors were i n  f a i r l y  good agreement with t h e  
exception of NO, emissions, which were a fac tor  o f  10 lower t h a n  EPA values. 
Emissions of HC were also a factor of 2 lower t h a n  EPA values. 

In summary, the above discussion indicates  t h a t  (1) the  combined existing 
and current study emission factor d a t a  base i s  generally comparable to the 
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EPA emission factor data base; (2) the particulate emission data base for 
solid fuel, coal-fired sources is generally inadequate and will require fur- 
ther study; (3) the NOx emission data base for wood-fired boilers also requires 
further study; and (4) the HC and CO emission data base is highly variable and 
generally inadequate for all combustion source categories. 

4.3.1.4 Criteria Pollutant Ambient Severity Factors 

The significance of the emissions of criteria pollutants from industrial 
This combustion sources can be assessed using the ambient severity concept. 

concept has been discussed in Section 4.1, and detailed methods for the calcu- 
lation of ambient severity factors are described in Appendix A. Basically, 
the ambient severity factor is defined as the ratio of the calculated maximum 
ground-level concentration of the pollutant species to the level at which a 
potential environmental hazard exists. Ambient source severity factors below 
0.05 are deemed insignificant. 

Ambient severity factors for the criteria pollutants are presented in 

The emission factors used are best estimates based on analysis 
Table 57. 
the table. 
of the current study and existing data base for the source categories tested. 
EPA emission factors are used for many source categories because the combined 
data from this study and the existing data base are still limited to a com- 
paratively few data points and cannot, as yet, be considered a reliable data 
base for the estimation of emissions. 

They have been calculated from the emission factors shown in 

Criteria pollutants of potential concern from gas- and oil-fired boilers 
are NO, for all sources and SOz for residual oil-fired boilers. 
and wood-fired sources, ambient severities for particulates, NOx, and SO2 
exceed 0.05 and are significant. 
spreader stokers and wood boilers are also 'significant. 
were calculated for typical industrial size units and represent severity factors 
for uncontrolled emissions. As indicated in Table 57, pulverized dry bottom 
units burning bituminous coal at the rate of 200 x lo9 J/hr will require con- 
trol device efficiencies slightly greater than 99 percent to achieve an ambient 
severity factor of 0.05. 

For bituminous- 

Hydrocarbon emissions from bituminous 
The severity factors 
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4.3.2 Part ic le  Size Distribution of Par t iculate  Emissions 

Part ic le  s i ze  dis t r ibut ion d a t a  are based on the weights collected by the 
three cyclones and the  par t iculate  f i l t e r  of the SASS t r a i n  during t e s t s  of 
the sol id  fuel-fired source categories. Emission factors for  the s ize  frac- 
t ions and the percentage of material in each fraction are shown in  Table  58. 
The var iab i l i ty  of the percentage in each fraction was a l so  calculated and i s  
shown in the table .  
i s  questionable because a l l  of the coal-fired sources and sane of the wood- 
f ired sources tested were equipped with control devices. Level I1 tes t ing 
upstream and downstream of a control device will  be required t o  adequately 
estimate emissions and the fractional s ize  eff ic iencies  of specif ic  control 
devices. 

4.3.3 Emissions of Particulate Sulfate ,  and SO, 

The significance of the emission data and data var iab i l i ty  

Emission factors and ambient severi ty  factors for  par t iculate  su l f a t e  
and SO3 emission are presented in Table 59. The percent of fuel sulfur  con- 
verted t o  par t iculate  su l fa te  or SO3 i s  a l so  shown in the table .  
d a t a  was obtained during a study of an industr ia l  boiler burning e i the r  resid- 
ual oil  o r  coal and controlled by a double a lkal i  FGD system.15 
sulfate  emission data were obtained a t  these two s i t e s  in addition t o  most of 
the other sol id  fuel-f i red sources tested in  t h i s  program. 

The so3 

Particulate 

The 3.2 percent conversion of fuel sulfur  t o  par t iculate  sulfate  for  the 

The fuel sulfur  conversion to  partic- 
single residual o i l  boi ler  tested i s  appreciably greater t h a n  the mean value 
of 0.5 obtained i n  a previous study.'' 
ualte su l fa te  result ing from the combustion of bituminous coal i s  highly 
variable, ranging from 0.12 t o  1.6 percent. 
the 1.6 percent conversion measured a t  S i t e  200, the limited data obtained 
in t h i s  program agree very well with values measured previously fo r  bituminous 
coal-fired u t i l i t y  boilers.  
were determined in the Reference 28 study for  pulverized dry, pulverized wet, 
and stoker boi lers ,  respectively. The high percent conversion of fuel sulfur  
t o  par t iculate  su l f a t e  during wood combustion i s  based on an average fuel sul- 
fur  content of 0.02 percent. This high percent conversion i s  very similar t o  
t h a t  noted previously in one t e s t  of a wood-fired comnercial s toker .39 

However, with the exception of 

Mean conversion values of 0.032, 0.13, and 0.48 
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TABLE 58. PARTICLE S I Z E  D I S T R I B U T I O N  DATA FOR THE S O L I D  
FUEL-FIRED I N D U S T R I A L  SOURCES TESTED 

~- ---A 

Contro l  dev ice 

E f f i -  P a r t i c u l a t e  emissions, ng/J (1)  
S i t e  c iency  
No. Type ( % I  > l o  um 3-10 um 1-3 u <1 urn To ta l  

Bituminous, p u l v e r i z e d  
dry bottom b o i l e r s  

200/201 Double 99.47 0.21(1) 1 .5(7)  6.3(30) 13 (62) 21(100) 
a l k a l i  FGO 

341 ESP 99 0.5 (13) 1.7(39) 0.7(15) 1 .5(33)  4.4(100) 

Bituminous, p u l v e r i z e d  
wet bottom b o i l e r s  

223 M u l t i c l o n e  + 99.7 0 ( 0 )  0.6(6) 4.8(48) 4.6(4.6) lO(100) 
ESP 

224 M u l t i c l o n e  90 3.2 ( 7 )  11.9(26) 22.1(48) 8.8(19) 46(100) 

225 M u l t i c l o n e  95 1.6(43) 2.2(56) 4(100) 
X ( 2 . 3 )  (11) (46) (40) 
s (3 (1.3) (7 .6)  (1 .7)  (11) 
t s ( X ) / Y  (2.5) (3 .0)  (0.16) (1 .2)  

- 

Bituminous, spreader 
s tokers 

221 ~~ M u l t i c l o n e  t ~99.5 ~ 2.9 ~ ( 1 4 )  = 4.8(24) ~ 4.6(23) 7.8(39) ~ 20~.1(100) 

226 M u l t i c l o n e  90 2.9 (15) 39 (20) 15 (8) 109(57) 192(100) 

340 M u l t i c l o n e  95 6.6(16)  9.6(23) 24 (591 41(100) 

ESP 

- 
X (10.3) (20 )  (18) (52)  
s 6) (4.2) ( 2. 3~)  (5.0) (6.6) 
ts(X)/Y (1 .7)  (0 .5)  (1 .2 )  (0.53) 

Wood b o i l e r s  

145 10.5 (16) 8 .3(13)  8.7(13) 38.5(58) 66(100) 
146 Scrubber 90 0.3 (1.5) 0 (0) 0.3(1.5) 17.6(97) 18.2(100) 
147 Scrubber 90 1.4 (9 )  0 (0)  0.4(2) 15.7 (89) 17.5( 100 ! 
148 14.3 (16) 8 .7 (9 )  8.2(9) 60.8(66) 92(100) 
149 43.2 ( 2 . 3  20.8(13) 12.8(8) 79.2(51) 156(100) - 

X (14) ( 7 )  (6.7) (72) 

s 6) (4 .4 )  (2.9) ( 2 . 2 )  (8.9) 
ts(X) /Y (0.86) (1 .2)  (0.91) (0.34) 

~- - .F_---.- _ = j  ii = - - 
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Emissions of so3 a t  S i t e s  200 and 202 were measured using controlled con- 
densation procedures. 
and 0.65, respectively,  for  coal and residual oi l  combustion. 
exis t ing data base reports corresponding conversions of 0.8 and 1 t o  2 percent. 

Overall, the emission data for par t icu la te  su l f a t e  and SOs are highly 

The percent conversion of fuel su l fur  t o  SO3 was 0.40 
The limited 

variable. 
for  a l l  par t icu la te  su l f a t e  and S O 3  emissions measured i n  t h i s  program. 

Moreover, ambient severity fac tors  greater  t h a n  0.05 were calculated 

4.3.4 Emissions of Trace Elements 

Trace element emissions from solid fue l - f i red  combustion sources were 
determined from analysis of the collected SASS t r a in  samples and emission 
fac tors  calculated from the SASS data using the techniques described in 
Appendix B. 
from analysis of the fuel feed, assuming to t a l  release of the elements t o  the 
f lue  gas. 
in t h i s  program. The SSMS was the principal analytical procedure used for  the 
measurement of t race  element emissions, with values for  mercury determined by 
PAS. However, for  S i t e s  200/201 and 202/203, inductiveiy coupled pidsnia optical 
emission spectroscopy (ICPOES) analysis was used t o  determine trace element 
values. 
impingers, were conducted when cer ta in  c r i t e r i a ,  as described in Sectior 4.1 
were met. 

4.3.4.1 Oil-Fired Combustion Sources- 

However, emission factors for  o i l - f i r ed  sources were calculated 

Trace element emissions from gas-fired sources were not  measured 

~ 

Specific AAS analyses f o r  arsenic  and antimony, collected by the APS 

Trace element emission factors ,  v a r i a b i l i t i e s  when possible, and ambient 
severi ty  factors for  the four d i s t i l l a t e  and residual o i l - f i r ed  units tested 
are shown in  Table 60. The data v a r i a b i l i t y  exceeds 0.7 f o r  a l l  bu t  a few 
elements, re f lec t ing  differences in the  t r ace  element content of the fuels and 
the limited d a t a  base. As noted above, the emission factors are based on SSMS 
analyses o f  the fuels burned a t  those s i t e s  and on the assumption t h a t  a l l  ele- 
ments e x i t  with the f lue gas. 

. 

Because of the limited number of d a t a  points,  v a r i a b i l i t i e s  were cal- 
culated for  only 12  of the 27 elements l i s t e d  in the table.  
severi ty  factors shown in the table were calculated based on the maximum emis- 
sion factor  obtained for  the d i s t i l l a t e  o i l - f i r ed  sources. In the case of t h e  

The ambient 
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residual o i l - f i red  sources, e i the r  the maximum value or  the upper bound of 
the emission factor was used t o  calculate  severity factors.  Data from S i t e  202 
were not included in the calculation of var iab i l i ty  or ambient severi ty  factors 
because th i s  s i t e  was controlled by a FGD device. Because of t h i s  conservative 
approach, several elements are  associated w i t h  ambient severi ty  factors  t h a t  
are greater than 0.05, the level for  which emissions are considered environ- 
mentally s ignif icant  i n  t h i s  program. Elements of significance fo r  d i s t i l l a t e  
o i l  sources include chromium, nickel, phosphorus, and vanadiun. For residual 
o i l  combustion, elements of significance are cadmium, chromium, sodium, nickel, 
phosphorus, s i l i con  and vanadium. The data for  these elements are inadequate 
based on the c r i t e r i a  established fo r  t h i s  program. 

A comparison of current study trace element emission factors  with exis t -  
ing data i s  provided i n  Table 61. Elements l i s t ed  are those with high ambient 
severity factors as determined from the emission factor data i n  Table 60. The 
referenced d a t a  fo r  d i s t i l l a t e  o i l  represent emission factors  measured i n  re- 
cent studies of emissions from seven resident ia l  and three commercial combustion 
sources. 
trace element fuel concentrations as  determined by SSMS, differences between 
the current study and the existing study data should be d i rec t ly  a t t r ibu tab le  
t o  the trace element content of the fue ls  used in the three s tudies .  Reasonable 
agreement i s  shown for  approximately two-thirds of the 18 elements l i s t ed  
in the t a b l e .  
a factor of 3. 

Because emission factors  were also calculated i n  these studies using 

Emission factors  fo r  the remaining elements d i f f e r  by more than 

I n  the case of  the residual o i l - f i r ed  sources, the current s tudy  data 
base i s  compared with data tha t  represent the weighted nationwide trace ele- 
ment content of residual o i l s z1  and recent t race element emissions data for  
comnercial and u t i l i t y  boilers.  
d a t a  base with the existing d a t a  base i s  shown for 12 of the 18 elements. 

Reasonable agreement of the current s t u d y  

I n  summary, t race element emissions are  of concern for several elements 
emitted from d i s t i l l a t e  o i l - f i red  combustion sources and residual o i l - f i red  
industrial sources. 
with ambient severity factors greater  than 0.05, a lso may be of environmental 
concern because the range of var iab i l i ty  of these elements in o i l  fuels  i s  unknown. 

Elements, other t h a n  those noted above t h a t  are  associated 
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TABLE 61. COMPARISON OF EXISTING TRACE ELEMENT EMISSION FACTOR DATA 
WITH RESULTS OF CURRENT STUDY OF OIL-FIRED INDUSTRIAL 
COMBUSTION SOURCES, pg/J 

D i  s t i  1 l a t e  Residual 
o i  1 - f i r e d  b o i l e r s  o i l  - f i  red  b o i l e r s  

E x i s t i n g  data E x i s t i n g  data 

Current  Cur ren t  
Element study Ref. 42 Ref. 43 study Ref. 42 Ref. 21 Ref. 28 

Aluminum ( A l )  
Arsenic (As) 
Barium (Ba) 
Calcium (Ca) 
Cadmium (Cd) 
Cobal t  (Co) 
Chromi um (Cr) 
Copper (Cu) 
F luo r ine  ( F )  
I r o n  (Fe) 
Mercury (Hg) 
Potassium (K) 
L i th ium ( L i )  

Magnesium (Mg) 
Nickel  ( N i )  

Lead (Pb) 
Antimony (Sb) 
S i l i c o n  ( S i )  
Vanadium (V) 
Zinc (Znl  

178 
3.5 
1.2 

75 
1.3 
3.8 

24 
37 

383 
- 

85 
0.5 

42 
255 

24 
- 

735 
195 
42 

15 
1.3 
8.4 

845 
2.5 
2.3 

36 
205 

14 
545 

1.7 
- 6 0  ~ 

40 
112 

48 

1.5 

1.7 
173 

30 
40 

250 
1.5 

16 
450 

11 
1 .o 

29 
160 

140 
1.2 

230 
1.2 

210 
290 

42 
5.7 
- 
2.9 

110 

177 

1.2 
3.3 

229 
0.66 

11 
29 
10 

83 

-261 

1.1 
24 

728 
2 
- 

8655 
366 

33 

156 
9.1 
9.5 

780 
0.2 

23 
50 
93 

1 .o 
379 

1.9 
213 

1 .o 
111 
804 

7 
21 

1610 
250 

46 

87 
18 
29 

320 
52 
50 
30 
64 

2.7 
41 1 

0.9 
777 ~ 

1.4 
297 
964 
80 
10 

400 
3656 

29 

132 
12 
31 

1428 
6.9 

10 
21 

350 
149 
453 

1.5 
392 

1.7 
2384 
433 

34 
25 

595 
714 
66 
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4.3.4.2 B i  tumi nous Coal - F i  red Combustion Sources- - 
As noted previously in Section 4.1,  existing trace element emission fac- 

t o r  data for  industrial  solid fuel-fired canbustion sources are limited. 
Further, interpretat ion of the current s tudy and existing d a t a  base i s  d i f f i -  
cu l t  because of the large variations in  fuel ,  control device performance, and 
other factors related t o  the combustion source and i t s  operation. 

Emission factors  and ambient severity factors for the bi tuminous-fired 
combustion sources tested in t h i s  program are shown in Table 62. The units 
tested were two pulverized dry  bottom un i t s ,  one controlled by an ESP of a n  
estimated 94 percent efficiency and the other  controlled by a double a lkal i  
scrubber of 99.47 percent measured par t iculate  efficiency; one pulverized wet 
bottom unit  controlled by a multiclone with an estimated efficiency of 90 per- 
cent; and three spreader stokers, two control led by mechanical precipitators of 
90 and 95 percent rated efficiency and one controlled by an ESP rated a t  99.5 
percent efficiency. The ambient severi ty  factors were calculated from the 
emission factor  data us ing  the heat input r a t e s  specified in the table. 

Despite the re la t ive ly  high levels of control a t  the pulverized dry bot- 
tom s i t e s  (99.47 and 99 percent, respectively, a t  Si tes  200/201 and 341) t h e  
calculated ambient severity factors  f o r  some elements are  greater t h a n  0.05. 
These elements are arsenic,  beryllium, chromium, a n d  mercury a t  S i t e  200/201 
and c o b a l t  a t  S i t e  341. 
224, a pulverized wet bottom boiler controlled by a multiclone with a n  estim- 
ated efficiency of 90 percent, was found for  only one element, phosphorus. 

An ambient severi ty  factors greater  t h a n  0.05 a t  S i t e  

The three bituminous spreader stokers tested were a l l  equipped with con- 
trol  devices. S i t e  221 was controlled by an ESP with a rated efficiency of 
99.5 percent; S i t e  226 was controlled with a 90 percent rated efficiency 
multiclone; and S i t e  340 was controlled with a multiclone with an estimated 
efficiency of 95 percent. 
efficiency of the control devices a t  these s i t e s ,  the var iab i l i ty  of the emis- 
sion factor was not calculated. Emission factor var iab i l i ty ,  however, i s  
obviously greater than 70 percent fo r  most elements. 
severity factor  exceeded 0.05 for  beryllium, nickel, and phosphorus a t  a l l  
three s i t e s .  
more o f  the s i t e s  are arsenic,  cobalt ,  chromium, iron, potassium, lithium and 
1 ead. 

Because of variations in  the coal and in  the 
/ 

Calculated ambient 

Other elements with severi ty  factors greater than 0.05 a t  one or 
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Although there is an approximate correlation between emission factors 
and control device efficiency, there are some inconsistencies. Site 340, 
for example, emits far more elements in significant amounts than are emitted 
by site 224 despite the rated efficiencies of 95 and 90 percent, respectively. 
This discrepancy cannot be explained on the basis of EPA emission factors and 
fuel characteristics, such as ash content. 

4.3.4.3 Wood-Fi red Combustion Sources-- 

Trace element emission factors, variabilities of the emission factors, 
and mean and upper bound ambient severity factors are presented i n  Table 63 
for the wood-fired combustion sources tested. 
the table are measured values. 
data variability and the ambient severity factor were calculated for uncon- 
trolled emissions by adjusting the emissions from the controlled boilers at 
sites 146 and 147 to the uncontrolled level, assuming the control devices 
were operating at 90 percent efficiency during the test period. 

The emission factors shown in 
However, the mean value of the emission factor, 

Upper bound ambient severity factors calculated on this basis exceed 
0.05 for several elements. These elements are arsenic, calcium, iron, po- 
tassium, magnesium, nickel, phosphorus, and lead. The number of elements of 
potential significance have been increased slightly by including the calcu- 
lated uncontrolled emission values for sites 146 and 147. However, the high 
emission factors measured at sites 148 and 149 also contributed significantly 
to the number of elements with calculated severity factors greater than 0.05. 
Because of the variability of the data and the large number of. elements of 
potential environmental concern, the trace element data base is inadequate 
and further work is needed. 

4.3.5 Emissions of Organics and POM 

The sites tested generally emitted organic compounds at levels lower 
than would be predicted from EPA emission factors. Analyses of organic emis- 
sions from the industrial sources tested indicate that the principal constit- 
uents are esters, carboxylic acids, naphthalenes, and aliphatic hydrocarbons. 
Very few of the source testgd emitted organics at levels that met the cri- 
terion for LRMS analyses (or LC sample fractions (>500 mg/m3)). The com- 
pounds identified have relatively high MATE values, in the range of 10 to 
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TABLE 63. TRACE ELEMENT E M I S S I O N  FACTORS AND AMBIENT 
SEVERITY FACTORSa FOR THE WOOD-FIRED IN- 
DUSTRIAL  COMBUSTION SOURCES TESTED 

Emission factor Upperb 
Meanb l i m i t  

ambient ambient 

Trace element 145 146 147 148 149 (pg/J) : f a c t o r  fac to r  

( W J )  b MeGn 
S i t e  S i t e  S i t e  S i t e  S i t e  X sever i ty  sever i ty  

Aluminum ( A l l  470 28.1 
Arsenic (As) 1.65 0.97 
Boron (8) 16.2 52.8 
B a r i m  (Ba) 49.2 1.3 
Beryl l ium (Be) 0.012 0.006 
Calcium (Ca) 7930 175 
Cadmim (Cd) 0.50 0.0006 
Cobalt (Co) 0.40 0.085 
Chromium (Cr) 8.0 0.76 
Copper (Cu) 16.5 9.9 
I r o n  (Fe 725 81.5 
Potass im ( K )  2300 12.4 

Magnesium (Mg) 1520 167 

Sodium (Na) 23.6 1.3 

Li th ium ( L i )  1.8 0.75 

Manganese (Mn) 228 43.3 

NlCi.ei jtii j 4.8 5.3 ... 

Phosphorus (P) 1047 366 
Lead (Pb) 43.2 6.1 
Antimony (Sb) 1 3  0.007 
Selenium (se) 0.35 0.29 
S i l i c o n  ( S i )  420 56 
Strontium ( 9 )  64.8 4.2 
Uran im (u) 1.8 1.8 
Vanadium ( V )  1.34 0.45 

50 

4.4 
1.9 

12.3 
1.3 

83.6 
1.4 
0.02 

11.7 
13.8 
58.5 

562 
0.20 

337 
22.6 
27.8 
2.0 

78.4 
12.4 

0735 
0.34 

13.8 
2.8 
1.8 
0.09 

37.3 . 
0.85 
5 .4  

133 
0.002 

9.876 
0.29 
0.34 
3.6 

263 
278 

34,400 
0.70 

536 

250 
1.3 
2.5 

141 
9.4 
0.20 
0.46 

216 
81.1 

1.8 
0.33 

1.262 
2.5 

184 
133 

0.022 
51.000 

0.08 
1.3 
8.0 

14.9 
1,978 

51,300 
1 .4  

4,785 
431 
28.1 
65.0 

337 
6.4 

0.14 
0.83 

2,429 

145 
1.8 

18.3 

577 
11.7 

150 
90 
0.19 

3.0 
0.62 
6.4 

14,280 

106 
876 

18.750 
2.7 

2.370 
314 
66 
29 

1 .I90 
49.8 
~ - 1 . 1  

1.6 
750 
72 
0 
5.1 

0.84 
1.9 
1.9 
0.76 
0.15 
1.8 
2.6 
0.90 
0.81 
1.2 
0.92 
1.5 

1.3 
0.88 
0.42 
2.2 . -  
I . L  

1 .5  
1.2 
1.7 
1.1 
1.6 

0.78 
0 

1.8 
Zinc ( 2 " )  144 233 124 76.9 65.2 770 1.6 

'Based on a heat inpu t  r a t e  of 50 x l o '  J l h r .  

-- n_ ...- *--.I__ 

0.013 0.023 
0.029 0.83 
0.002 0.005 
0.021 0.036 
0.011 0.013 
0.34 0.95 
0.007 0.025 
0.002 0.004 
0.016 0.028 
0.012 0.026 
0.021 0.040 

1.1 2.8 
0.015 0.035 
0.028 0.052 
0.008 0.Oll 
0.003 0.010 
0.035 0.077 
1.5 3.8 
0.040 0.88 

<0.001 4.001 
4.001 <0.001 
0.009 0.023 

.0.001 '0.001 
0 0 
0.00: 0.003 
0.014 0.049 

. 
bCalculated by ad jus t ing  emissions frm cont ro l led  b o i l e r s  a t  s i t e s  146 and 147 t o  the  uncontrol led leve l  
assuming control devices were operat ing a t  90 percent e f f i c i e n c y .  
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1000 mg/m3. Mean ambient severity factors, based on these HATE values, in- 
dicate that emissions of organic compounds, excluding POM, from all of the 
sources tested are not significant. 
are all less than 0.05. 

Calculated ambient severity factors 

POM emissions from the industrial sources tested have been presented 
previously in Table 53. POM emission factors and ambient severity factors 
for the gas, oil, and bituminous combustion sources are shown in Table 64. 
The variability of the emission factors were not calculated because of the 
limited number of data points for each POM/source category combination. 
POM emissions were not significant for the gas, oil, and bituminus, pulverized 
wet bottom sources at which POM compounds were found. Ambient severity fac- 
tors for POM emissions from these sources were all less than 0.001, calculated 
using the maximum POM emission factor for each source category. 
emissions from bituminous stokers were somewhat greater. 
sion factors, primarily from site 221, were used to calculated the ambient 
severity factors. Benzo(a)pyrene (BaP) (or its isomer benro(e)pyrene) was 
found in the POM emissions from site 221. The calculated ambient severity 
factor of 192, using the MATE value for benzo(a)pyrene, indicates that POM 
emissions from the source may be significant. 
sible to positively identify benzo(a)pyrene by GC/MS analysis, and Level I 1  
analysis would be required to determine the emissions of the benzopyrene 
isomers. The ambient severity factor shown in the table represents worst- 
case conditions because it assumes that only benzo(a)pyrene was emitted. 

The POM 

Again maximum emis- 

Unfortunately, it was not POS- 

POM emissions factors and associated ambient severity factors for the 
wood-fired sites are shown i n  Table 65 along with the variability of the data 
for the more prevalent POM compounds listed. Data variability exceeded 
0.70 for all POM compounds. Two sites, Nos. 146 and 149, emitted several POM 
compounds including benzo(a)pyrene or its isomer benzo(e)pyrene. Ambient 
severity factors for benzopyrene were calculated assuming that only benzo(a)- 
pyrene was emitted and were significant. 
significant amounts from site 149. 

Phenanthrene was also emitted in 

Because of the possibility that emissions of benzo(a)pyrene from sites 
221. 146, and 149 are significant, additional testing is warranted. 
above, positive identification of this active carcinogen will require 

As noted 
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Level 11 GC/MS analysis.  
s i t e s  i s  def in i te ly  needed. 

4.3.6 Solid Wastes from Wood-Fired Combustion Sources 

Further study of POM emissions from wood-fired 

Flyash and bottom ash are the  principal wastes generated by wood-fired 
industrial  combustion sources. I t  was estimated t h a t  80 x lo9 g of flyash 
and 160 x lo9 g of bottom ash were produced in 1978 assuming 50 percent appli- 
cation of control and an equal d i s t r ibu t ion  of flyash and bottom ash. A l -  
though wood combustion i s  n o t  extensively practiced and the quant i t ies  of 
ash produced are re la t ive ly  small when compared t o  the ash produced by coal 
combustion, the local environmental significance of wood waste disposal i s  
unknown.  To add t o  the limited d a t a  base for these wastes, several samples of 
ash were collected during the t e s t s  of the wood-fired sources. 
were analyzed fo r  t race  elements and organics following the program procedures 
used t o  characterize the solid samples collected from the  f lue  gas. 

These samples 

The r a t io  of the pollutant concentration t o  MATE value (health) fo r  land 
disposal of sol id  wastes, instead of the ambient severi ty  fac tor ,  i s  used as 
an indicator of environmental significance because of the d i f f i c u l t i e s  in- 
volved in applying the concept of the severi ty  fac tor  t o  sol id  waste dis- 
charges. For sol id  wastes, the severi ty  factor  i s  defined as follows: 

~ 
~ 

~ 
~ 

sG fl f 2  s =  
'R 

where SG = s o l i d  waste generation, g/sec 
f1 = f ract ion of the sol id  waste t o  water 
f2 = f ract ion of the material in t h e  sol id  waste 
VR = r ive r  flow rate ,  m3/s 

D = drinking water standard, g/m3 

Of the parameters l i s t ed  above, the leaching character is t ics  of most solid 
wastes are not well known, the r ive r  flow ra t e  i s  highly s i t e  dependent, and 
there is. no established drinking water standard fo r  a l l  bu t  a few pollutants. 
Thus, the use o f  severity factors in the evaluation o f  solid waste emission 
data becomes impractical. 
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4.3.6.1 S o l i d  Waste Data A c q u i s i t i o n - -  

To i n i t i a t e  a data base, a se lec ted  number o f  s o l i d  waste streams were 

sampled and analyzed i n  t h i s  program. 
f o u r  o f  t h e  f i v e  wood- f i red  s i t e s  sampled. 
c o n s i s t  o f  t h e  f o l l o w i n g :  

S o l i d  waste samples were taken f r o m  
The s o l i d  waste streams c o l l e c t e d  

Bottom ash - S i t e  145 
0 Cinder ash - S i t e  146 

Bottom ash - S i t e  146 
0 Bottom ash - S i t e  147 
0 Cinder  ash - S i t e  147 

0 Scrubber ash - S i t e  147 
0 Cinder ash - S i t e  148 

Samples o f  s o l i d  wastes were d r i e d  and desiccate] upon r e c e i p t .  

c a l l y ,  100-gram a1 i q u o t s  were' weighed f o r  s o x h l e t  e x t r a c t i o n  f o r  o rgan ic  
ana lys i s .  

4.3.6.2 Ana lys i s  o f  Tes t  Resu l ts - -  

4.3.6.2.1 
samples are  presented i n  Table 66. 
types o f  ash: 
combustion chamber and t h e  s tack ,  and ash captured by t h e  scrubber a t  S i t e  

147. Data v a r i a b i l i t y  has been c a l c u l a t e d  f o r  t h e  t h r e e  samples o f  bottom 
ash and c i n d e r  ash c o l l e c t e d .  Data v a r i a b i l i t y  exceeds 0.7 f o r  a l l  b u t  a 
few elements. The h i g h  v a r i a b i l i t i e s  a r e  a t t r i b u t a b l e  t o  t h e  s i z e  o f  t h e  
data base b u t  r e f l e c t  a l s o  d i f f e r e n c e s  i n  elemental composi t ion o f  t h e  wood 
feed and u n i t  des ign and o p e r a t i n g  parameters. 

Typ i -  

One-gram samples were used f o r  SSMS a n a l y s i s  o f  t r a c e  elements. 

Trace Element Analys is- -E lementa l  analyses o f  t h e  s o l i d  waste 
The da ta  have been grouped i n t o  th ree  

bottom ash, c i n d e r  ash, which i s  ash depos i ted  between the  

A comparison o f  mean elemental concen t ra t i ons  i n  t h e  t h r e e  types of ash 
w i t h  elemental MATE (o r  t h e  i d e n t i c a l  DMEG) va lues  ( h e a l t h )  f o r  s o l i d  waste 

i s  presented i n  Table 67. Discharge s e v e r i t y ,  the  r a t i o  o f  elemental concen- 
t r a t i o n  t o  MATE value, i s  t h e  c r i t e r i o n  used t o  eva lua te  t h e  s i g n i f i c a n c e  o f  

ash generated. A d ischarge s e v e r i t y  exceeding one i s  cons idered t o  war ran t  

145 
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TABLE 67. DISCHARGE SEVERITY~ OF TRACE ELEMENTS IN ASH FROM WOOD- 
F IRED COMBUSTION SOURCES 

- --- - 
MTE Concentrat ion Concentrat ion 

DMEG bottom ash Discharge c inde r  ash Discharge i n  Discharg 
Trace element h e a l t h  bpm) s e v e r i t y  (ppm) s e v e r i t y  scrubber ash s e v e r i t y  

o r  i n  i n  Concentrat ion 

E 
Aluminum ( A l )  16,000 
Arsenic (As) 50 
Baron (8)  9,300 
Barium (Ba) 1,000 
Bery l l i um (Be) 6 

Cadmium (Cd) 10 
Calcium ( C a )  48,000 

Cobalt (Co) 150 
Chmmim (Cr) 50 
Copper (Cu) 1,000 
I r o n  (Fe) 300 
Potassium ( K )  4.200 

L i th ium ( L i )  70 

Magnesium (Mg) 18,000 
Manganese (Mn) 50 

Sodium (Na) 160,000 
Nickel (N i )  45 

Phosphorus (P.1 3,000 
Lead (Pb) 50 
Antimony (Sn) 1 500 

S i l i c o n  ( S i )  30,000 
Stront ium (Sr)  9.200 

Thorium (Th) 130 

Vanadium ( V )  500 
Uranium ( U )  12,000 

11,270 
9.5 

170 
1,640 

119.000 

0.33 

0.27 

17.2 

2.300 

129 

32.670 

28,530 
5.9 

15,320 

9.230 
4.330 

185 

9.770 

23 
3 

91,330 

2.000 
4.8 

0.4 

69 
102 

0.70 
0.19 

0.02 
1.6 
0.06 

2.5 
0.03 

0.12 

46 

0.13 

109 
6.8 

0.08 

0.86 
185 

0.03 
4.1 

3.3 

0.46 
<0.01 

3.0 
0.22 

0.04 

<0.01 

0.14 

9.700 
69 

270 
2,800 

4 16.670 

0.07 

1.0 

14.7 

27.7  
200 

47,030 

38.330 
5.4 

10.070 
4,900 

12.100 
94 

5,620 

52 
12 

140.670 

1,600 

1.9 
0.43 

72 
460 

0.61 
1.38 

0.03 
2.8 
0.01 

8.7 

0.10 
0.10 
0.55 
0.28 

157 
9.1 

0.08 

0.56 

98 
0.08 

2.1 

1.9 

1 .o 
<0.01 

4.7 

0.17 

0.01 
4 . 0 1  

0.14 
0.09 

8,902 

18 

1,000 
560 

110.000 
0.47 

<0.01 

22 

2 60 

90 

22,000 

14,000 

12,000 
5,600 

4.200 

140 

6.200 

33 

6.9 

1. 

75,000 
1,100 

d3.01 

‘0.01 
65 

350 

0.56 

Zinc (Zn) 5,000 ~~~ 0.02 ~~ ~~ 

___.-_____;I_.____ 

‘Discharge s e v e r i t y  i s  de f i ned  as the r a t i o  o f  mean elemental  concentrat ion t o  
M T E  (MEG)  value. 

0.36 

0.11 
0.56 

0.08 

2.3 
4 . 0 1  

0.15 
5.2 
0.009 

73 
3.3 

0.10 
0.67 

112 
0.03 
3.1 

3.1 

0.60 

‘0.01 

2.5 

0.12 

4 . 0 1  

4.01 
0.3 

0.007 

bConcentration based on a s i n g l e  data p o i n t ,  

147’ 
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concern regarding impact on h e a l t h .  Bottom ash elements present i n  concen- 
trations tha t  exceeded MATE values are bar ium,  c a l c i m ,  chromium, iron, po- 
t a s s i m ,  manganese, nickel,  phosphorus. and s i l icon.  Elements i n  cinder 
ash a t  concentrations in excess of the MATE value are arsenic,  barium, cal-  
cium, iron, po tass im,  manganese, nickel,  phosphorus, lead, and s i l i con .  
Elements found in the s ingle  scrubber ash samples collected a t  concentrations 
greater t h a n  their MATE values are calciun, chromium, iron, potassiun, man- 
ganese, nickel,  phosphorus, and s i l i con .  

On the basis of d a t a  var iab i l i ty  and discharge severi ty ,  the t race 
element data base f o r  ash i s  inadequate f o r  the 11 elements listed above 
with respect t o  health considerations. 
other elements of environmental concern are:  aluminum, cadmium, vanadium, 
and  zinc. The t race element data base f o r  ash from wood combustion i s  a lso 
inadequate for these elements. 
flyash w i l l  be generally combined fo r  disposal,  analysis of wood feed will  
provide adequate characterization o f  most of the inorganic components o f  the 
to ta l  ash generated. 

4.3.6.2.2 Organic analysis--The ash  samples collected were analyzed for  TCO 
and nonvolatile organics. The d a t a  are  shown in Table 68. As expected, the 
concentrations of organics in the bottom ash a& generallylower t h a n  the 
cinder ash and the one sample of scrubber ash tested. 
b i l i t y  of the  d a t a  i s  high and i t  i s  d i f f i c u l t  t o  make fur ther  generalizations. 
The presence of TCO compounds in the bottom ash i s  somewhat unexpected because 
these compounds should vaporize from the  ash a t  combustion chamber temper- 
atures.  The maximum TCO concentration found i n  any of the samples was 97 ppm. 
This concentration i s  appreciably l e s s  than the MATE values of >11,000 ppm, 
based on health, for  alkanes, alkenes and alkynes of similar carbon number. 

I f  ecological e f fec ts  are considered, 

Note t h a t  because bottom ash, cinder ash, and 

~ 

However, the varia- 

The samples-were fur ther  analyzed f o r  POM by GC/MS. With the exception 
of naphthalene, which was found in the  cinder ash sample from si te  147, no POM 
compounds were found in other samples of cinder and bottom ash. 
lene concentration was 2 ppm, well below the MATE value fo r  health of 
150,000 ppm for  naphthalene. POM compounds were found in the sample of 
scrubber ash from s i t e  1 4 7 .  
tions and  MATE values for the compounds found are  presented in Table 69. 
The compounds identified were the same as those found in the SASS t ra in  

148 

The naphtha- 

POM compounds from t h i s  ash, t he i r  concentra- 
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catch  a t  t h i s  s i t e  i n  approx imate ly  the  same p r o p o r t i o n s  (see Table 65) .  
concent ra t ions  o f  the  compounds i d e n t i f i e d  a r e  w e l l  below MATE values. 

t h e  data base f o r  POM f rom f l y a s h  c o l l e c t e d  f r o m  wood- f i red  sources must be 
considered inadequate on the  bas i s  of POM emiss ions found i n  the  s tack  gases 
of some of the  o t h e r  wood- f i red  s i t e s  tes ted .  These emissions from o t h e r  
s i t e s  (146 and 149) i n c l u d e d  a compound t h a t  c o u l d  be benzo(a)pyrene. I f  t h i s  

compound cou ld  be p o s i t i v e l y  i d e n t i f i e d  and was found i n  amounts exceeding i t s  
h e a l t h  MATE value o f  0.06 ppm, then t h e  d i sposa l  o f  f l y a s h  c o l l e c t e d  f rom 

wood- f i red  s i t e s  would pose a hazard t o  h e a l t h .  Bottom ash d isposa l  does n o t  

appear to present  a problem. 

The 
However, 

TABLE 69. POM IDENTIFIED IN SCRUBBER ASH 
FROF? WOOD-FIRED S I T E  147 

MATE 
POM Concen t ra t i on  ( h e a l t h )  

compound (ppm) ( p p d  

Naphthalene 306 150,000 
Biphenyl  3.0 3,000 
Phenanthrene 10.5 4,800 
Pyrene 1.9 695,000 
F1 uoranthene 5; 7 205,000 

~ 



5.0 TOTAL EMISSIONS 

Based on the resu l t s  of program sampling and analysis e f fo r t s  and the 
existing emissions d a t a  base, estimates of current national emissions and 
projected 1985 national emissions from industr ia l  combustion sources have 
been made using current and predicted fuel consumption rates .  

5.1 CURRENT AND FUTURE FUEL CONSIMPTION 

Fuel consumption d a t a  for  1978 for the industr ia l  sector  were obtained 
from DOE energy data and EPA report publications. 
by these sources was synthesized t o  obtain fuel consmption estimates pre- 
sented in Table 70 fo r  the source categories studied i n  t h i s  program. 
1978 the industrial  sector consumed about 25 percent of the fuel used by 
stationary combustion sources. I n  1978, 65 percent of the fuel consumed 
by the industrial  sector was natural gas, 4 percent was d i s t i l l a t e  o i l ,  
and 11 percent was residual o i l .  Solid fuel consumption accounted for the 
remaining 20 percent, 16 percent coal ,  and 4 percent wood fuel .  

Information provided 

I n  

Estimates of fuel consumption in  1985 were based on his tor ical  d a t a ,  
although information presented in References 44 th rough  47 was considered 
in estimating growth by fuel type and method of f i r ing .  Historically the 
use of fossi l  fuels  in industrial  boilers has increased a t  the r a t e  of about 
2 t o  4 percent per year. 
t o  project 1978 external fuel combustion to  1985. The annual g r o w t h  r a t e  
of ~ 2 . 6  percent i s  less  t h a n  the Project Independence Evaluation System" 
estimate of 4.5 percent per year and the estimate of 3.7 percent presented 
in Reference 45, b u t  i s  a b o u t  equal t o  the estimate of 2.6-2.9 percent 
given in Reference 46 and the projection of 2.3 percent given i n  Reference 47. 

An overall growth ra te  of 19 percent was used 

The projection o f  trends in fuel consumption i s  subject t o  large uncer- 
t a in t i e s  and i s  dependent on future regulatory and national policy decisions 
and international events t h a t  can s ignif icant ly  affect  future fuel consumption 
patterns. A t  present, firm d a t a  regarding the operation of boilers in the 
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TABLE 70. 1978 AND PROJECTED 1985 INDUSTRIAL 
FUEL CONSUMPTION 

Fuel consumption 
(ioi5 joules)  Percent 

change 
Source cateaory 1978 1985 1978-1985 

Industrial  10,260 11,740 +14 

External combustion 8,690 10,320 +19 
Coal 1,540 2,002 +30 

Bituminous 1,490 1,955 +31 
Pulverized, dry 730 87 6 +20 
Pulverized, wet 150 81 - 46 
Cyclone 40 14 -65 
%reader stokers 510 916 +a0 
Other stokers 60 68 +13 

Anthracite 10 7 -33 
All stokers 10 7 -33 

Liani t e  40 40 0 
Spreader stokers 40 40 0 

Petroleum 1,710 2,308 +35 
Residual o i l  1,400 2.028 +45 

Tangential f i r i n g  170 210 +24 
Other 1,230 1,818 +48 

D i s t i l l a t e  o i l  310 280 -10 
Tangential f i r i nq  50 42 -16 
Other 260 238 -8 

Gas 4,990 5,470 +10 
Tangential f i r i n g  500 500 0 
Other 4,490 4,970 +11 

Other 450 540 t 2 0  
Wood/Bark 420 500 +19 
Baaas se  30 40 t33 

Internal combusti on 1,570 1,420 -10 

Gas 1,500 1,333 -11 
D i s t i l l a t e  o i l  70 87 +24 

_ _  - 
Sources: References 1 through 7, and 44 through 47. 
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industrial  sector  are  limited as i s  information concerning the future  avail-  
a b i l i t y  of fue ls  and combustion equipment. 
use of coal shown i n  Table 70 may not materialize because of delays i n  imple- 
menting the national energy plan which c a l l s  for  reduced reliance on o i l  
and natural gas in , favor  of coa l .  Increased use of coal (or wood) by indus-  
t r i a l  combustion sources a lso faces cer ta in  s ignif icant  obstacles including 
the need fo r  fuel storage areas ,  the imposition of more s t r ingent  emission 
regulations on small boi lers ,  and the cos t  and ava i l ab i l i t y  of combustion 
and control equipment. 

The projected increase i n  the 

5.2 NATIONWIDE EMISSIONS 

The nationwide emissions of c r i t e r i a  pollutants from industrial  external 
combustion sources i n  1978 a n d  1985 were determined based on combined current 
study and exis t ing data emission fac tors  or EPA emission fac tors  (see Table 58) 
and the estimated fuel comsumption ra tes  shown i n  Table 70. Nationwide emis- 
sion t o t a l s  for the c r i t e r i a  pollutants a r e  presented i n  Table 71 and con- 
trasted w i t h  emissions from other s ta t ionary external combustion source use ' 

sectors in Table 72. The industrial  sector  accounts fo r  about 25, 15, 9, 
24, and 28 percent, respectively,  of par t icu la te ,  NO,, SO2, CO, and HC emis- 
sions from a l l  external combustion sources. 

The emissions from the gas- and o i l - f i red  source categories represent 
These source categories are generally not subject uncontrolled emissions. 

t o  control because they do not need controls  t o  meet typical S IP  regulations. 
However, some degree of par t icu la te  control fo r  sol id  fuel-f i red boilers is  
required t o  meet SIP regulations. 
promulgated in 1974 aoply t o  a l l  new, modified, o r  reconstructed sol id  fuel-  
f i red boilers w i t h  i n p u t  capacit ies greater  t h a n  256 GJ/hr, a n d  require 
approximately 99 percent control of par t icu la te  emissions. New Source Per- 
formance Standards tha t  would a f f ec t  industr ia l  boilers are  expected t o  be 
proposed in  the ear ly  1980s. Par t iculate  emission estimates for  1978 were 
calculated us ing  net control e f f ic ienc ies  of 81 percent fo r  the pulverized 
units and 53 percent fo r  the spreader stokers and wood stokers. 
ing 1985 emissions i t  was assumed t h a t  the increase i n  coal use was a t t r i -  
butable to  iiew uni ts  and a net par t icu la te  control efficiency of 90 percent 
was applied to emissions from these new uni ts .  

Also New Source Performance Standards 

In estimat- 

An SO2 control efficiency of 
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80 percent was also applied to  SO2 emissions from the new bituminous, pulver- 
ized dry bottom units. 
although i t  i s  possible t h a t  regulations 
future and become ef fec t ive  pr ior  t o  1985. 

Emissions of NO, were not subjected t o  control,  
fo r  NO, will be promulgated in the 

TABLE 72. SUMMARY OF CRITERIA POLLUTANT EMISSIONS FROM STATIONARY 
EXTERNAL COMBUSTION SOURCES BY USE SECTOR 

Pollutant emissions (GJlyr) 

Use sector Par t icu la tes  NO, SO2 CO HC 

Electr ic  uti1 i t ies  3506 5331 16,134 675 83 
I n d u s t r i  a1 1236 1071 1,636 268 66 
Cmerc ia l / i n s t i t u t iona l  262 532 824 89 52 
Residential 28 267 269 64 33 

Total 5032 7201 19,043 1096 234 
- -- 

Because of the above assumptions regarding the imposition of more s-tring- 
ent control,  projected 1985 emissions of par t iculates  a re  only 12 percent 
greater than 1978 emissions. The estimated growth  i n  coal consumption was 
30 percent over the 1978-1985 period. 
percent of the fuel used i n  1978, accounted for  4, 52, and 33 percent, 
respectively, of par t icu la te ,  NO,, and SO2 emissions from industrial  external 
combustion sources. 
will drop s l igh t ly  t o  75 percent of the  to ta l  fuel used by industrial  boilers. 
Projected emissions from gas and o i l  combustion i n  1985 represent 4 ,  51, and 
36 percent, respectively,  Of to ta l  nationwide emissions of par t iculate ,  NO,, 
and SO, from industrial  boilers.  

Gas and o i l ,  which represented 77 

In 1985, i t  was estimated t h a t  gas and o i l  consumption 

Trace element emissions from industr ia l  external combustion sources are 
Emission from gas-fired sources are  negli- sumnarized i n  Table 73 for  1978. 

gible and are  not included i n  the table .  
the fuel consumption data shown i n  Table 70 and the best available emission 
factor  data. For d i s t i l l a t e  o i l  the emission factors  used were avai lable  
values computed from the present study and the exis t ing data base as shown 
i n  Table 61. The residual oi l  emission factors  used were those from 
Reference 21 (see Table 61) because these emission factors  represent the 
weighted nationwide t race element content of residual oi ls .  These values 

Total emissions were estimated from 
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should be more representative of t race element emissions from residual o i l -  
f i red boi lers  than the average of the limited emissions fac tor ,  d a t a  obtained 
in t h i s  s tudy .  Emissions from bituminous combustion sources were based on 
emission factors  calculated from data presented in Reference 28, Table 59, 
adjusted for  .the par t iculate  control e f f ic ienc ies  and par t iculate  emission 
factors  applicable t o  the source categories; i . e . ,  bituminous pulverized 
dry bottom, bituminous pulverized wet bot tom, and spreader stoker. Average 
trace element emission factors  measured in t h i s  study were used t o  estimate 
nationwide emissions from the wood-fired sources. 

Trace element emissions from industr ia l  external combustion are predomi- 
nately the resu l t  of coal combustion. Bituminous stokers, rather t h a n  
pulverized uni t s ,  are the largest  contributor because of the lower level of 
control applied t o  stokers i n  the industr ia l  sector.  

Trace element emissions in 1985 can be related t o  the increase in par t i -  
culate emissions as previously shown in Table 71. Annual emissions from 
bituminous pulverized dry  bottom boilers in 1985 will be roughly  11 percent 
p 2 t e r  t h a n  19% emissions. Trace element emissions from bitirninous pulver- 
ized wet bottom boi lers  will  be 46 percent lower in  1985, while emissions 
from~bituminous-_stokers will  shown a 17 percent increase over 1978 emissions. 
Trace element emissions fran the other industr ia l  source~categories  will  be^ 
proportional t o  the changes in fuel consumption shown i n  Table 70. 

~ 

~~ 
~~ 

~~ ~ ~ 

~ ~ 

POM emissions from industr ia l  sources in  1978 and 1985 are  shown in 
Table 74. The estimates are based on current and projected fuel consumption 
estimates and POM emission factors measured in t h i s  program. The preponder- 
ance of POM emissions i s  from wood combustion. Bituminous stokers are also 
s ignif icant  contributors.  Total POM emissions in 1985 from industrial  sources 
will amount t o  about 480 Mg per year ,  approximately a 25 percent increase 
over 1978 POM emissions. Industrial POM emissions are approximately 250 
percent greater t h a n  POM emission estimates given in Reference 28 fo r  elec- 
t r i c i t y  generation external combustion sources. 
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TABLE 73. CURRENT NATIONWIDE EMISSIONS OF TRACE ELEMENTS FROM INDUSTRIAL  
EXTERNAL COMBUSTION SOURCES 

- - 
hi ssions (Gglyear) 

Bituminous, B i t m i n o u s ,  
D i  s t i  1 1 a t e  Residual pu l ve r i zed  pu lve r i zed  Bituminous 
o i l - f i r e d  o i l - f i r e d  d r y  bottom w e t  bottom spreader Wood 

Element b o i l e r s  b o i l e r s  b o i l e r s  b o i  1 e rs  s tokers b o i l e r s  

Aluminim ( A l l  
Arsenic (As) 
Boron (8) 
Barium (Ba) 
B e r y l l i m  (k) 
Bromine ( B r )  
Calcium (Ca) 
Cadmium (Cd) 
Cobalt (Co)  
Chromium (Cr) 

Copper (Cu) 
F luo r ine  (F) 
I r o n  (Fe) 
Mercury (Hg) 
Potassium (K) 
L i th ium ( L i )  
Magnesium (Mg) 
Manganese (Mn) 
Molybdenum (Mol 
Sodium (Na) 

Nickel  ( N i )  
Phosphorus (P) 
Lead (Pb) 
Antimony (Sb) 
Selenium (Se) 
S i l i c o n  ( S i )  
T in  (Sn) 
St ront ium (Sr)  
Thorium (Th) 
Uranium (U) 
Vanadium (V) 
Zinc (Zn) 

0.050 
<0.001 
<0.001 

0.002 
4.001 

0.14 
0.002 
<0.001 
0.009 
0.042 

- 

- 
0.11 

- 
0.039 
<0.001 
0.030 
0.013 

- 
0.019 
0.068 
0.014 
0.012 

<0.001 

0.001 
0.093 

- 
0.001 
<0.001 
<0.001 
0.024 
0:020 

0.096 
0.020 
0.010 
0.032 
0.002 
0.003 
0.35 
0.057 
0.056 
0.033 
0.070 
0.003 
0.45 

<0.001 
0.85 
0.002 
0.33 
0.033 
0.023 
0.78 
1.11 
0.028 
0.088 
0.011 
0.018 
0.44 
0.16 
0.004 
<0.001 
0.018 
4.02 
0.002 

55.2 
0.17 
0.57 
0.58 
0.014 
0.047 
36.6 
0.011 
4.7 
0.056 
0.36 
1.9 
54.6 

co.001 

7.4 
0.16 
7.9 
0.25 
0.070 
3.3 
0.40 
0.58 
0.13 
0.028 
0.042 
98.8 
0.070 
0.97 
0.008 
0.006 
0.18 

8.7 

0.027 
0.080 
0.091 
0.002 
0.007 
5.7 
0.002 
0.74 
0.009 
0.057 
0.30 
8.6 
<0.001 
1.2 
0.025 
1.2 
0.039 
0.011 
0.52 
0.063 
0.095 
0.010 
0.004 
0.007 
15.5 
0.011 
0.15 
0.001 
0.001 
0.028 

71.7 
0.22 
0.74 
0.75 
0.018 
0.061 
47.6 
0.014 
6.1 
0.73 
0.46 
2.5 
71.0 
<0.001 
9.6 
0.21 
10.3 
0.33 
0.091 
4.3 
0.32 
0.75 
0.17 
0.036 
0.055 
1.28 
0.091 
1.3 
0.010 
0.008 
0.23 

0.11 
0.002 
0.024 
0.018 

<0.001 
- 

2.8 
co.001 
<0.001 
0.006 
0.021 

- 
0.17 

- 
3.7 
<0.001 
0.47 
0.062 

- 
0.013 
0.006 
0.24 
0.009 
<0.001 
<0.001 
0.15 

- 
0.014 

- 
- 

<O.OOl 
0.28 0.044 0.36 0.15 
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APPENDIX A 

C R I T E R I A  FOR EVALUATING THE ADEQUACY 
OF E X I S T I N G  EMISSIONS DATA FOR 

CONVENTIONAL STATIONARY COMBUSTION SYSTEMS 

A m a j o r  t a s k  i n  t h e  present  program was t o  i d e n t i f y  gaps and inadequacies 
i n  t h e  e x i s t i n g  emissions data base f o r  convent iona l  s t a t i o n a r y  combustion 
systems. The ou tpu t  from t h i s  e f f o r t  w i l l  be used i n  t h e  p lann ing  and p e r f o r -  
mance o f  a combined f i e l d  and l a b o r a t o r y  program as r e q u i r e d  t o  complete 
adequate emissions assessment f o r  each of t h e  combustion source types. 

by cons ide r ing  b o t h  t h e  r e l i a b i l i t y  and v a r i a b i l i t y  o f  t h e  data. The general 
approach i s  t o  use a th ree-s tep  process as  descr ibed below. 
i s  a p p l i c a b l e  t o  t h e  e v a l u a t i o n  o f  t h e  e x i s t i n g  emissions data as w e l l  as  
emissions data c o l l e c t e d  d u r i n g  the  course o f  t h i s  program. 

STEP 1 

The c r i t e r i a  f o r  assessing the  adequacy o f  emissions da ta  a r e  developed 

Th is  approach 

I n  t h e  f i r s t  s tep  o f  the  e v a l u a t i o n  process, t h e  emissions data a re  
screened f o r  adequate d e f i n i t i o n  o f  process and f u e l  parameters t h a t  may 
a f f e c t  emissions as  w e l l  as v a l i d i t y  and accuracy o f  sampling and ana lys i s  
methods. The screen ing  mechanism i s  dev ised t o  r e j e c t  emissions data t h a t  
would be o f  l i t t l e  o r  no use. 
step o n l y  i n d i c a t e s  t h e  p o s s i b i l i t y  f o r  f u r h t e r  a n a l y s i s  and i n  no way suggests 
t h a t  these da ta  a re  v a l i d  o r  r e l i a b l e .  
a r e  o f t e n  expressed i n  terms o f  minimum requi remnets.  
c r i t e r i a  a r e  dep ic ted  i n  F igu re  A-1 and discussed i n  d e t a i l  below. 

w i l l  be accepted. A s i g n i f i c a n t  p o r t i o n  o f  t h e  data base, and e s p e c i a l l y  
those conta ined i n  t h e  Na t iona l  Emissions Data Systems (NEDS), were developed 
by the use o f  s tandard  emiss ion f a c t o r s *  and n o t  de r i ved  from ac tua l  t e s t  
data. The i n c l u s i o n  o f  these es t imated  emissions da ta  i n  t h e  data base would 
lead t o  t h e  obv ious l y  b iased conc lus ion  t h a t  the  ac tua l  emissions were the  
same as those p r e d i c t e d  by t h e  s tandard  emiss ion f a c t o r s .  

of the  source. 
s u f f i c i e n t  i n f o r m a t i o n  t o  des ignate t h e  combustion source accord ing  t o  t h e  

Acceptance o f  emissions data i n  t h i s  screening 

As such, t h e  da ta  screening c r i t e r i a  
These screening 

The f i r s t  c r i t e r i o n  t h a t  w i l l  be a p p l i e d  i s  t h a t  o n l y  source t e s t  data 

The second c r i t e r i o n  t h a t  w i l l  be a p p l i e d  i s  an adequate d e s c r i p t i o n  
To f u r t h e r  analyze t h e  emissions data, t h e r e  must be 

I 

*Most ly by t h e  use o f  emiss ion f a c t o r s  pub l i shed i n  t h e  EPA P u b l i c a t i o n  
AP-42: Reference A-1. 
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INFORHATION TO 
DESIGNATE THE 
COMBUSTION SOURCE 
ACCORDING TO GCA 
CLASS1 F I  CATION CODE? 

~~ ~~ 

I YES 

FOR TRACE ELEMENT EMISSIONS DATA FRO* 
COAL AND O I L  COHBUSTION. ARE THERE 

CONTENT OF THE F U f L 7  NO 
FOR SO, I M I S S I O N S  DATA FROn LOLL AND 
O I L  COHBUSTION. ARE THERE 
CORRESPONDING DATA ON SULFUR CONTlWT 
OF THE FUEL? ~~ 

:owtsro:m:::: DATA i:: TRACC itiiiiiii 

~ ~~ 
~~~ ~~ 

I S  TMERE I N F O R f l A l I O N  
ON THE S N I P L I N G  AND 
ANALYSIS llETHODS 
EMPLOYED? 

I I 
V f S  

r . 
I S  DATE OF 

NG TESTING "ES * BEFORE 
19721 

AN ACCURACY BETTfR THAN 
A FACTOR OF I?  

I CAN S M P L I H C  AND 1 I J 
~~. 

I I L I l l S S l O N  i S l I ! ? X T E S  Y l T h  r I NO 
ANALYSIS METnODS 
EMPLOYED PROYlDE 

PROCEED 10 STEP 2 

REJECT 
EM1 S S I  OHS 

F i g u r e  A-1. Step 1 Screening Mechanism f o r  Emissions Data 
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appropriate GCA classification code. As a minimum, the information provided 
should include: the function of the combustion source (electricity genera- 
tion, industrial, commercial/institutional , or residential), the type of com- 
bustion (external combustion or internal combustion), the type of fuel used 
(coal, oil, gas, or refuse), and in the case of coal combustion, the type of 
furnace (pulverized dry bottom, pulverized wet bottom, cyclone, or stoker). 
For emissions data that are judged to be valuable* and otherwise acceptable, 
efforts will be made to acquire the needed source description information 
directly from the investigator or the plant operator. 

is an adequate definition of the combustion system operating mode. 
operating load has a large effect on NOX emissions from combustion systems. It 
is therefore important to have an adequate definition of the test conditions 
that may affect emissions. As a minimum, there must be information on the fuel 
consumption rate for the emissions data to be accepted. The fuel consumption 
rate is necessary for the calculation of emission factors. For NOx consmption 
data, field and test results that do not include information on operating load 
will be considered unacceptable because they cannot be used to estimate emis- 
sions from a typical combustion system nor could they be used to estimate emis- 
sions at any specific load. 
load information will be considered a useful parameter for data correlation 
but not an absolute requirement for data acceptance. 

The fourth criterion for acceptance of emissions data for further analysis ' 

is an adequate definition of the pollution control device performance. 
trol device performance will affect not only total emissions but will influence, 
for example, the particle size distribution and composition of flue gas emis- 
sions. The application of design efficiencies must be approached with caution 
in estimating uncontrolled emissions. If a design efficiency of 99 percent is 
used and if the control device operating efficiency is only 90 percent, the 
calculated uncontrolled emissions would be 10 times larger than the actual case. 
Because coal burning utility boilers are equipped with particulate control 
devices. particulate emissions data from the coal burning utility sector will 
not be copsidered acceptable unless accompanied by the particulate control 
device performance data. The application o f  particulate control devices is 
less frequent for the industrial, comnercial/institutional and residential 
sectors, and also much less frequent for the oil burning utility sector and 
nonexistent for the gas burning utility sector. For these combustion source 
types, emissions data will be accepted as uncontrolled emissions data, unless 
there is information implying the contrary. As noted in the foregoing discus- 
sions acceptance of emissions data at this screening step does not suggest that 
the data are necessarily valid or reliable. In the second step of the data 
evaluation process, methods for rejecting outlying data points will be defined. 
Controlled emissions data that have been mistakenly assuned to be uncontrolled 
emissions data because of a lack of information will be identified as outlying 
data points and be rejected in this second step. 

The third criterion for acceptance of emissions data for further analysis 
For example, 

For other types of emission data, the operating 

- 

Con- 

*In this context, emissions data for trace elements, .POM, PCB, and organics 
are considered to be more valuable because of the paucity of data. 

166 



I 

I 

The fifth criterion that will be used to jud,e the usefulness of the 
emissions data is the availability of the fuel analysis data. This is espe- 
cially true for emissions of trace elements and SOX. The trace element con- 
tent of coal can vary by one to two orders of magnitude, and emissions are 
closely related to the trace element content of the coal. No trace elements 
are present in appreciable amounts in gaseous hydrocarbons; however, nickel, 
vanadium and sodium are present in appreciable amounts in some fuel oil. To 
estimate trace element emission levels from all sources within a given cate- 
gory, the fraction of each trace element exiting the system in each effluent 
stream must be estimated. Thus, trace element emissions data from coal and 
oil combustion that are not accompanied by analysis data on the trace element 
content of the fuel will not be accepted. 
related to the sulfur content of the fuel. 
oil combustion that do not include information on the sulfur content of the 
fuel will therefore not be accepted. 

The last criterion that will be applied is an evaluation of the accuracy 
of the sampling and analysis methods used. 
given site to within a factor of 3, both the sampling and analysis procedures 
used must be capable of providing an accuracy that is better than a factor 
of 3. The list of methods available for the sampling and analysis of general 
stream types and chemical classes and species is very extensive and has been 
described in detail in two recent TRW reports (References A-2 and A-3). In 
general, most of the sampling and analysis procedures recomnended in these 
two references are adaptations of standard EPA, ASTM, API methods, and have 
an accuracy and/or precision of * 10 to 20 percent or better. 
data  Obtained 5y these recornended methods or techniques will be considered 
acceptable. Emissions data obtained by methods or techniques not listed in 
these two references will be subjected to careful review and rejected if it 
is determined that the sampling or analysis method used would not be able to 
provide emission estimates within an accuracy factor of 3 or better. Special 
emphasis will be placed on the review of sampling and analysis methods used 
for obtaining PCB, POM, particulate sulfate, and trace elements emissions data. 
I n  cases where information on the sampling and analysis methods used is unavail- 
able, the date of testing will be used as the criterion for inclusion or 
rejection of the emissions data in the usable data base. Emissions data ob- 
tained before 1972 will be generally considered unacceptable because of probable 
use of unreliable sampling or analysis procedures. The 1972 cut-off date is 
selected on the basis that the EPA Method 5 (40-CFR-60, Appendix C. Methods), 
which has been more or less recognized nationally as the standard method for 
sampling particulates, was introduced in late 1971. Furthermore, most of the 
more sophisticated sampling and analysis techniques for obtaining emissions 
data, and especially those for measuring pollutants for which data are lacking 
(such as trace elements and particulate sulfate), were not introduced and 
used before 1972. 

STEP 2 

Similarly, SOX emissions are directly 
SO, emissions data from coal and 

To determine emissions from a 

Emissions 

~ 

In the second step of the data evaluation process, emissions data that 
have been identified as usable in the screening step will be subjected for fur- 
ther engineering and statistical analysis to determine the internal consis- 
tency of the test results and the variability in emissions factors. 
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Emissions data included in the usable data base will first be categorized 
according to the 5-column GCA combustion system classification code and the unit 
operation from which the pollutants are emitted. 
will be further categorized according to the method of NOx control; no control, 
staged firing, low excess air, reduced load, or flue gas recirculation. Emis- 
sions factors for individual sites, normally expressed in the form of lb/MM 
Btu or lb/ton. will then be calculated for each pollutant/unit operating pair. 
In the case of trace element stack emissions from coal and oil combustion, 
these emission factors will be calculated in the form of the fraction of each 
trace element emitted to the atmosphere. 

The emission factors calculated for each pollutant/unit operation pair 
will be evaluated in terms of consistency of test results among sites. All 
the data will be subjected to detailed scrutiny and discarded unless there is 
additional infonation to reclassify the data into the correct category. The 
decision on whether an outlier is a reasonable result or whether it may be 
discarded as being an improbable member of the group will be based on the 
method of Dixon. The method of Dixon is a statistical technique applicable 
to the rejection o f  a single outlying point from a small group of data and 
is described i n  detail in Attachment A. 

The variability of the emission factors will next be calculated. The 
variability is defined as 

For NOx, the emissions data 

where x is the estimated mean value of the emission factor, s(x) is the esti- 
mated standard deviation of the mean, and t is a multiple of the estimated 
standard deviation of the mean value s ( i ) .  The value of t depends on the 
degree of freedom and the confidence level o f  the interval containing the 
true mean p ,  and is given in standard statistics texts. For the present pro- 
gram, t values at 95 percent confidence level will be used in calculating the 
variability of emission factors. 

(1) to detenine the emission 
factors for each pollutant/unit operation pair and for each combustion source 
category; '(2) to disdard outlying data points using the method of Dixon; and 
(3) to calculate the percent variability of the emission factors. The values 
calculated in this step will be used in Step 3. 

STEP 3 

by the Monsanto Research Corporation (MRC) for the evaluation o f  data adequacy. 
This quantitative method will indicate where additional emissions data are 
needed. The method is based on both the potential environmental risks asso- 
ciated with the emission of each pollutant and the quality of the existing 
emissions data. 

The main thrusts in this second step are: 

The final step in the data evaluation process involves a method developed 
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The potential environmental risks associated with pollutant emissions are 
determined by the use of source severity factors S. 
mosphere, the souvce severity S is def,ined as the ratio of the calculated maxi- 
mum ground-level concentrations of the po1,lutant species to the level at which 
a potential environmental hazard exists. The simple Gaussian P l m e  equation 
for ground-level receptors at the plume centerline is the dispersion model 
used for determining the ground-level concentration. The potential environ- 
mental hazard level is taken to be the Threshold Limit Value (TLV) divided by 
300 for noncriteria pollutants and the ambient air quality standard for the 
criteria pollutants. The mean source severity S for noncriteria pollutants 
is calculated as follows: 

For emissions to the at- 

where Q = emission rate, g/s 
TLV = threshold limit value, g/m3 

h = stzck height, m 

For the five criteria pollutants, the equations for calculating mean 
source severity S is given in the following table: 

~ _. 

Pollutant Severity equation 

Particulate S = 70Qh-’ 
sox ~ ~ S = 50Qh-* 
NO, S = 315Qh-’” 
Hydrocarbons S = 162.5Qh-’ 
co S = 0.78Qh-’ 

The emission rate is calculated by the following equation: 

Q = -  TC (EF) (GPP) (YPS) 
TNP 

(3) 

where TC = total fuel consumption, tons/year 

EF = emission factor, lb/ton 
TNP = total number o f  plants/sites 

GPP = 453.6 g/lb 
YPS = 3.1688 x 10-8 yrs 
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For discharges to the water, the source severity factor S is calculated 
as follows: 

where VD = discharge flow rate, m 3 / s  

CD = discharge concentration, g/m3 

SG = leachable solid waste generation, g/sec 

fl = fraction of the solid waste to water 

f2 = fraction of the material in the solid waste 

V R  = river flow rate, m 3 / s  

D = drinking water standard, g/m3 

The mean source severity factor S for each pollutant/unit operation pair 
will be used i n  the evaluation of data adequacy. The method for evaluating 
data adequacy is outlined below. 

Case 1: When Emissions Data Are Available and Usable 

1. 

2 .  

3.  

4. 

5. 

Determine the mean emission factor 
the emission factor ts(x)/x for each pollutant/unit operation 
pair. 
process. ) 

Determine the mean severity factor S for each pollutant/unit 
operation pair by using the mean emission factor x. 
If the variability in emission factor < 70 percent, addi- 
tional data are not needed. 

I f  the variability in emission factor > 70 percent and 
S > 0.05, the current data base is judged to be inadequate 
and there i s  need for additional data. 

If the variability in emission factor 
S < 0.05, determine the severity factor 5 ,  by using the 
emTssion factor xu: 

and the variability of 

(This will be done in Step 2 o f  the data evaluation 

70 percent and 

iu = x + ts(x) 

Su is the upper bound for the severity factor S. 
current data base is judged t o  be adequate if 5, 2 0.05 
and inadequate if Su > 0.05. 

The 



Case 2: 

1. 

When Emissions Data Are Not  A v a i l a b l e  

Determine, i f  poss ib le ,  from f u e l  a n a l y s i s ,  mass balance 
and physico-chemi ca l  c o n s i d e r a t i o n s  t h e  upper bound Xu 
o f  t h e  emiss ion f a c t o r  x. For  t r a c e  element s tack  emis- 
s ions ,  f o r  example, xu can be determined by a s s m i n g  t h a t  
a l l  t h e  t r a c e  elements p resen t  i n  t h e  f u e l  a r e  emi t ted  
th rough t h e  s tack .  

Determine t h e  upper bound Su o f  the  s e v e r i t y  f a c t o r  S f o r  
each p o l l u t a n t / u n i t  o p e r a t i o n  p a i r  by u s i n g  t h e  emiss ion 
f a c t o r  Xu. 

The c u r r e n t  data base i s  judged t o  be adequate i f  Su 5 0.05 
and inadequate i f  SU > 0.05. 

2. 

3. 

As d iscussed i n  a r e c e n t  Monsanto r e p o r t  (Reference A-4), an a l l owab le  
u n c e r t a i n t y  i n  emiss ion f a c t o r  o f  f 70 percent  ( f a c t o r  o f  3)  would l ead  t o  
an u n c e r t a i n t y  o f  l e s s  than 10 i n  Scale, which has been de f i ned  as t h e  accept- 
ab le  u n c e r t a i n t y  f a c t o r  f o r  S .  

As a r e s u l t  o f  t h e  a p p l i c a t i o n  o f  t h e  above data e v a l u a t i o n  c r i t e r i a ,  
p o l l u t a n t / u n i t  o p e r a t i o n  p a i r s  t h a t  have been inadequate ly  cha rac te r i zed  w i l l  
be i d e n t i f i e d  t o  p e r m i t  t h e  p lann ing  o f  f i e l d  t e s t s  f o r  a c q u i s i t i o n  o f  add i -  
t i o n a l  emissions data. 

I 

I 

I 
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ATTACHMENT A 

METHOD OF DIXON FOR DISCARDING OUTLYING DATA* 

The method o f  Dixon prov ides  a t e s t  f o r  extreme values u s i n g  range. I f  
t h e  observa t ions  i n  t h e  sample a r e  ranked, t h e  i n d i v i d u a l  va lues can be iden- 
t i f i e d  XI, X Z ,  ~ 3 .  . . ., Xn. I t  i s  immater ia l  whether t h e  rank ing  pro- 
ceeds from h igh  va lues t o  low o r  from low va lues t o  h igh .  The Dixon extreme- 
.va lue t e s t  g i ves  the  maximum r a t i o  o f  d i f f e r e n c e s  between ext reme-rank ing 
observa t ions  t o  be expected a t  v a r i o u s  p r o b a b i l i t y  l e v e l s  and f o r  d i f f e r e n t  
sample s izes .  Table A-1  g i ves  t h e  t e s t  r a t i o s  and maximum expected values. 
For samples l e s s  than about e i g h t  observa t ions ,  t h e  r a t i o  o f  t h e  d i f f e r e n c e  
between t h e  extreme and t h e  next - to-ext reme va lue  t o  t h e  t o t a l  range i s  com- 
pared w i t h  t h e  tabu la ted  values f o r  t h e  same sample s i ze .  I f  t h e  observed 
r a t i o  exceeds t h e  tabu la ted  maximum expected r a t i o ,  t h e  extreme value may be 
r e j e c t e d  w i t h  t h e  r i s k  o f  e r r o r  s e t  by  t h e  p r o b a b i l i t y  l e v e l .  For samples 
between about 9 and 14, t h e  r a t i o  o f  t h e  d i f f e r e n c e  between the  f i r s t  and 
t h i r d  rank ing  observa t ions  t o  t h e  d i f f e r e n c e  between t h e  f i r s t  and nex t  t o  
l a s t  i s  tes ted .  For samples o f  15  o r  more, the  r a t i o  o f  t h e  d i f f e r e n c e  
between t h e  f i r s t  and t h e  t h i r d  r a n k i n g  observa t ions  t o  t h e  d i f f e r e n c e  
between the  f i r s t -  and t h e  second-from l a s t  obse rva t i on  i s  used. 

be used as t h e  bas i s  f o r  d i s c a r d i n g  o u t l y i n g  data.  
I n  the  e v a l u a t i o n  o f  t h e  emissions data,  t h e  0.05 p r o b a b i l i t y  l e v e l  w i l l  

*Volk, W. App l ied  S t a t i s t i c s  f o r  Engineers. New York McGraw-Hill, I n c .  
2nd ed. p. 307-300. 1969. 
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TABLE A-1. MAXIMUM RATIO OF EXTREME RANKING OBSERVATIONS 

Maximm r a t i o  

Recomnended Rank Sample P r o b a b i l i t y  l e v e l  

sample s i z e  r a t i o  n 0.10 0.05 0.01 
f o r  d i f f e r e n c e  s ize ,  

x - x  

x - x  
n < 8  2 1  

n 1  

x3 - x1 
'n-1 - '1 

8 < n < 1 5  

1 

x3 - 
'n-2 - '1 

n > 15 

3 
4 
5 
6 
7 
8 

9 
10 
11 

12 

13 
1 4  
15 
16 
17 
18 
19 
20 

0.886 0.941 0.988 
0.679 0.765 0.889 
0.557 0.642 0.780 
0.482 0.560 0.698 
0.434 0.507 0.637 
0.650 0.710 0.829 
0.594 0.657 0.776 
0.551 0.612 0.726 
0.517 0.576 0.679 
0.490 0.546 0.642 
0.467 0.521 0.615 
0.448 0.501 0.593 
0.472 0.525 0.616 
0.454 0.507 0.595 
0.438 0.490 0.577 
0.424 0.475 0.561 
0.412 0.462 0.547 
0.401 0.450 0.535 

.- 

! 
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APPENDIX B 

DATA REDUCTION PROCEDURE 

Stack emissions data reported from field measurements or laboratory 
analyses are often expressed in terms of volume concentration (ppmv) or mass 
concentration (mg/m', pg/m3). 
factor form, the following data reduction procedure, adopted from Reference 
B-1, is used. 

the fuel composition analysis and effluent O2 concentration: 

To convert these emissions data to the emission 

The number of gm moles of flue gas per gm of fuel can be computed using 

F 
- - 4.762 (nc + ns) + 0.9405 nH - 1.881 no 

nFG = 1-4.762 (02/100) 1-4.762 (02/100) 

where: nFG = gm moles o f  dry effluent/gm of fuel under 
actual operating conditions 

nj = gm moles o f  element j in fuel per gm of fuel 

O2 = volumetric O2 concentration i n  percent 

F = gin moles o f  dry effluent/gm of fuel under 
stoichiometric combust ion 

The average values of F for natural gas and various liquid fuels are 
given in Table B-1. 
basis because of. the variation in the elemental composition of different coals. 

For emission species measured on a volumetric concentration basis (ppmv), 
the emission factor expressed as ng/J can be computed using the following 
equation: 

The value of F for coal must be computed on an individual 

{ Concentration } (ppmv) x F x M, 1000 
Volumetric 

- 
X - Emi s s i on - 

1-4.762 (02/100) } (kJ/kg fuel) { Factor ) (ng/J) 

where s = subject emission species 
M, = molecular weight of species s 
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TABLE E-1. ELEMENTAL COMPOSITION AND HIGHER HEATING VALUE OF FUELS* 

No. 2 
Natura l  d i s t i l l a t e  Residual 

Fuel gas o i  1 Kerosene o i  1 

0.06221 0.06994 0,06994 0.07160 

0 0.00006 0 0.00031 

0.23116 0.13889 0.15873 0.10913 n 

0.00040 0.001125 0 0.00125 n 

F 0.51215 0.45983 0.48234 0.44037 

Heating 
Value 53,310 kJ/kg 45,040 kJ/kg 47,710 kJ/kg 43,760 kJ/kg 

*The composition and heat ing  value da ta  a r e  obtained from Reference 8-2. 

nC 

nS 

H 

0 
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For emission species measured on a mass concentration basis (mg/m3 o r  
pg/m3) a t  20°C, the emission f ac to r  expressed as ng/J, can be computed using 
the following equation: 

( E S e n t r a t i o n  } (ug/m3) x F x 24.04 

{ k E l i n g  Value } (kJ/kg f u e l )  
Y 

Emi s s i on { Factor } (ng/J)  = 

The higher heating values of natural  gas  and various 
a l so  given in Table B-1. 

1 

1-4.762 (02/100) 

iquid fue ls  are  

Note t h a t  the data reduction procedure described here s ign i f i can t ly  
minimizes e r ro r s  introduced in data reduction by eliminating terms t h a t  
are  subject  t o  large measurement e r r o r s ,  such as  stack veloci ty  and tempera- 
ture measurements. The only stack parameter needed in data reduction i s  the 
volumetric O 2  concentration, which can usually be determined by gas chromato- 
graphy w i t h  g rea t  accuracy. 

Example Calculation-- 

The NO emission from a gas fueled gas turbine i s  reported t o  be 200 ppmv 
a t  an O2 e f f luen t  concentration of 15 percent. Calculate the emission fac tor  
f o r  NOx (as  N O 2 )  in ng/J .  

Emission f ac to r  f o r  NOx (as  N O z )  

ng/J - - 200 x 0.51215 x 46.0 1000 
53310 1-4.762 x 0.15 

= 309 ng/J 

177 



REFERENCES 

B-1. Coppersmith, F. M.. R. F. J a s t r z e b s k i ,  D. V. Giovanni  and S.  Hersh. 
Con E d i s i o n ' s  Gas T u r b i n e  T e s t  Program: 
S t a t i o n a r y  Gas T u r b i n e  Emiss ion  L e v e l s .  
Annual Mee t ing  o f  t h e  A i r  P o l l u t i o n  C o n t r o l  A s s o c i a t i o n ,  Denver, 
Colorado,  June 9-13, 1974. 

8-2. S team/ I t s  Genera t i on  and Use. Rev ised 3 8 t h  E d i t i o n .  The Babcock and 
Wi l cox  Company, New York, New York. 

A Comprehensive E v a l u a t i o n  of 
Paper p resen ted  a t  t h e  6 7 t h  

1975. 

178 



APPENDIX C 

SUMMARY OF EXISTING EMISSIONS DATA 

. 
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