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FOREWORD

This document presents the results of a brief systems study of nitrogen
oxide control methods for stationary sources. The report provides updated in-
formation on NOx emigsion sources and NOx control technology and concludes with

recommendations of R&D requirements.

Aerotherm extends its appreciation !or the valuable assistance provided
by the following individuals, organization: , and companies: Dr. J.0.L. Wendt
and D.L. Pershing of the University of Arizona; C.R. McCann of the U.S5. Bureau
of Mines; W.H. Barr of the Paéific Gas and Electric Co.; R.N. Levine and K.A.
Krumwiede of the Southern California Edison Co.; W.J. Armento and W.L. Sage of
the Babcock and Wilcox Co.; D.P. Teixeira of the Electric Power Research Insti-
tute; W. Bartok and A. R. Crawford of Esso Research and Engineering. We
would also like to give special thanks for information provided by the follow-
ing members of the Control Systems Lab of EPA: J. S. Bowen, G. B. Martin,

R. E. Hall, D. B. Lachapelle,.w. §. Lanier, J. H. Wasser of the Combustion
Research Section; Bruce Henschel of the Advanced Process Section and G.

Haselberger of the Regenerable Processes Section.

This survey was performed for the Ehgineering Analysis Branch of the
Control Systems Labcratory, U.S. Environmental Protection Agency. R.F. Sanders
was the task officer. The Aerotherm Project Manager was Dr. Larry W. Anderson.
Dr. Carl B. Moyer acted as advisor for all phases of the study. The study was
performed during the months of January and February, 1974.

iii



Section

1

TABLE OF CONTENTS

SUMMARY
1.1 Characterization of Emission Sources
1.1.1 Emission Factors
1.1.2 Prospects for NO_, Emission
.2 Survey of Options for N Control
3 Combustion Modification *echnology
1.3.1 Fundamental Studies _
1.3.2 Application of Combustion Modifications
1.4 Assessment of R&D Reguirements

=

INTRODUCTION

CHARACTERIZATION OF EMISSION SOURCES
3.1 Sources of Nitrogen Oxides
3.2 Emission Factors
3.3 Prospects of NO_ Emissions

3.3.1 Large Utflity Boilers
.2 Domestic and Commercial Sources
.3 Stationary I.C. Engines and Gas Turbines
.4 Industrial Combustion Sources
.5
E:

Wi Www

Non-Combustion Sources
mission Trends '

o
suffmary

SURVEY OF OPTIONS FOR NO. CONTROL
4.1 Combustion Sources

4.1.1 Modification of Existing Units
4.1.2 Fuel Modification

4.1.3 Alternate Processes for New Units
4.1.4 Flue and Exhaust Gas Treatment
Non-Combustion Sources

Summary

3.
3.
3.
3.
N

3.
3

Ul

.

2
3
COMBUSTION MODIFICATION TECHNOLOGY FOR NO_ CONTROL
5.1 Combustion Generated NO x
5.1.1 Thermal NO
5.1.2 Fuel NO
.2 Systems Prograﬁ for Combustion Modifications
3 Application of Fundamental Studies
5.3.1 Strategies for M>del Development
5.3.2 Status and Prospzcts of Modeling
5.4 Application of Combustion Modifications
5.4.1 Implementation Strategy of Combustion
Modifications
5.4.2 Status and Prospects
5.4.3 Cost
5.5 Summary

Preceding page blank

Page

1

11
Lo

1

H}dP‘F‘TPJFJkJH
[T T Y A

P
|

wa
1

LUyt [
| I U O O I I | i1 1 1
HHODJIWN N oo N

1



TABLE OF CONTENTS (Concluded)

Section

6 ASSESSMENT OF R&D REQUIREMENTS

6.1 Combustion Modifications
6.1.1 Fundamental Studies
6.1.2 Fuels R&D
6.1.3 Process R&D
6§.1.4 Field Testing

6.2 Flue Gas Treatment

6.3 Alternate Processes

REFERENCES
ADDITIONAL BIBLIOGRAPHY

TECHNICAL DATA REPORT

el
b
[Vs}
o

1 1
S R N N

W o

AN TN
|



LIST OF FIGURES

Figure Page
1-1 Total NO Emitted in the U.S. from Stationary Sources, 1-3
1971 (Frgm Data Obtained from References 2 and 4)

1-2 Estimated Anﬁual Electric Utility Generation by Primary 1-5
Energy Sources ) -

1-3 ' Statiénary Source NOx Emiséion Tfends S 1-7

: T 2-1 Summary of the Approach to the Present Study 2-3

3-1 Total NO Emitted in the U.S. from Stationary Sources, 3-4
1971 %

3-2 Total NO Emitted in the U.S. from Stationary Sources, 3-5
1971 (Frgm Data Obtained from References 2 and 4)

3-3 Estimated Annual Electric Utility Generation by Primary 3-14
Energy Sources

3-4 Trends of Sources of U.S. Energy Supply: 1950-1970 3-15
(Actual) /1975-1985 (Projected)

3~5 Stationgry Source NOx Emission Trends . 3-23

3-6 Stationary and Mobile NOx Emission Trends 3-24

4-la Effects of Nitric Oxide Control Methods (Natural Gas 4-3
Tuel)

4-}b 1.ffects of Nitric Oxide Control Methods (0il Fuel) N 4-3

4-2 Catalytic Combustion Systems - 4-14

4-3 Molecular Sieve System 4-15

5-1 ‘ Kinetic Formation of Nitric Oxide ' 5-3

5-2 The Combustion Control Program for NOx Control 5-8

5-3 Typical Sequence in Model Development 5=12

. 5-4 Two-Stage Combustion (After Reference 35) 5-20

5-5 Typical Combustion Modification Implementation Program 5424-

5-6 " Increasing Excess Air Decreases Smoke but Increases NO 5-28

5-7 . Effectiveness of FGR with Fuel 0il Type 5-30

vii



LIST OF FIGURES (Concluded)

Effect of Excess Air on Nox for Gas, 0il, and Coal
Effect of Load on NOx for Gas, 0il, and Coal
Effect of Preheat on NOx for Gas, 0il, and Coal
-Effect of FGR on Nbx-for Gas, Oil; and Cdal

Effect of Speed and Power Output on Emissions; Cater-—
piller 4-Cycle Precombustion Chamber; Diesel Engine

Catalytic Reduction of NO_ by Ammonia

Effect of Cooled Exhaust Gas Recirculation on NO
Emission (Using 0il as Fuel,

Effect of Cooled Exhaust Gas Recirculation on NO
Emission (Using Natural Gas as Fuel)

Equipment Costs of NO_ Control Methods for Existing
Coal-Fired Units (Hea®¥ Transfer Surface Changes Not
Included)

Equipment Costs of NO_ Control Methods for Existing
Coal-Fired Units (Hea% Transfer Surface Changes Not
Included) :

viii



i-1

1-2

1-3a

LYST OF TABLES

potal NO Emissions from Stationary Sources (x 10° tons/
year)

Summary of NO_ Control Options

Modification Techniques for Utility and Industrial

‘Boilers

Modification or Control Techniques for Stationary I.C.
Engines and Gas Turbines

Recommended R&D

Total NO Emissions from Stationary Sources (x 10° tons/
year)

1971 Estimates of NO Emissions from Fossil-Fuel
Stationary Sources x

NOx Emisgsions from Fossil-Fuel Electrical Utility Units
Emission Factors for NOx from Stationary Sources

Comparison Between Coal, 0il and Gas on Equivalent Btu
Basis; Electric Power Generation (lbs NOx/lo9 Btu)

NO Emission Factors for Residential and Commercial 0il-
Fifed Heaters and Boilers (lbs/10°% gal)

Total Installed Horsepower and Emission from Reciprocating

I.C. Engines

NO Emission Factors for Reciprocating 1.C. Engines
(g NO_/Bhp-Hr)

Total Estimated Horsepower & Emissions from Gas Turbines

Cost for NO Abatement Facilities for the No. 3 Nitric
Acid Unit at TVA

Summary of NOx Control Options
Factors Controlling the Formation of Thermal NO,
Typical Strategies for Model Development

Status of Model Development



1IST OF TABLES (Concluded)

Emission Control Methods for Reciprocating Engines

1973 Operating Costs of NO_ Control Methods for
New Coal-Fired Units (Tangéntial); Single Furnace

Modification Techniques for Utility and Industrial Boilers

Modification or Control Techniques for Stétionary I.C.
Engines and Gas Turbines :

Summary of Combustion Research Section Program

Recommended R&D



SECTION 1

SUMMARY .

This report presents the results of a two-month study-by the Aerotherm
Division of Acurex Corporation to identify systems requirements for the
control of nitrogen oxide emissions from stationary sources. The study
focused on the evaluation of developments, gsince the 1969 Esso Research and
Engineering Systems studyl, in the character of NOx emission sources and in
NOx control technology. It is concluded that planning priority should be for
coal fired utility and industrial boilers followed by stationary internal
combustion engines. The most attractive short- and long-term option for
coﬁtrol of NOx emissions is combustion modification technology. The priority
items are development of techniques for control of the conversion of fuel-
bound nitrogen to NO, and development of combustion modifications for the
major area sources such as pipeline I.C. engines, and commercial and domestic
combustion units.

1.1 CHARACTERIZATION OF EMISSION SOURCES

Currently available inventories of No_ emission were compared with the
data presented in the 1969 Esso study. No new major sources of NO_ ' were dis-
covered. Table 1-1 shows a comparison of the Esso projected inventory for 1370
with two recent EPA inventories (References 2 and 3). Figure 1-1 presents the
Reference 2, AP-115, data as a pie chart. As can be seen from the data the
greatest difference is in the utility-size boilers category which increased to
4.7 x 10% tons/year from the earlier estimate of 3.84 x 10° tons/year. This
difference is due to more refined analysis of boiler types and their individual
emission factors as well as an updated emission factor for gas-fired boilers.
Reference 3 indicates a further increase in utility boiler emigsions; however,
these data are rather preliminary.

A further breakdown of the emission sources reveals that, since the Esso
study, coal combustion has remained as the largest contributor to the total ‘
stationary source NO emissions at 42 percent. 1In electrical utility generation,
coal contributes 63 percent of the NO_ emissions. It is anticipated that the
fractional contribution and total levels from coal will increase substantially
during the next decade. '
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-NON COME,
2%

INDUSTRIAL LARGE UTILITY
COMBUSTION BOILER
(258 %) (42.7%)

l.C. ENGINES
£GAS TURBINES

RESID, ¢ COMMERCIAL.
HEATING (1.2%)

NOx ESTIMATED SOURCE CATEGORY

TONS, \97|
4,710,000 LARGE UTILITY BOILERS
2,350,000 1L, ENGINES ¢ &GAS TURBINES
2,850,000 INDUSTRIAL COMBUSTION
790,000 RESIDENTIAL ¢ COMMERCIAL HEATING
340,000 NON—-COMBUSTION <SOULRCES
11,040,000

Figure 1-1. Total NOx Emitted in the U.S. from Stationary Sources, 1971
(From Data Obtained from References 2 and 4)
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Figure.l—l reveals that stationary I.C. engines and gas turbines con-
tribute 21 percent to the total NO, emissions. There is a considerable range
of estimates of NO, emissions from I.C. engines starting from a low of 0.95 x
10° tons/year to a high of 2.3 x 10® tons. The effect of these emissions on
overall air quality is unknown.

1.1.1 Emission Factors

Emission factors have been updated and more explicitly defined for each
source category. A few sources which appear in the Esso report are absent from
the latest EPA emission factor data book, AP-42, These include diesel I.C. en-
gines installed in petroleum refineries, boilers and natural gas engines in nat-
ural gas plants, natural gas engines in pipelines, sintering and other furnaces
in steel-making, lime kilns and glass manufécture. Many of these undelineated
topics may be imbedded in other categoriés. Recent data show emission factors
for oil fired residential heaters 67 percent higher than reported by Esso.

These latest emission factors for residential units have not been incorporated

in the reported emission inventories shown in Table 1-1.

1.1.2 Prospects for NOy Emission

Trends for the future include the impact of the following factors:
® Changes in energy demand

® Fuel switching

) Adaptation of controls.

Figure 1-2 shows a long term projection of fuel utilization for electrical
utility generationa. This curve assumes that fuels will be readily available
and that generating plants will be built to meet the demand. Environmental
laws and international political developments have hindered these sources

in the recent past. Thus we see a much greater utilization of direct coal
combustion in the next decade. From 1980 to 2000 there will be greater
emphasis on "clean fuels" derived from coal, i.e., synthetic gas and oil.

For residential and commercial sources we see the following trends:
) Reduced emissions due to reduced load (cooler homes)
® Some switching back to coal-fired home heating systems

° In the longer term, switching to electrical heat (provided
the power plants can meet the demand)

e Increases in efficiency of the home heater system and greater

housing insulation to reduce the total load and thus emissions

1-4
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Figure 1-2. Estimated Annual Electric Utility Generation
by Primary Energy Sources
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e By the year 2000, the possible widespread use of solar heating for
homes.

Total estimated NOx emissions from industrial combustion has not changed
much since 1969, Little field testing has been done in this area and, except
for large industrial boilers, control techniques have not been well defined.
Emission control efforts will continue to expand, along with fuel substitution
trends. '

Control schemes for the primary non-combustion source, nitric acid
plants, have been developed to meet 1980 EPA standaxds.

I3

Total stationary source NOx trends have exceeded the predicted trends
as shown in Figure 1-3. However, there is a slight downward trend due to

revised emission estimates and controls on West Coast utilities.

1.2 SURVEY OF OPTIONS FOR NOx CONTROL

Since the Esso study the effectiveness of numerous NOx control options

has been evaluated. Present or potential options are categorized as follows:
) Modification of the existing process
] Modification of the fuel
° Treatment of the flue gas
) Use of an alternate process.
These options were evaluated in this report on the basis of the following criteria:
) Cost effectiveness
) Availability (short-term options)
® Low risk development (long-term options)
® Impact on unit efficiency
® Impact on operational difficulty
' Overall environmental impact due to process control
* Compatibility with projected fuel allocations.

The results are summarized in Table 1-2. For the control of existing
combustion sources, combustion modification has remained the most expedient,
most reliable and cost effective technigue. For noncombustion sources, flue
gas treatment is preferred.

For long term NOx control, the incorporation of combustion modifications

into new unit design appears to be the single most effective strategy for
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stationary sources. Large electric power generation units will undoubtedly
benefit from developments in the use of synthetic fuels and fluidized bed com-
bustion in conjunction with combined power cycles. Even these advanced con-
cepts, however, may require combustion modification for No, control. The bulk
of stationary sources -- area sources such as pipeline I.C. engines, industrial
combustion, and domestic heaters ~~ will increasingly utilize combustion modi-
fications for NO. control in new equipment design.

We conclude that combustion modifications are clearly the priority item’
in program planning for NOx control of stationary sources.

1.3 COMBUSTION MODIFICATION TECHNOLOGY

Since the Esso study, there have been fundamental advances in identifying
the formative mechanisms for thermal and fuel NO . The capability for relating
NO formation mechanisms to specific combustion modlflcatlons has not yet been
establlahed, however. Accordingly, the EPA program to devise and test modl-
fication techniques is broadly based with simultaneous focus on fundamental
.studies, pilot scale testing on laboratory scale equipment, and full scale
testing on commercial equipment. The overall short term objective of the
program is to develop verified, cost effective techniques for retrofit modi-
fication of existing units. Most of the significant reductions in NO_ emis-
sions have resulted or directly benefited from the efforts of this program.

The overall long term objective of the program is to develop optimized

control concepts for uew units and to define minimum attainable emission levels.
For both the short and long term studies, the priority development area is
combustion modification techniques for control of fuel nitrogen conversion to
NO.

1.3.1 Fundamental Studies

The fundamental studies area of the combustion contreol progranm is
primarily a long term effort to develop a basic understanding of NOx formation.
Since the Esso study, the emphasis has been on modeling the individual key
phenomena involved in NO formation. Significant advances have been made in
the areas of fluid flow solutlon, thermal NO kinetics, gaseous hydrocarbon
oxidation, and thermal radiation. These results have had the short term yield
of aiding in evaluating data from pilot and full scale tests, and in suggesting
ideas for combustion modification techniqueé. Only preliminary advances .have
been made in the modeling of fuel NOx and of the effects of turbulent mixing
on hydrocarbon and NO reaction rates. These are both considered priority R&D
areag. In the long term, the individual models for the key phenomena will be




TABLE 1-3a

MODIFICATIdN TECHNIQUES FOR UTILITY AND INDUSTRIAL BOItERS

Modification Techniques

Major Effect

Major Potential Problems

Utility and Industrial Boilers

Low ‘Excess Air-Operation

0ff-Stoichiometric
Combustion

Flue Gas Recirculation

Reduced Air Preheat
Operation '

Load Reduction
Water, Steam Injection

Equipment Modifications:
®"Low NOX" Burner

@Boiler Wash

©Widen Burner Spacing

® Tangential firing
(as opposed to wall-
firingg

Oxygen concentration
reduction

Fuel-rich burner operation

Reduced residence time of
fuel at peak temperature

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Provides off-stoichiometric
combustion at burner

Readily fuel/air adjustable
Fuel-flexible

Maintains rated heat
transfer rate
Reduce peak temperature

Reduce interference
between burner flames

Peak temperature reduction

Slower, more controlled,
combustion

Increased furnace slagging
Nearer smoke -threshold

Flame instability, smoking

Higher convective section
temperatures

Flame instability
Boiler efficiency reduction

Boiler efficiency reduction

Boiler efficiency reduction

Boiler efficiency reduction
Increased corrosion

Retrofit problems:

Compatibitity with existing
furnace

Conversion investment costs
Boiler downtime

Boiler downtime
Maintenance expense

New unit design only;
retrofit cost_prohibitive




TABLE 1-3b

MODIFICATION OR CONTROL TECHNIQUES FOR STATIONARY I.C. ENGINES AND GAS TURBINES

Modification or
Control Techniques

Major Effect

Major Potential Problems

Reciprocating 1.C. Engines

Speed vs. Stoichiometry

Decreased Torque Load
(at constant speed)

Decreased Air Manifold
Temperature

Increased Valve Overlap

Exhaust Gas Recirculation

Catalytic Converter,
Ammonia as Reducing Agent
(Post Combustion Control

_ Method)
Water Injection

Precombustion chamber

With speed, NO increases
under fuel-rich and
decreases under fuel-lean
conditions

Peak temperature reduction

Peak tempergture reduction

Peak temperature reduction

Peak temperature reduction

Reduction of NO, NO2 to
N2 and 02'

Peak temperature reduction

Peak temperature reduct~
tion; 0, starvation

Retrofit difficulties;
inability to meet load
demand

Retrofit difficulties;
inability to meet load
demand

Efficiency reduction

Fuel economy reduction
Applicable only to
4-cycle engines

Intake manifold fouling
Additional control system
Operational difficulties
Efficiency reduction

Expensive

Current catalysts sensitive
to impurities in fuel

Increased maintenance;
additional equipment for
water handling

Cost]y‘for retrofit

1-11




TABLE 1-3b (Concluded)

Modification or
Control Techniques

Major Effect

Major Potential Problems

Gas Turbines

' Léan-Out Primary Zone by
Modifying Combustion
Chamber Design

Water injection

Exhaust Gas Recirculation

Peak temperature reduction
Reduced residence time of
fuel at peak temperature

Peak temperature reduction

Peak temperature reduction

Less control over flame
stabilization

Less control over lower
lean extinction performance

Reduced efficiency
Increased maintenance

Additional equipment for
water handling

Reduced efficiency
Additional control system

Operational difficulties




coupled, refined, and verified by correlation with test data to ultimately
yield predictions of NO formation. ‘

1.3.2 BApplication of Combustion Modifications

The present study concludes that combustion modification, including both
operation and equipment variation, is the most viable means of reducing NO_
formation from stationary sources. Tables 1-3a and 1-3b.list the most common
modification techniques -applicable to utility and industrial boilers, station-
ary gas turbines and reciprocating I.C. engines.

The effectiveness of these combustion modifications has been demonstrated
more completely during the past several years. The record of aéhievement'on
steam electric power plants is particularly impressive, with response to these
modifications dependent mainly on fuel type. NO_ from gas-fired installations
showed the greatest reductions since thermal NOx is the only formation
mechanism involved. Diminished degrees of success have been attained for
oil and coal firing due to the influence of fuel NO_. '

For all three fuels, off-stoichidmetric combustion techniques have prov-
en to be the most effective in suppressing both thermal and fgel NOx. Firing
under low (5-10 percent) excess air conditions has become standard operating
procedure for most utility and industrial boilers. The other modification
methods, such as flue gas recirculation and reduced air preheat, are increasing-
ly costly to implement in terms of investment, operating costs, and loss of
plant efficiency. '

Reports have shown that serious operating problems theoretically
associated with combustion modifications can largely be avoided. However,
a certain amount of additional vigilance, as well as willingness to tolerate

a decrease in flexibility, is required of the plant operator.

since 1969, a lesser amount of practial‘Nox modification work has been
performed on stationary reciprocating I.C. engines and gas turbines. This is
due in part to a general lack of appreciation of the importance of these '
sources. The contribution of this type of source has since been estimated to
be quite significant. The most promising NO_ reduction methods include hard-
ware modification for I.C. engines (i.e., precombustion chamber) and water
injection for gas turbines,

The combustion modification cost picture is blurred. In most cases,
such information has gone unreported or is of a proprietary nature. It has
been concluded, however, that generalized cost data would be difficult to
compile due to the disparity between the responses of essentially identical
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combustion'systems to a given modification., These disparities are due to
plant condition, operating modes, fuel differences, etc.

The current clean fuels shortage has significantly influenced the
course of NOx control programs for utility and industrial boilers. The en-
couraging results obtained from natural gas and oil firing have become some-
what academic due to the probable widespread substitution of coal for these
fuels. It is therefore mandatory that all aspects of combustion modification
techniques for coal firing be thoroughly researched in both sub- and full-scale
tests, Achieving maximum Nox suppression and thermal efficiency concurrently
are the ultimate goals.

As emissions from utility and industrial boilers are controlled, the
contributions from area sources, such as stationary reciprocating I.C. engines
and gas turbines, will become more significant. NO_ control systems R&D and
their application to on-line systems is currently accelerating.

1.4 ASSESSMENT OF R&D REQUIREMENTS

Table 1-4 summarizes the items identified in this study as requiring
further development, The recommendations are categorized as follows:

) Combustion Modification Technology
- Fundamental Studies
- Fuels R&D
- Process R&D
- Field Testing and Survey

® Flue Gas Treatment
® Alternate Processes

The overall priority item is development of control techniques for coal-fired

units. Individual items regarded as high priority are summarized below.

- Fuel NOyx - The continuing Rocketdyne study is leading to an under-
standing of mechanisms by which fuel bound nitrogen is converted
to NO. As preliminary results are obtained, independent studies,
at a similar level of funding, should be initiated for key aspects
of the study such as volatilization and pyrolysis models, and
carbon burnout models. '

® Mixing Effects on Reaction Rates - An understanding of NO_ formation

in practical combustors must account for the effects of distortion
of the flame zone due to turbulent mixing. A new program with

1-14



azuang Xon Moy 40y

*oN teny Joj

{043U0D ugljeztwiydo
uabodjlu |3any oy uo1ldo 3A139333 Map ybLY sdajaweded ubisap wnwLido aulwdslag Jausng
UoL3ISNquod |BOD uol3snquos
Joj anbluysal [043u0d XQN 3|qeiA jsoul [e0d yis Butxly pabeys Joj Dl433W0L
8Q 03 SLY} SIFRILDUL YIJ4ESS3L JUISIU{ Mal yb1H ‘sd@jaweded ubpsap wnwijdo auLwdala] -421035-430 asy sisng
) Apnis uaboaj|u {an} Yitm uoLyelpey
£pnis aufpionooy jo sBurpuiy az}(Lin UG }3eNULIuD) wni pay spapou uojjelped Bulysixa azeujpaoo) INETTY
_ fajewoab apdus - sswely sajey
S31RJd UG13IRAU uoLSnySLp pue paxiwadd jua|nquny uoL3oeay uQ
uo Bupxim JO 3933)3 404 s|apoul do|3Aag May ybLY Jo Apnis (edLjfeue pue Fuucmergunxu 393443 Buix)y
sawefy 3a[ 494e] Adepunoq (-2 Bujp|aims
sa|43awcab Moty apduls ul S|Ipou A4L4IA LETY] wn Lpay J0j S|apouwt s2ua|ngany 23do£)0SLUOK
_ ’ Ipo3 Mo} -2 Bupienoad A31S00S1A
£B010UYIT} JUBLUND IZLILIN MaN wnipay -3d U} S{apow adud|nqan3 uojienbl 2 ualnqdng
quenjod ® se [ojjualod SULWLIIAQ THTR Y HIFREH ] ybyt NOH
. " ’ uoj3enu}u0) 454H Zos pue ¥oN 40 wsi5uauAs
. uop3RLpRA ShouLwny
. " " ugjjenuluog yS1H Y3LM UD|3SRQWOd aje|ndlyJed ajdno) '
S|apou 3NOWING
"' “ : " BOL3eNULIUC) Y61y uoqaes snoauaboaady sysA|0a4d-3s0d
sajpnis juapuad _ _ .
-9pu} ojul sbuppuyy aukpilaydoy pudlxl ug{leNnULIU0Y ybiy s|epou SLSAL04Ad + UDLIRZ}[LIRIOA XgN 9Ny
SUOL3EN}LS . $339}30 [RUOLS
Mol} 1eo13ovad o) sbuppuiy pualx3 uo}3eNUEIU0) wnipag ~N}3IP YILM S3p03 WIPSASRUI|N-0S5T
jue3ni1od e se (et3usjod auluaslag UGLIRNULIUO) wnipay Sawe|J Yodla-1anj u} uoLssiwa NIH xcz (L FE
sme| Bupleds pue susajied Mo} uleIq0 MaN MOT 0-€ 404 poyjaw A3L0013A 34NSSAL
#Mo1) BupjeLnadls
ABolouyday Jualand ZLLHIN Maj Mo -3 (-2 40} S9p0d A3120{SA-3ANSSAIY
| 5309)49 uoLje .
-Lped SROULWN] *S|2poW MO|Y $2 “SILIBULY S3apod ’
. U0 s39a439 buixyw *japow IJUI|NQLNG }SIL Mo wn1p Jake| Advpunoq auwe|) 38l Q-2 Alddy S0 13N |08 s31pnIS
. S|3poW A4B}{IXNR JUBIIND 3JRUAOELODU] uoLjenuyjuoc) wn | pay juswudo |9A3p 9pOd (-2 INULIUCY Mmol4 PLNLS Lejuswepun 4
BNUIUO . o .
Bujuoseay ““Wwaonmu:um Kypdondd - . wedboay mc_wmogazm eady Q%4

084 GIANIWWOITY
y-1 316vL

1-15



5334005
Bupyoe| ejep piaj4 | uol3enuiiug) ys1H S324N0S BaJE JOJ [$ST dUllidlag eaJy
. : BuL|noj pue uois BuLbbe(s
juejaodw) £43A B3RP |RUOLILPPY | UOL3ERULILO) y51H -0J40 U0 [SS) 40 $3294}3 auluualaqg g UCLSOJL0)
juawdynby
KyLaotad {1553} ABo[ouyda} (od3juod pasid-120) BuLysa)
asaybLy seq juauwdinbs padLy-|eo] | uoijenujiuo) ybLH 824N0S ALBUOLIBIS JUIAIND BUEWMII] pazLJ4aAlng PICIE|
LeLzuazoed UORULQUOY
uoyjdo abued Buol 1013U3304 | UOLIBRULIUOY Mo7 (LN} 2UUL3}3P 0F Ndom Lu03240{dx3 313hLelesl
. i $324N05
5334n0s eaJe | jeLdadsa seaJy pue
jusud Lnba fsawayss pazluljdo Bulwillap 03 uoLIeILLPOY
a{eas |lnj uo A3j|Lqeatdde aujunalag | uoljeNULIuUD) y61LH sweaboud Bulobuo puedxs 03 SNULIULDY paziwridg
_ spunoduo)
juswdinba apeds |(n} u} quawdinba apess |(n} u} uaboajiu punog
wa{qoad ® S} A4 3Y] j} dULWIIIIQ M3 Mo punoq Af|EBILWaYD JO 230} AULWIIIBQ ajeLpawJaju]
uoL3SNquo)
uUoy3SNQWod [eOd Uo 3p433uW
u " u ugljenuijuc) ybiH Buibeys Jos Bupysa3 aleds ||ny puedx3 { -0}y3103S-330
buinoj _
. . ejep pue U0LSCJL03 Ug sanbiuyszal (od3ued saLpnis
g3ewlILn Y3 PISLA L1lm Bupysag a|eas ||pg | uoijenutiue] ybtH XoN JO Salpnys aLeds [N} WA0jJ34 UoLS04I07 %4 §539044
. $5300J4d pue 3Ny ydeI JA0j SIWIYDS UOL3RDLILPOY
'31404334 2jELpaUL] 403 AJRSSIOIY | uOLIRAULIUC) wnLpa¥y uoLgeOLSLpow paziwLido auguLazag uoj3ezuwLydo
ubirsap Jausng wni3do Yyt XgN uo anbLuysal oty
33PULPJI00Y f3nbLuydal [0JJUOD (RLJU3I04 | UOiIENULIUG) wn 1 paj UOLIRZIWOIR |3N JO $329143 IULUUIIBQ -RZIUWOYY 10
_ s|an} swalqodd UOLSJAIAUDD spang
aanjn} 30 swajqoad £j1judpt 03 AJessadey | uopjenutjuo) wnipan juswd|nb3a pue $|anj wodj suayssiwa Yoy 3139YIUAS
sucLssiWa
sadf} [B03 JO wna3Iads 43A0 sanbiu ¥gN uo saljaadoud o 329443 - |ROD
_ -y233 1043uU03 JO £3i(1qedtidde JuLuuIIa0 M3N wnppaK 40 sad£y Juasaylp 353} A EILIRLRISAS adf] |eoq
’ SAWAYIS [CHIUGD
$1043U0d J0°A3L|1QRD XoN J0 s3tpnis Buj|noj pue UCLSOAL0D Buyno4
-} |dde sujuu3lap 03 410300} quejJdodul A43p Moy ySLH apeosqns op 03 A31[1qe dujuJaleq % UOLSOJJ0]
. seb pue |10 *|B0D JOJ SIXN[J JUBLBANSEIY
$|Spouw uolielped 03 ndu] M3N NOT) 103y UDLIPLPRJ4 J}3SL|Rad auluualaq uoLjeLpey
- sianj Roz {RWABY ] L0}
T x L1aM se uabouagsu Moy BuLsn Jaudng XQN Mo| 403 uopjeziwnydg panujuod
ON LPudy3 J40j uopldo 2A}308448 8q Aol M3N ybty . sJajaweded uSisap unwizdo SULLLIBIAQ 1 A3uang 0%y sLang
uotLIenuLuo ; i ' .
Buiuoseay \Emwmokwuzmm £3140144 weabosd | w Buipeayqng R3LY Q%H
' panuijuoy “¢-1 378V1

1-16



§3124)

uoj3rdIuI

x FETLY|

. - - e MO swa|qo4d QN SUIULIIIAQ pasuvApy
0002 _ x s|ang 525532044
-0861 uL pasn A|aA}sualxe aq Aew s|ang M3N M0 swajqoad TQON 3ulLulala( 3133Yjuis; ajeuady |y
. : Juawyead]
dnuea|2> £Jepuodas Joj padinbad aq Ley MaN Mo 4R BYY JO DILIS MILAIY - seg an|4
v panujuod
- 3 _ usotyun , wa{qodd jo JUIIX3 pur | i s|ang Butysal
a4e swsjqoad xoz pue asn jo JuUaIx3 MaN moq A 24NRU FUUISIEP 03 JoM Auojruo|dx] u*msuuuﬁ¢ Plotd

- UOLJEBRULIUD - .o
Bujuoseay \Ewwmoumuzmm K3pa014d wedboag Bujpeayqns . eaJdy g

papnouo) -1 318Yl

1-17




coordinated experimentation and analysis for a simple flow geometry
would contribute to the basic understanding of this effect and sup—
Plement the coupled modeling effort being done by UARL.

Off-Stoichiometric Combustion - This is regarded as the most effec-

tive retrofit method for simultaneous suppression of thermal and
fuel NO_ formation. A new program in fuels R&D and a continuing
program in process R&D is required to fully exploit the potential
of this technique.

Burner Optimization - Burner configuration and injection pattern

should be optimized, particularly for new unit design, to suppress
the formation of thermal and fuel NOx. A generalized Fuels R&D
program to investigate types of firing for gas, oil and coal would
provide the data needed for design optimization.

Corrosion and Fouling - The effectiveness of combustion modification

schemes can be limited by the increased propensity for corrosion
resulting from the modified combustion conditions. This problem
requires study on both subscale and full-scale units.

Area Source Testing - A field testing program is needed to extend
the technology developed for control of utility boilers to the con-
trol of the major area sources.




SECTION 2

INTRODUCTION

- In 1969, Esso Research and Engineering published results of a system
study of NO_ control from stationary sources with the following objectives:

) Characterize stationary source NO_ emissions

) Assgess NOx control technology

o Explore utility of modeling for NO_ predictions
® Analyze cost effectiveness of control techniques
e Recommend R&D plan for NOx control technology

Esso estimated that stationary sources comprised 60 percent of total NOy emis-
sions and of that percentage, 98 percent was due to combustion sources ranked
as follows: (1) electric power plants (37.5 percent), (2) industrial combus-
tion (29.2 percent), (3) pipelines and gas plants (20.8 percent), (4) domestic
and commercial heaters, (10.4 percent). Based on the limited data and experi-
ence at that time, Esso concluded that the most promising short term option
for NOx control was combustion modificgation.

The Esso study was done when the concerted government program for NOx
control was in the preliminary stages. Since that time, there have been numer-
ous developments both in the character of present or projected emission sources
and in techniques for NO_ control. Recently, obstacles encountered in achiev-
ing effective control of mobile sources have led to a stronger emphasis on
control of stationary sources. The supply shortage of petroleum fuels is
leading; in the short term, to conversion to coal firing, and, in the long term,
to a re-evaluation of alternate combustion processes fof replacement of existing
units. The effectiveness of the combustion modification strategy for control of
large boilers has been validated, since the Esso study, for gas and oil firing,
and preliminarily for coal firing. With coal, the strategy is complicated by
the conversion to NO_ of the nitrogen compounds in the fuel. Control of the
major area sources ~ industrial, commercial, and domestic combustion units -
ig being initiated, using where possible, experience derived from control of
utility boilers.

2-1



In view of the changing pattern of NO control for stationary sources,
Aerotherm Division of Acurex Corporation has been conducting a study for the
_Control Systems Laboratory of the Environmental Protection Agency in order to
assess the current status of NO, control technology. Particular emphasis is
on identifying changes, since 1969, which would reorient the focus of systems
planning. Individual objectives are:

® Characterize current and projected stationary NOx emission sources
[ ] Evaluate present and potential options for NOX control

) Characterize the status and prospects of combustion modification
technology

o Determine requirements for R&D

The Esso report gave a comprehensive treatment of virtually all aspects
of the stationary NO, emission problem including detailed descriptions of em-
mission sources and control technigues. For the present study, it was there-
fore possible to focus, at the outset, on the most significant changes impact-
ing systems planning. Figure 2-1 summarizes the approach used for this study,
and, also, provides a schematic outline of this report. The conclusions and
recommendations of this study were based on a review of recent literature and
discussions with industrial users and manufacturers. Based on the survey of
emission sources, given in Section 3, and on the evaluation of control options,
given in Section 4, it is concluded that the focus of short-term systems plan-
ning remains on combustion modifications for large boilers and the major areas
sources. Section 5 is the main section of the report and is devoted to giving
an overview of combustion modification technology. Potential R&D areas iden-

tified in Section 5 are summarized in Section 6.
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SECTION 3

CHARACTERIZATION OF EMISSION SOURCES

This section reviews briefiy the NO_ emission inventory presentéd in

the 1969 Essol study with emphasis on recent data, significant changes, and
areas of questionable data. The present study has emphasized current stationary
source emissions, but includes some reflections on the projections for 1980

and 2000.

3.1 SOURCES OF NITROGEN OXIDES

No new major sources of NO, have been discovered during the past five

X
years. The primary sources of nitrogen oxides are many combustion processes
and some noncombustion processes such as nitric acid plants. The Esso report

pointed out that the Nox formed in combustion comes from two distinct sources:

N The high temperature reaction of nitrogen and oxygen in air to
form NO

* NO production from nitrogen compounds in fuels such as oil or coal

(.2 - 1.5 percent of fuel weight as N)

The importance of the fuel nitrogen has received considerable study in
the years since the Esso report and will be discussed in detail in Section 5.3.

The primary source of information for this section is data published
in National Air Pollution Emission Trends 1940 - 1970, AP---llS2 compiled and
published by the U.S. Environmental Protection Agency. Whenever possible the
new data are compared directly with the Esso data. Other published sources
on emission inventories for specific areas such as I.C. engines were also
consulted but a detailed study as done in the Esso report was not undertaken.
Areas where further information is needed will be pointed out.

Table 3-1 shows a breakdown of emission sources by type from several
sources including the 1969 Esso reportl. Some of the data in each of these
other reports actually derive from the Esso study. However, any available
new data which updated the Esso study were incorporated in these later surveys.
More recent data (1974) from Reference 3 (NEDS data file) are included for com-
parison purposes and are considered very preliminary. Based on References 2

3-1
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and 4, a revised pie chart was constructed as shown in Figure 3-1. This chart
corresponds to the Esso pie chart (Figure 3-1 in Reference 1) but employs the
AP-115 data in Table 3-1. The I.C. engine data and industrial boiler data were
divided into industrial combustion and pipeline-gas plant categories on the ba-
sis of the estimated I.C, engine data from the McGowin (Shell) study4. Figure
3~1 indicates that the order of importance of each category has not changed.

The greatest change is in the estimate of the electrical utility category, which
increased from the 1970 Esso estimate of 3.84 x 10° tons of NO_ per year to 4.77
- x 10° tons/year. The reason for this will be discussed under the section orn
"large utility boilers. However, Figure 3-1 does not give a representative pic-
ture of the importance of internal combustion engines, because they are distri-
buted between pipelines and gas plants, electrical utilities and industrial com-
bustion. Using the figure 2.22 x 10° tons/year, the contribution of I.C. engines
is 20.1 percent of the total stationary source emissions. This will be further
discussed in Section 3.1.3 on I.C. enginé emissions. A more representative pie
chart can then be made which divides the sources into the following categories:

e Large utility béilers
e I.C. engines and gas turbines
¢ Industrial Combustion
e Residential and commercial heating
) Noncombusﬁion sources.
This revised pie chart is shown in Figure 3-2.

It must be remembered that data presented in total amounts does not
necessarily reflect the importance of the source. Other factors such as
altitude, climatology, geographical location and population density should
be considered.

For the year 1971, the distribution for coal, o0il and gas. contributions
to total NO, production for stationary sources is shown in Table 3-2. This
table shows the importance of coal to the total NOx emisgions. This importance
is further amplified by considering the percentage contribution by the electric
utility industry: 63.4 percent as shown in Table 3-3. This percentage will
certainly increase during the next decade as some utilities convert to coal.
There is also a trend to oil and away from gas. For example, according to.
management at two West Coast utilities their boilers were typically 70-75 percent
gas-fired last year, are 40 percent gas-fired this year and will only be five
percent gas-fired next year. There will also be a move in the industrial sector
towards greater utilization of coal.
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Figure 3-1. Total NOX Emitted In The U.S. From Stationary Sources, 1971.
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Figure 3-2. Total NO, Emitted In The U.S. From Stationary Sources, 1971.
(From Data Obtained From References 2 and 4)




TABLE 3-2

1971 ESTIMATES OF NO* EMISSIONS FROM
FOSSIL-FUEL STATIONARY SQURCES

Emissions Percent of*
Fuel 10 [ tons/year TOtalsosutra‘ctelsonary
Gas 4.6_ 1.6
oil 1.4 S 12.7
Coal 3.9 35.3

* . »
Does not add to 100 percent; remainder is other combustion and non-combustible
sources. '

TABLE 3-3
NOx EMISSIONS FROM FOSSIL-FUEL ELECTRICAL UTILITY UNITS

Fuél Percent of Total NO, Emissions
‘From Electrical Utilities

Gas 21.6

0il . 15.0

Coal _ 63.4




3.2 EMISSION FACTORS

The estimates outlined above for NO, emissions from stationary sources
‘depend on three factors:

l. The total number of sources
2. The emission factor for each source
3. The use factor for each :ource

The Esso report used emissior. factors derived principally from the 1968
Edition of "Air Pollution Emission ‘actors," AP;42, with their own reVision for
CO boilers and catalytic cracking r.generators. The data reported in Table 3-1
from AP-115 are based on emission f .ctors from the February, 1972 edition of
AP-42, and include most of the emis:ion factors reported in the April 1973

edition of AP-426.

Table 3-4 compares the emission factors from the Esso report to the
latest edition of AP—426 and a paper by Jenkins and of McCutchen7 for all
sources which emit Nox. Only a few sources are mentioned in the Jenkins7
paper and these generally agree with AP-42, except for the average figure given
for pulverized coal-firing of steam power plants which seems rather high. As
As can be seen from the table, the AP-42% document goes into much greater detail
than did the Esso report. When this greater detail is listed, the average Esso
value is given‘for the category. Note alse that the factors are presented
next to each major heading in the units given by AP-42. (These units are not
on an eéquivalent BTU basis.) However, most of the fuel combustion sources
are grouped under the fuel type in External Combustion Sources rather than the
particular industry. For example, the Esso report estimates emission from
heaters, boilers, gas engines and gas turbines under gas plants, petroleum
production and pipelines. Strangely, a few emission sources are missing from
AP-426. These sources include diesel I.C. engines in petroleum refineries,
heaters, boilers and gas engines in gas plants, gas engines in pipelines,
sintering and other furnaces in steel making, lime kilns and glass manufacture.
Many of these may be accounted for under external combustion sources. Alternative-~
ly, sources included in AP-—426 but not mentioned in the Esso report are LPG
conbustion, wood and bark combustion, tunnel kilns in brick manufacture and
fiber glass manufacture. Most of these are relatively minor sources and may

have been included under other headings.




EMISSION FACTORS FOR NOx FROM STATIONARY SQURCES

Source Category AP-42 Rev. Esso EPA Paper
(Ref. 6) (Ref. 1) (Ref. 7)
External Combustion Sources
Bituminous Coal Comb. (1bs/ton)
~ Pulverized
General 18
Wet bottom 30
Dry bottom 18 19.98 33
Cyclone 55
Stoker (Large) 15 19,98
Stoker (Small) 6 8.0
Hand Fired 3
Anthracite Coal Comb. (1bs/ton)
~ Pulverized . 18 19,98
Overfeed Stokers 6-15 19.98
Hand Fired Units 3 8.0
Fuel Qil (NOx 1b/10%gal)
Power Plant ' 105 103.9 105
Tangential Fired 50
Residual 40-80 71.9
Distillate 40-80 12.0-71.9
Domestic 12 12
Nat. Gas (NOx 1b/10%ft?)
Power Plant 600 390 418
Tangentially Fired Power Plant 300
Ind. Process 120-230 214
‘Domestic and Com. Heating 80-120 116
LPG Comb, (1bs/10%gal)
Ind. Proc. Furn-Propane 12.1 ND
Ind. Proc. Furn-Propane 11.2
Domes. and Com. Furn. Butane 8-12
Domes. and Com. Furn. Propane 7-1
Wood and Bark Comb. (1b/ton) 10 ND




TABLE 3-4 CONTINUED

Source Category AP-42 Rev "Esso EPA Paper?
(Ref. 6) (Ref. 1) (Ref. 7)
Refuse Incineration (1b/ton) o
Municipal 3 2.0
Industrial/Commercial
Multiple Chamber 3 2.4
Single Chamber 2 2.4
Trench 4 2.4
Controlied Air 10 2.4
Flue Fed Single Chamber 3 2.4
Flue Fed Modified 10 2.4
Domestic Single Chamber
w/o Primary Burner 1 2.4
w/ Primary Burner 2 .4
Pathological 3 .4
Auto Body Incineration (1b/car) 1
Conical Burner (1b/ton)
Municipal Refuse 5 .67
Wood Refuse 1 .67
Open Burning (1b/ton)
Municipal Refuse 6 10.9
Automobile Comp. 4 10.9
Agric. Field Burn. 2 2.0
Landscape Refuse 2
Wood Refuse 2
Stationary Gas Turbines
(0i1, 1b/10%Btu) .84 .11-0,32
{Gas, 1b/10%Btu) .57 0.2
Adipic Acid (1bs/ton) 12 11.6-13
High Explosive Mfg. (1bs/ton)
Nitration Reactors. 160 2.5-6
Nitric Acid Conc. 1 2.5-6
Red Water Incin. 6 2.5-6




TABLE 3-4 CONTINUED

- 1
Source Category AP-42 Rev. Esso EPA Paper
(Ref. B) (Ref. 1) (Ref. 7)
Low Explosive Mfg. (1bs/ton) .
Nitrocellulose Reactor Pot. 12 2.5-6
Nitrocellulose Sulfuric Acid Conc. 29 2.5-6
Nitric Acid Mfg. (1b/ton acid)
Weak Acid Uncontroiled 50-55 57 43
Catalytic Comb. N.G.fired 2-7
Catalytic Comb. H, fired 0-1.5
Cata]ytic Comb., Mixture .8-1.1
High Strength Acid .2-5.0
Coffee Roasting (1bs/ton) 0.1 Neg.
Nitrate Fertilizers (1bs/ton) Neg.
w/Granulator 0.9
Dryers & Coolers 3.0
Sugar Cane Processing
Field Burning (1b/acre burned) 30
Blast Furnace (1bs/ton of pig iron) ND .397
Coke Manufacture (1b/ton)
Charging .03 .065
Coking Cycle .01 .065
Cupola Furnace ND 1
$teal Foundries (1b/ton)
Electric Arc .2 ND
Open Hearth .01 2.45
Other Furnaces in Steel Making ND .086
Sintering ND 1.04
Brick Manufacture (1bs/ton)
Tunnel Kilns (1b/ton)
Gas Fired .15 ND
031 Fired 1.1 ND
Coal Fired 0.9 ND
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TABLE 3-4 CONTINUED

Source Category AP-42 Rev. Esso EPA Paper!
(Ref. 6) (Ref. 1) (Ref. 7)
Periodic Kilns _
Gas Fired 0.42 1.68 -
0i1 Fired 1.7 3.84
Coal Fired 1.4 4,128
Cement Mfg. Kilns (1bs/ton) 2.6 1.53-3.69
Lime Kilns ND 1.152-2.74
Fiber Glass Mfg. (1b/ton)
Textile Products
Glass Furnace .
Regenerative 9.2 ND
Recuperative 29.2 ND
Curing Oven 2.6 ND
Wool Products (1bs/ton)
Glass Furnace
Regenerative 5.0 ND
Recuperative 1.7 ND
Electric 0.27 ND
Curing Oven 1.1 ND
Cooling 0.2 ND
Petroleum Refineries
Boilers & Process Heaters
011 Fired (1b/103bb1) 2900. 2800
Gas Fired (1b/103ft?) .023 .21
Fluid Cat-Cracking Units
(1b/10°bb1 fresh feed) n 4.2
(37.1-145.0) 4.2
Moving Bed Cat Cracking
(1b/10°bb1 fresh feed) 5 4.2
Compressor I.C. Engines
(1b/10%ft3gas burned) 0.9 .77-4.35
I.C. Engines-Diesel (1bs/10%bb1) ND .0093
Gas Turbines (1b/10%ft3gas burned) ND .2
3-11




TABLE 3-4 CONCLUDED

- 1
Source Category AP-42 Rev. Esso EPA Paper
(Ref. 6) (Ref. 1) (Ref. 7)
Gas Plants (1bs/10°ft’gas burned)
Heaters & Boilers ND .19
‘Gas Engines ND 4.3
Gas Turbines ND .2
Pipelines (1bs/10°ft*gas burned)
Gas Engines ND 7.3
Gas Turbines ND 0.2
Glass Mfg. (1b/10%Btu) ND* .87

*
Included most likely as external combustion sources
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3.3 PROSPECTS OF NOx EMISSIONS

The data presented in the previous sections are continuously being
refined and updated as more deﬁailed studies of each source and data from
field tests become available. This section discusses these changeé for each
major stationary source as well as the factors which will influence the
emissions in the future. These factors include

) Changes in energy demand
®  Fuel switching

® Impact of NOx controls.

3.3.1 Large Utility Boilers

3.3.1.1 Emissions Factor Adjustments and Refinements

The greatest change in the emission factors for large utility boilers
has been for gas-fired plants. Esso reported 390 lbs NOx/losft’ of .gas and
AP-42 reported 600 lbs NOx/loaft.3 of gas. Between the gas emission factor
change and more detailed factors for each type of coal-fired unit, the overall
emissions have increased from the 1970 Esso estimate of 3.84 x 10° tons/year
to 4.71 x 10° tons per year.

It should be noted that these estimates do not include the effect of
emission controls. However, other than in West Coast utilities and new

plants across the U.S., there has been very little application of NO, con-

X
trols to date, especially on o0il- and coal-fired plants. The gas- or oil-

fired utilities on the West Coast have seen reductions in NOy by a factor cf 2.

3.3.1.2 Relative Significance of Different Fuels

Converting the revised emission factors in Table 3-4 to an equivalent
BTU basis gives a better indication of the relative importance of each fuel,
as shown in Table 3-5.

TABLE 3-5

COMPARISON BETWEEN COAL, OIL AND GAS ON EQUIVALENT BTU BASIS;
ELECTRIC POWER GENERATION (lbs Nox/log Btu)

Natural Gas 574
(1046 BTU/ft?)

Fuel 0il 700
(149,966 BTU/gal)

Coal (avg) 758
(11,867 BTU/1b)




Thus, for any given plant there should be an 8 percent increase in NO, when
converting from oil to coal and a 30 percent increase when going from gas to

0il provided the load remains constant. If the unit was designed to operate

on dual fuels the load will most likely not be lowered. However, if the boiler
was not initially designed to operate on-a different fuel, converting from gas to
oil to coal will generally reduce load.

3.3.1.3 Projections for the Future

Projections’ for the future are speculative at best. 1In the very short
term we see many utilities decreasing their load from 5 to 15 percent to meet
the "energy crisis"-in fuel supply. This reduction in load will yield a
corresponding reduction in Nox. The duration of this situation is even more
speculative. However, longer term projection as shown in Figure 3-38 indicate
continuing increase in coal, oil, and gas generating capacity with a substantial
increase in nuclear capaciéy.

o
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Figure 3-3. Estimated Annual Electric
Utility Generation By Primary
Energy Sources

Projections such as this assume that the fuel will be available and that the
generating stations will be built to meet the demand. In fact, the future use
of fossil fuels is difficult to project. Figure 3-4 shows an estimated break-
down of the total U.S. energy demand by each domestic energy source and the
required imports'to meet the demand. This particular estimate shows that by
1975, 15.3 percent of the energy could be imported, chiefly as petroleum for
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which the availability and price depend on the international political
situation. Even with adeguate domestic and imported 0il and gas we have

seen shortfalls in getting the energy to the public due to delays in increasing
refinery capacity because of the relative attractiveness of investment abroad
and because of environmental considerations.

w1th.the recent emphasis toward becoming energy independent there is
certainly going to be an effort made to utilize the 3.2 trillion tons of
‘potential coal supplies in the U.5. In order to meet the short term energy gap
the sulfur regulations on coal may have to be relaxed and there will prob-
ably be a greater utilization of coal than indicated on Figures 3-3 or 3-4.
In the longer term, however, there also may be a number of problems in meeting
+he demand for coal for direct combustion and, eventually, for coal gasification
and liquifaction. These problems include: ‘

) Mining capacity
- Trained miners
- Availability of mining equipment
- Process water
) Large invesﬁment requirements
@ Transportation of the coal to the utility
» Environmental Considerations

- Use of low sulfur coal

Strip mining overburden

- Scarred landscape

- Water pollution from acid mine drainage

~  Underground mining resulting in laﬁd subsidence with time
- Coal preparation waste; slag heaps

Thus to what extent and how fast the coal actually gets utilized is also
very speculative, and, as listed above, similar uncertainties make it difficult
to project oil usage. ‘

We see the following non-quantified trends in the electric utility
industrys:

® In the short term 1974 -'198q,increased use of direct combustion
of coal

e Switching from gas to 0il where feasible
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® Accelerated use of nuclear energy

) Emphasis on "clean fuels" for the 1980 - 2000 period
- Synthetic‘gas from ccal
- Synthetic oil from coal
- Shale oil
-  Fluidized bed combustion of coal

= Combined cycle schemes using low BTU synthetic gas,
synthetic 0il, or fluidized bed combustion of coal.:

It is not presently possible to project the'pbtential impact of these
fuels switching trends on total NO, emissions except to observe that at least
in the short term the NOx problem should intensify. The trends cannot be
gquantified with any certainty, and in any case there is presently no informa-
tion with regards to NOx emissions from combustion of synthetic gas or oil,
shale 0il or the use of low BTU gas in combined cycle schemes. Some pre-
liminary information is available on fluidized beds combustion of coal. This

will be discussed in Section 4.1.3.1.

3.3.2 Domestic and Commercial Sources

‘Additional data on emissions factors for home heaters and commercial
boilers are shown in Table 3-6 from a report by Barrettlo. This data was
developed under EPA and American Petroleum Institute sponsorship and updates
the AP-42 documents. The recommended emission factors are 67 percent higher
for oil-fired residential units and approximately the same for commercial
boilers, Further studies by Rocketdyne under EPA contract will help to define

the level of controllable emissions by optimizing the combustor.

The trends predicted in the Esso study are still wvalid, although the
levels may be higher due to recent emission factors. However, if the energy
shortfall continues the following events may occur:

- Reduced emisgsions due to reduced load (cooler homes)
™ Some switching back to coal-fired home heating systems

) In the longer term switching to electrical heat (provided the
power plants can meet the demand)

® Increases in efficiency of the home heater system and greater
housing insulation to reduce the total load and thus emissions

) By the year 2000, some homes'using solar heating.
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TABLE 3-6

NOy, EMISSION FACTORS FOR RESIDENTIAL AND COMMERCIAL
OIL-FIRED HEATERS AND BOILERS (lbs/lO gal)b

Residential Heaters

Eattelle-Suggjested Emission Factor ' 20.0
AP-42 Emission Factor . . 12.0

Commercial Boilers

Battelle-Suggested Emission Factors

No. 2 0il 20 + 78N%¢

No. 4 20 + 85N™E

No. 5 20 + 87IN™*®

No. 6 20 + B9N°®

LSR (Low Sulfur Resid.) 20 + 84N%¢
AP-42 Emission Factors

Distillate 20 - 40

Residual 20 - 40

where: N = multiplication factor equal to percent nitrogen-
in fuel oil. Typical values are:

GRADE N
2 .01
4 .2
5 .3
6 .4

LSR .2
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3.3.3 Stationary I.C. Engines and Gas Turbines

Total emissions from stationary I.C. engines and gas turbines are
probably the least-well documented and are now belleved to represent from 20
to 30 percent of the stationary source emissions (Table 3-1). Table 3-7 gives
an indication of the problem by showing the total estimated horsepower and
emissions of I.C. engines in the U.S. by several authors including Esso. As
can be seen in the table, estimates of installed horsepower and of the total
emissions vary by a factor of two and do not always correspond. It should be
noted, however, that the Esso emissions only include the 'gas pipeline and oil
and gas production sources. Preliminary data generated by Aerospace5 under
EPA contract agree fairly closely with the She].l4 estimate done under an
earlier EPA contract. Table 3-8 summarizes the emission factors used for each
engine type by Esso and Shell. In general, the emission factors do not differ
greatly, although the Shell data are usually higher. It should be remembered,
however, that a significant percentage of these engines (gas pipeline and oil
and gas production engines) are located in non-urban areas and that the resi-
dence time of NO or NO, in the atmosphere is only a few daysl.

Installed horsepower and estimated emissions from stationary gas tur-
bine engines are presented in Table 3-9. There is considerable discrepancy
between the Esso numbers and the Shell report; however, the total emissions
amount to only 1 percent of the total stationary source emissions. The elec-
tric power generating turbines chiefly represent standby and peaking units
(although an increasing number are coming on as base load units) but are im-
portant since they occur in urban areas. When on line they can represent a
sizeable point source of emisssions. The Aerospace studyS will also be taking
a better look at these emission sources.

We see the following trends with regard to I.C, engines and gas turbines.

) Significant increase in the use of gas turbines for gas pipelines,
oil field application and peaking and standby units for electrical
power generation

e Continued increase in I.C. engine applicétions but many applications
going to gas turbines for greater reliability (unless fuel costs
becomes prohibitive)

® Increased use of gas turbines for combined cycle plants.



TABLE 3-7

TOTAL INSTALLED HORSEPOWER AND EMISSION FROM RECIPROCATING I.C. ENGINES

Installed Horsepower

Engine Type Esso! she1?s2 Aer05pace5
108 hp 10% hp 108 hp
Gas Engines . -
011 & Gas Transmission Lines 11.28
Utility Electric Power Generators 3.80
Agricultural Wells 53.0 0.00
0i1 & Gas Production (total) 7.00
Commerical/Institutional/Industrial 0.23
Municipal Water & Sewer Treatment 0.46
011 Fueled Engine
Diesel - Precombustion Supercharged 0.7
Diesel - Precombustion Nonsupercharged 0.1 11.86
Diesel - Direct Injection Supercharged 14.0
Diesel - Direct Injection Nonsuper- 2.0
charged
Total Horsepower 69.8 37.74
NO, Generation by I.C. Engines
‘Engine Application (tons/year)
' 10° ton/yr { 10% ton/yr | 10° ton/yr
Peaking Power ? 0.062 | 0.065-5
Gas Pipeline 1.596 0.930 ?
011 & Gas Production 0.730 0.832 ?
Agricultural Wells ? 0.319 ?
Standby ? 0.0 ?
Other ? 0.093 ?
Total Emissions (2.326) 2.236 1.95

3ncludes dual fuel engines.

bIncludes peaking power and standby from normal load to full load capacity.




TABLE 3-8

NOx EMISSION FACTORS FOR RECIPROCATING
I.C. ENGINES (gm.NOx/Bhp-Hr)

Engine Supercharged? Esso] SheH4 AP--426

Diesel, Precombustion  Yes 3.3 | 5.3

Chamber |
Diesel, Precombustion : 1.37-1.95 5.9

Chamber
Diesé], Direct Injection Yes - 11.75 13.8 3.8-22.7
Diesel, Direct Injection 4.29-9.17 11.2
Natural Gas (Otto) Yes 25.4 12.5
Natural Gas (Otto) 12.7 11.8

TABLE 3-9

TOTAL ESTIMATED HORSEPOWER & EMISSIONS
FROM GAS TURBINES

Horsepower (10%hp) Emissions (tons/yr)
B e —— ————————
Esso _
Turbojet - 0il 5 ?
Turbojet - Gas 46 ?
Esso Total 51 21,000%
Shell
Electric Power Gen. 30.44 62,920
0i1 and Gas Pipelines 3.52 39,800
Natural Gas Processing
Plants 1.53 28,130
Shell Total 35.49 130,200

3ncludes only oil and gas piplines (19,000 tons/year) and natural gas
processing plants (2,000 tons/year)
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An EPA grant (No. R80227D with Aerospace Corporation) will provide fur-
ther data on I.C. engines and will recommend an R&D program for I.C. engines

as a source of Noxs.

3.3.4 Industrial Combustion Sources

Industrial combustion sources include industrial boilers and process
heaters, total energy systems, incineration and other burning, metallurgical
processes, kilns for cement, limestone, and ceramics, and glass manufacture.
As can be seen by studying Table 3-4, maﬁy of the emission factors have been
further updated and more finely'divided but the overall effect on total emis-
sion from industrial processes has not changed much from the Esso prediction.
Except for industrial package boilers, which contribute a significant percent-
age of NOx £o this area source, very little testing has been done to date.
Again, the Aerospace study5 will provide additional estimates on NOy emigsions
from these industrial area sources. Further testing of these area sources is
‘planned by the Combustion Research Section, Control System Laboratory of EPA.
Trends for the future include:

. Steady growth in the number of plants

e Perhaps some fuel switching to oil or coal depending on
- Environmental laws
- Price availability of fuel

. Higher preheat and O2 enrichment for energy efficiency.

3.3.5 Non~Combusticyn Sources

As has been mentioned in numerous references the primary noncombustion
source of NOx emissions is in the manufacture of nitric acid. Emission factors
are now more detailed but the total emissions are approximately as predicted by
Egso.

Discusgions with EPA personnel11 indicate that commercial and economical
control schemes have been developed (e.g., Union Carbide-Molecular Sieve scheme)
and could soon reduce the emission to 10 -« 25 ppm from an uncontrolled value of
around 200 ppm.

3.4 NOx EMISSION TRENDS

The trend of Nox emission from stationary sources from 1950 to 1971 from
from AP-llS2 ig illustrated in Figure 3-5. Also shown in Figure 3-5 is the
Esso predicted curve from 1950 to the year 2000. As can be seen on the curve
NOy levels have already reached the 1975 level predicted by Esso. The slight
downward trend in 1971 is due to revised emission factors and implementation
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of NOx controls on the West Coast., If further controls are implemgnted both
on stationary and mobile sources the potential trend may be as illustrated

in Figure 3"612. This figure shows the contribution for controlled and
uncontrolled emission of each fuel type for total NOx emissions. However,
Figure 3-6 does not reflect the impact of fuel switching. Additiqnal studies

to predict trends which incorporate recent developments are necessary.
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Figure 3-6. Stationary And Mobile NOX Emission Trends

3.5 SUMMARY

Recent data have not substantially altered the NOx contributions
reported by the Esso study. However, it must be remembered that a straight
ranking of amounts of emissions does not consider the importance of factors
such as altitudes, dispersion, c¢limate, geographical location, etc. These
other factors are particularly important when considering I.C. engines. New
data brought out in this section include the following:

® NO, emissionse from steam electric generating are higher than

predicted by the Esso report for 1970 - 1971.

] NO,, emission quaﬁtities from I.C. engines and gas turbines is not well
defined, but may contribute 20-30 percent of the total.
® The effects of Nox emission from I.C., engines on the overall
air quality is unknown.
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e Emission factors have been updated with recent data and are
now more detailed in all categories.

. Emission factors for olil fired residential heaters are 67
percent higher than reported by Esso.

] There is very little field data on industrial combustion sources.

° Nox controls have been incorporated on West Coast electrical
power plants.

Trends for the future include the following:

) There will be a significant increase in the utilization of coal
and oil in power deneration, leading to an intensified NOx
problem which is impossible to quantify at this time.

) Industrial area sources may be switching to oil or coal if the
energy shortage continues, leading to an intensified NO, problem
which is impossible to quantify at this time.

® Home heating systems will become more efficient if the cost of

fuel rises and we may see a smaller increase in NOx emission as
a result.

e ‘The degree to which NO, controls will be implemented in other areas
depends on local and federal regulations, such as the New Source
Performance Standards (NSPS), amount of fuel switching and further
developmants for oil and coal.

Recommendations for future work to more clearly define the status of emissions
include:

e Those sources which seem to be missing from AP-426 should be in-
vestigated to determine if they appear in some other category.

] A better assessment of the relative importance of each source should
be made.

® Additional field data is necessary for industrial combustion sources,
I.C. engines and gas turbines.

) A study is necessary to determine a reasonable implementation plan
for Nox controls on stationary sources and to determine the impact
on Nox emissions.
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SECTION 4

SURVEY OF OPTIONS FOR NO, CONTROL

The preceding section surveyed NO_ emission sources with a view toward
identifying changes since the publication of the Esso report which would alter
the focug of control program planning. This section gives a corresponding sur-
vey of candidate Nox control techniques as applicable to the sources character-
ized in Section 3. The objective here is to identify the attractive short and
long~term optiong for No_ control through evaluation of developments and user
experiences subsequent to the Esso study.

Short term options for No_ control necessarily involve retrofit modifi-
cations of existing units. Following the Esso study, there has been extensive
testing and application of retrofit concepts. Long-range options include in-
corporation of unit modifications into optimized design for new units as well
as use of alternate processes. The selection of alternate processes is usually
motivated by process economics for which pollution control devices are an im-
portant tradeoff. Increasing recognition of projected gas and oil fuel short-
ages, subsequent to the Esso study, has given impetus to the design and evalu-
ation of alternate processes, particularly for power generétion.

The criteria for evaluation of short and long-range options include:
° Cost effectiveness

® Availability (short term options)

e Low-risk development (long-range options)

o Impact on unit efficiency

) Impact on operational difficulties

e Overall environmental impact due to process control

. Compatibility with projected fuel allocations

Options for NOx control from combustion sources are evaluated in Section 4.1;
non-conmbustion sources are treated in Section 4.2,



4.1 COMBUSTION SOURCES

Combustion generated No_ results from the thermal fixation of atmospheric
nitrogen in the combustion air, or from conversion of bound nitrogen in the fuel,
Thermal NOx can be formed in the oxidation of virtually any fuel in the presence
of air, while fuel NOx results primarily with firing of coal and the heavier
residual and crude oils. From a systems standpoint, the control of NOx emissions
can be approached by four strategies:

. Modiflcatxon of operating conditions in exlstlng units to alleviate:
condltlons favorable to NO formation;

e Modification of fuel by denitrification, use of additives, or sub-
stitution with a low 1\10x forming fuel;

) Treatment of flue or exhaust gas for NOx removal;
® Use of alternate low NO, processes in new units.

Control techniques in these categories are reviewed below.

4.1.1 Modification of Existing Units

The Esso report concluded, on the basis of the limited data available,
that retrofit modification of existing units was the most promising approach
to the reduction of NOx emissions. In the intervening period, the feasibility
and some limitations of this strategy have been demonstrated, particularly for
utility boilers. Evaluations of the combustion modification strategy are given
below for boilers, stationary engines, and other combustion sources.

4.1.1.1 Utility and Industrial Boilers

Utility boilers are the largest single stationary source of NOx emissions
and are also "point sources" in the sense of having a very high ratio of total
emissions to the number of units. These units have accordingly been the most
extensively modified as part of the NO, control program. Industrial boilers

,60 are usually regarded as an "area source,® with a low ratio of emissions to num-

X

ber of units, and have been accorded a lower priority in the NO_, control program.
The technology for modification of these units is currently under development
utilizing, where possible, experience derived from the modification of utility
boilers.

The most s;gnlflcant achievement in No control has been with gas fired
units. Typically, reductlons from uncontrolled levels of 400-1000 ppm to a con-
trolled level on the order of 200 ppm have been attained through reduction of
the peak flame temperature and through creation of fuel-rich conditions in the




primary flame zone. The cost-effective techniques favored to produce these
changes in operational conditions are off-stoichiometric combustion by biased
burner firing, reduction of excess air, and, less frequently, recirculation of

flue gas into the primary combustion air. Figure 4-1 shows results from the

modification of a 750 MW horizontally-opposed, face-fired unit13.
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These results also show that load reduction is effective for NOx control; use
of this strategy is usually not favored, however, because of ecomonic consider-

ations.

With oil and coal firing, the combustion modification strategy must con-
front the formative mechanisms for both thermal and fuel Nox. Since the Esso
study, the validity of combustion modifications for NO, reduction in oil-fired
units has been demonstrated. Operational guidelines for coal-fired units are
currently being formulated through field testing. 1In generai, tests indicate
that emission reductions for oil and coal-fired units are less than for gas-
fired units with comparable combustion meodification. The most effective
scheme is a combination of low excess air and off-stoichiometric firing. In-
dications are that the effectiveness of flue gas recirculation decreases as

the quantity of bound nitrogen in the fuel increases.

Figure 4-1b shows typical reductions from modification with oil firing
for the same unit as the gas fired results in Figure 4-la. Although the modi-
fications yielded significant emission reduction, the percent reduction with
each modification is less with oil than with gas. The minimum emission level
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achieved through the combinéd modifications was higher for oil than for gas.

For the firing of coai, the minimum emission level demonstrated through combus-
tion modification is highér than for either oil or gas. This pattern has signi-
ficant impact in view of the increasing conversion of utility boilers to coal
firing.

Although combustion modifications remain as the most attractive option
for reduction of uncontrolled emissions, there are limitations to the effec-
tiveness of this strategy for attaining very low emission levels. Limitations
arise through operational difficulties such as burner instability or corfosion,
emission of other pollutants such as smoke or CO, or a reduction in thermal
efficiency. For this situation, the diminishing returns from further applica-
tion of combustion modification would eventually justify, on a cost effective-
ness basis, use of alternate technigues, such as flue gas treatment, for a
backup control technique. Most modifications to date have bheen done without
optimizing burners for combustion modifications. Improved burner designs com-—
bined with other modification technigues should show significant effects. Fur-
ther results and evaluations for the combustion modification strategy are given
in Section 5.

4.1.1.2 Gas Turbine and Reciprocating Engines

The NO_ control technology for stationary I.C. engines and gas turbines
has developed from the automotive industry and aircraft industry respectively.

Each of these sources will be discussed separately.

Reciprocating I.C. Engines

Equipment modification control techniques for existing units include the
following:

° Modification of operating conditions
- Speed
- Torque/Load
- Ignition timing
- Fuel injection timing
- Ajir temperature
- Air pressure
- Exhaust back pressure
® Exhaust gas recirculation

e Water injection



o Valve timing
° Compression ratio

All of the operating conditions can be changed in a direction to decrease
NO emission. The modifications mechanism in reducing NO is in general to
lower the flame temperature, decrease the availability of oxygen or to shorten
the equivalent residence time. The general effect of these changes when moving
to lower NO is to increase fuel consumption, increase em1551on of CO,H/C or
smoke or to reduce performance. The relationship between each ‘of these opera-
ting parameters will be discussed in Section 5. Exhaust gas recirculation and
water injection have also been shown to be an effective method of NOI reduction
in I.C. engines., Side effects include increased fuel consumption and possibly
less engine reliability and life. Increased valve overlap has similar effects
as E.G.R. and could be implemented by simply changing the camshaft. Consider-
able data has been developed in each of these areas since the Esso study and
will be reported in Section 5. At this time the most viable technique in the
short term for both diesel and spark ignition gas engines is water injection.

Gas Turbines

Potential equipment modification conrrol schemes include the following:
e Minor combustor can modification |
® Reduced turbine inlet temperature by reducing power

o Exhaust gae recirculation

e Water injection

Although considerable data has been developed in the last few years for
each of these schemes no single method has been ruled out or achieved the de-
sired reduction. All are still undergoing investigation. 1In the short term
some electric utilities are trying water injection but feel the ultimate solu-
tion will be through new combustor can development which will provide a replace-
ment can. Recent developments will be discussed in Section 5.

4.1.1.3 Other Combustion Sources
Other combustor sources for NO, include the following ipdustrial soerces.
e Metallurgical furnaces
) Cement, lime and ceramic kiln
. Glass manufacture
° Incineration and waste disposal

e Residential and commercial space heating




No specific NO_ control technology wag found in the recept literature
for any of these areas. The Battelle study surveyed emission from space
heaters and showed the effect of excess air on Nox emissions and other pollu-
tants for 33 existing oil-fired units (decreasing excess air lowers NO_, emis=-
sions). Data reported in a paper by Howekampl4 ghowed similar results for
five "combustion improving" oil-fired burner heads for use in residential heat-
ers. The Howekamp data showed a peak NO_ emission at a stoichiometric air-fuel
ratio around 1.6 and decreasing on either side of this point. None of these
devices substantially changed NO_ emissipns. Rocketdynels, currently under
contract with EPA to develop an "optimum" home heater size burner, have devel-
oped a low excess air burner with 30 percent to 50 percent.reduction in‘Noxus.
This design is currently undergoing long term cyclic testing. Aerospace Cor-
poraticml5 under EPA contract is currently working on technology assessment of
the other combustion sources but no data have been reported. This will be
followed by a field study to better determine the emission factors and current
range of control. Thus, the general discussion presented in the Esso report
for NO, control for each of these sources is still valid.

4.1.2 TFuel Modification

Fuel Switching

For a Nox control strategy, natural gas firing is attractive because, as
discussed in Section 4.1.1.1, the effectiveness of combustion modification is
better than for oil or coal firing, particularly with high levels of fuel
nitrogen, and the optimum emission level is thought to be lowest for gas. De-
spite the superior cost effectiveness of NO, control in gas-firing, the econo-
mic considerations in fuel selection are currently dominated by the petroleum
supply deficiency, and the trend, as stated in Section 3, is toward coal-fired
anits. On a short-term basis, fuel switching to natural gas or low nitrogen
oil is not a promising option.

A promising long range option is the use of clean syhthetic fuels derived
from coa116’17. candidate fuels include low Btu gas (100-300 Btu/scf), interme-
diate Btu gas (300-500 Btu/scf) and synthetic oil. Process and economic evalu-
ations for the use of these fuels in power generation are being made by the EPA,
The Office of Coal Research, The Bureau of Mines, and the Electric Power Research
Institute. Two options considered likely are firing of low-Btu gas in a conven-
tional boiler, and the use of low Btu gas in a combined gas and steam turbine
power generation cycle. For both systems, economics favor placement of both the
'gasifier'and power generation cycle at the minehead, so the most extensive use of
these options would be for new units to replace fossil fuél units starting around
1980.




The NO_ emissions from low Btu gas-fired units are expected to be low
due to reduced flame temperatures characteristic of the lower heating value
fuels. The effects on NO_ emission of the molecular nitrogen and the inter-
mediate fuel nitrogen compounds, such as ammonia, in the low Btu gas have not

been determined and require study.

As a NO control strategy, the use of synthetic fuels is promising in
the long term but will not remove the burden from combustion modifications in

‘the short term.

Fuel Additives

In principle, use of fuel additives could reduce NOx emissions through

one or a combination of the following effectsls'lg’zoz '

® Reduction of flame temperature through increased thermal radiation
or dilution

e Catalytic reduction or decomposition of NO to N,
° Reduction of local concentrations of atomic oxygen

Martin et al. tested 206 fuel additives in an oil-fired experimental
furnacela, and four additives in an oil-fired package boilerlg. None of
the additives tested reduced NO emigsions but some additives containing
nitrogen increased NO formation.

Shawzo tested seventy additives in a gas turbine combustor and found

that only metallic compounds promoting the catalytic decompostion of NO to
N, had a significant effect on NO emigsions. From 15 percent - 30 percent
_reductions in NO, were achieved with addition of 0.5 percent by weight of
iron, cobalt, manganese, and copper compounds. The use of this technique
for NOx control is not attractive, however, due to increased cost, serious
operational difficulties, and the presence of the additives, as a pollutant,
in the exhaust gas.

An indirect reduction of NOy could result from use of additive metals

21'22. The excess air level in oil-

intended to prevent boiler tube fouling
fired boilers is frequently set sufficiently high to prevent tube fouling.

Use of additives could allow use of a lower level of excess air which in turn
would reduce NOx emissions. The emission reduction from this strategy is gquite

limited and the cost eﬁfectiveness is likely to be poor.

Fuel Denitrification

For firing of heavy oils and coal, NOg emission reduction could be
achieved through removal of the chemically bound nitrogen from the fuel. No
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effective denitrification process has been demonstrated and progress is hindered
somewhat by uncertainty as to the types of compounds comprising the fuel nitro-
gen. There is some speculation that the desulfurization treatment has a side
benefit of reducing fuel nitrogen, but this has not been verified.

In view of the attractive cost effectiveness of combustion modification,
and the projected conversion to clean synthetic fuels, denitrification does not
appear to be a promising long range options for NO, control.

4.1.3 Alternate Processes for New Units

For new units, the combustion control technology derived from retrofit
of existing units can be incorporated, together with new concepts not applica-
ble for retrofit, into designs optimized for NO control. The flexibility of
this approach yields potentially lower costs and higher effectiveness relative
to the retrofit of existing units. Alternatively, the economic factors involved
in projected fuel conversions and emission control for use of high sulfur fuels
may dictate selection of an alternate combustion process.

4.1.3.1 Utility and Industrial Boilers

Optimized Design

Retrofit concepts applicable to new design include: optimized burner
placement and biasing for off-stoichiometric combustion, flue gas recirculation,
and overfire air ports for two-stage combustion. New design concepts include
optimiéed burner design, particularly for suppression of fuel NO_, and larger
furnace volume. Ideally, the combustion chamber design should be tailored to
the flame shape found from burner optimization studies to yield the lowest NO
emission. One design which approaches this concept is the tangentially fired
boiler. The low heat release rate and slow mixing of oxygen with the fuel in
tangential firing yields relatively low rates of formation of both thermal NOx
and fuel NO, .

With implementation of the above techniques, boiler manufacturers have
been able to meet the EPA New Source Performance Standards (NSPS):

Coal " 0.7 1b N02/10‘Btu
0il 0.3 1b N02/10°Btu
Gas 0.2 1b Noz/lo‘xatu

For units going into service beyond 1980, this approach to NO_ control may be
replaced by use of alternate processes, discussed below.



Alternate Processes

In the period beyond the year 2000 it is projected that the U. S. energy
requirements will largely be met by a combination of figsion and fusion reactors
and solar energy conversion supplemented by fossil fuels, MHD, and geothermal
power23. In the interim, fossil fuels will remain the major energy source
with increasing use being made of low-grade high-sulfur coals. Two promising
concepts for the use of these coals in the clean and efficient production
of energy are use of synthetic fuels derived from coal, discussed in Section
4.1.2, and fluidized bed combustion. ‘

Suggested advantages of fluidized bed combustion compared to conventional

boilers ar324'25'26:

) Compact size yielding low capital cost, modular construction, fac-
tory assembly, and low heat transfer area

e Higher thermal efficiency yielding lower thermal pollution

* Lower combustion temperature (1400°F-1800°F) yielding less fouling

and corrosion

® Applicable to a wide range of low-grade fuels ineluding char from

synthetic fuels processes

e Adaptable to a high efficiency gas-steam turbine combined power
generation cycle

The feasibility of the FBC-for power generation depends in part on the follow-
ing: development of efficient methods for regeneration and recycle of the
dolomite/limestone materials used for sulfur absorption and removal; obtaining
complete combustion through flyash recycle or an effective carbon burnup cell;
development of a hot-gas particulate removal process to permit use of the com-
bustion products in a combined-cycle gas turbine without excessive blade erosion.

The potential for reduced NOx emissions with fluidized bed combustion is
currently under investigation in several EPA funded projects. Preliminary tests
with pilot scale units 24,25 indicated that emission levels well within the EPA
standard of 0.7 1b N02/10°Btu for a new coal-fired units can be achieved. At
the operational temperatures of the fluidized bed, the rate of formation of
thermal NO_ is very low and nearly all NO_ emitted results from conversion of
fuel nitrogen. The fuel nitrogen content in the coals used in the pilot tests
was not given, so these results cannot be generalized.

Several of the pilot scale units have been tested for the effects of
operational variables on NO_ emissions. BCURA26 has reported preliminary
evidence that their pressurized fluidized bed yields lower emissions
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than their atmospheric unit. The bed temperature has little effect on NOx
emissions in the range from 1400°F-~1800°F, but operation with excess air in-

creases NOx significantly. Argonnezs, and E55027

, have spggested that opera-
tion with two-stage combustion may be effective for NO_ control in the firing
of high nitrogen content coals. Esso suggests that two-stage combustion

could have the additional advantage of increasing the efficiency of the sulfur

removal process.

From a NO_ control standpoint fluidized bed bombugtion is regarded as
medium risk concept because the economic feasibility of the basic process as -
well as NOx control techniques has not been fully established relative to con-
ventional boilers or low Btu gas combined-cycle units.

4.1.3.2 Gas Turbines and Reciprocating Engines

Control methods for new reciprocating I.C. engines and gas turbines in-
clude all of those technigues mentioned for retrofit (Section 4.1.1.2) plus
those listed below.

I.C. Reciprocating Turbines

Precombustion Chamber Reduce Turbine Inlet Temperature
Prevaporize Fuel
Major Combustor Can Modification

There has been work in each of these areas which will be discussed in Section
5.4.2.2.

4,1.3.3 Other Combustion Sources

Other than the development of an optimum burner by Rocketdyne for home
heating application, no new information was available on alternate processes
for these other combustion sources for NOx control,.

4.1.4 Flue and Exhaust Gas Treatment

Esso reported in the 1969 report that of the various flue gas'treatment
schemes the aqueous scrubbing gystems using alkaline solutions held the most
promise. In a subsequent study by Chappel at E55028 under EPA sponsorship
a number of agqueous solutions were investigated. The following conclusions
are quoted from the Chappel report:

o e The addition of NO, to flue gas to improve NO, (mostly NO) absorption
\\ ‘ does not appear promising.
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™ Sulfite solutions and slurries are efficient NOé—-SO2 absorbents.
Soluble sulfites (Na2503) are better NO absorbers than insoluble
slurries (CaSOB).

) Calcium, magnesium and zinc hydroxide slurries are effective Noz—So2
absorbers,

® Limestone (CaCOB) is also a good N02-802 absorbent.

e Sulfide solution are excellent NOZ—Soz,absdrbers but do generate
a small amount of NO. ' '

® Part of the absorbed SO2 is oxidized to sulfate.

® Combined NO_ -S5O, scrubbing seems feasible using any of several
hydroxide or carbonate systems provided NOX(NO) can be effectively
oxidized by NO, upstream from the scrubbing unit.

The following recommendations were made for areas of future work.

"Pilot plant studies are needed to scale up the bench scale work devel-
oped in this study. The following critical factors need to be defined under
process conditions:

e Rates of NO, absorbtion by different aqueous solutions under pro-
cess conditions.

e - Effect of scrubber design on absorbtion.

] Requirements for anti-oxidants must be assessed.

e The product distribution for the absorbed NOx must be measured.

) Sstudy of spent solution regeneration.

) Methods of optimizing NO_ to NO,, oxidation by catalyst or ozone."

Although an exhaustive‘study was not made due to time limitations, to
our knowledge there is still currently no established gas treating processes
for NO_ control, especially for control of NO_ emissions from power plants.
Reference is made to a new process developed by the Krebs Company in Section
4.2, Non-Combustion Sources, which is reported to be applicable to combustion
sources in a combined 50,-NO_ scrubbing scheme. However, to date it has not
been applied to a full scale power plant. It is the general belief by most
researchers that the primary control of NO_ emission will be through combustion
modification and at some future time flue gas treatment schemes may be utilized
to perform a secondary control, say to achieve 10-20 ppm of NOx from a 60-100
ppm level.
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4.2 .NON-COMBUSTION SOURCES
Non-combustion sburces include.the following:
. Nitric Acid Plants
& Amonium Nitrate Manufacture
o Organic Oxidations
® Organic Nitrations
@ Explosives
® Phosphate Rock Acidulation
® Metals treatment and etching

Nitric acid plants are the largest source of NOx from these industries,
although the other sources often produce intense local concentrations of NO_,
typically as a brown NO, plume. However, due to the relatively small contri-
bution of these sources and the limited scope of this study, the control meth-
ods for these sources were not thoroughly investigated. It is our opinion
that either scrubbing for NO, or process changes have been made on many of the
sources to meet local ordinances for visible plumes. The reader is referred
to References 29-32 for details on a number of processes. Reference 19 pro-
vides descriptive information on hundreds of U.S. patents since 1950 for flue
gas treatment. The following areas are covered:

[ ] Catélytic conversion of industrial stack gases

@ 2Absorptive techniques for removing nitrogen oxides from gases
o Liquid scrub processes for removal of nitrogen oxides

e Combustion techniques for eliminating oxides in gas stream

In addition, a recent development by the Krebs Company is reported to
achieve flyash, SO, scrubbing and NO,, scrubbing in a single apparatus. The
system utilizes an agueous solution of NaOH in conjunction with high efflClency,
high surface area scrubbers, and a proprietary catalyst for NO, NO, conversion
to N,. It is reported applicable to any size source from metal etching plants
to utility boiler and has achieved efficiencies of 99.5 percent for flyash, 93
percent SO2 and 35-70 percent for NO_ . NO and NO

2
. —————
in the processBs.

are converted to Nz and N20

For existing nitric acid plants there are basically two methods that are

being utilized as retrofit schemes, catalytic combustion and molecular sieve

adsorptionzzz




Catalytic Combustion

This process involves the reaction of methane or hydrogen-rich'fuel by
NO2 or NO and O2 over a catalyst to produce COZ' Hzo and N2‘ The oxygen content
of the tail gas is an important factor in determining the flow scheme of the
catalytic combustion system, since the maximum oxygen removal per stage is
approximately 3 percent. Therefore, above 3 percent oxygen either a two stage
system is used or one stage with recycle. Most plants use a single stage
unit and achieve only decoloration of the NO, to NO. By using additional
stages, fuel, and catalyst all the NO  can be abated but it is usually con-

sidered too costly. Several catalytic schemes are shown in Figure 1-234,

Molecular Sieve Adsorption

Union Carbide is currently working on a commercial molecular sieve ad-
sorption scheme for NOx removal from nitric acid plant tail gases. Concentra-
tion of less than 10 ppm are achievable. Figure 4-3 shows a typical schematic
of the system. Two parallel streams are run to enable continuous operation
while one stream is beiﬁg regenerated. During the adsorption cycle the nitric
oxide is catalytically converted to nitrogen dioxide, the tail gas water vapor
is adsorbed and the total Nox is adsorbed as NO,. During regeneration the
nitrogen dioxide is recycled to the nitric acid absorption equipment. Proponents
for the molecular sieve scheme claim compliance with projected EPA regula-
tions. It may also be more attractive due to less fuel consumption. '

Table 4-1 presents some typical costs for the two schemes based on a TVA
nitric acid plant34. Union Carbide reports costs for their scheme of approxi-
mately $1.50/ton of HNO3 for a 300 ton/day plant. These costs are changing

rapidly due to increased cost of stainless steel.

4.3 SUMMARY

A summary evaluation of NOx control options is given in Table 4-2., For
the control of existing combustion sources, combustion modification has remained,
since the Esso study, as the guickest, most reliable and cost effective technique.
For non-combustion sources, flue gas treatment is preferred.

For long term Nox control, the incorporation of combustion modifications
into new unit design appears to be the single most effective strategy for
stationary sources. Large electric power generation units will undoubtedly
benefit from developments in the use of synthetic fuels and fluidized bed com-
bustion in conjunction with combined power cycles. Even these advanced concepts,
however, may require combustion modification for NOx control. The bulk of sta-
tionary sources -—— area sources such as pipeline I.C. engines, industrial
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TABLE 4-1
COST FOR NO, ABATEMENT FACILITIES
FOR THE NO. 3 NITRIC ACID UNIT AT TVA

Catalytic ' Molecular
Combustion a Sieve
Using Natural Gas Adsorption
Approximate Investment Cost, $ 290,000 . 675,000
Depreciation Cost {10 yr.),
$/Ton HNO3 0.53 1.24
Approximate Operating Costs,
$/Ton HNO,
Natural Gas 1.48 0.07
Electricity -- 0.11
Steam -- 0.06
Cooling Water - : 0.04
Reduction Catalyst 0.10 -
Molecular Sieve -- 0.26
Operation, Overhead, and
Maintenance 1.00 1.00
Byproduct Credits
Steam . -2.04 -
Nitric Acid -- : -0.25
Total Operating Cost ) 0.54 o 1.29
Total Estimated Cost for NOx
Abatement, $/Ton HN03b 1.07 : 2.53

3pata are for two-stage or partial recycle-type combustion process.

bTotal cost for NOx abatement is the sum of the project cost with 10 year

depreciation and the operating costs.
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combustion, and domestic heaters — will increasingly utilize combustion modifi-
cations for NO control in new equipment design.

Combustion modifications are clearly the priority item in program plan-
ing for Nox control of stationary sources. In order to indicate requirements
for effective utilization of combustion modifications, the next.section char-
acterizes the current status of combustion control in the light of developments
since the Esso study.




SECTION 5

COMBUSTION MODIFICATION TECHNOLOGY FOR NOx CONTROL

The Esso systems survey detailed an R&D plan' for which the priority
category was the deveiopment of combustion modification teéhnology. The
recommendations focused on pilot scale and full scale testing of combustion
modification techniques with support from fundamental studies on the combustion
process and NOy formation mechanism. Subsequently the EPA has organized a
Combustion Control Program to develop and coordinate R&D for NOx control; the
Esso recommendations have largely been treated as part of the operation of
this program. In this chapter, a review is made of the achievements, current
status, and prospects for combustion control technology. The objective is to
specify areas of development required for program planning. Specific R&D

recommendations follow in Section 6.

The basic objective of combustion modification technology is to discover
and apply techniques which alleviate NOy formation. A review of known factors

involved in the problem of thermal and fuel NO, formation is given in Section

X
5.1. .A combustion control program directed at confronting the problem is
described in Section 5.2. The status and limitations are given in 5.3 for
fundamental studies, and in 5.4 for pilot and full scale testing. Represen:ative

cost data for combustion modifications are given at the end of 5.4.

5.1 COMBUSTION GENERATED NOx

Oxides of nitrogen formed in combustion processes are usually due either
to thermal fixation of atmospheric nitrogen in the combustion air, leading to
thermal NOy, or to the conversion of chemically bound nitrogen in the fuel,
leading to fuel NOx.
be minor so that total Nox emissions are essentially the sum of thermal and

Any coupling between these two mechanisms is thought to

fuel NOy. For natural gas and light distillate oil firing, all NOy is formed
via atmospheric fixation. With residual, or crude oil, and coal, the
contribution from fuel bound nitrogen can be significant and, under certain

pperating conditions, predominant.



A third potential mechanism of NOx formation arises in processes‘such
as glass manufacturing, where the raw materials in contact with the combustion
Products contain nitrogen compounds, Little is known about the extent of
conversion to NO, of the nitrogen compounds, or of the effects of combustion

modifications on this mechanism.

5.1.1 Thermal NOx

The detailed chemical mechanism by which molecular nitrogen in the
combustion air is converted to nitric oxide is not fully understood. 1In
practical combustion equipment, particularly for liquid or solid fuels, the
kinetics of the NZ-OZ system are coupled to the kinetics of hydrocarbon
oxidation and both are influenced, if not dominated, by effects of turbulent
mixing in the flame zone. It is, however, generally accepted that the most
significant reactions in the formation of thermal NOX are those of the Zeldovich
chain mechanism:

+M20+0+ M, (5-1)

0,
N2 + OS=NO + N , (5=2)
02 + N&NO + 0 , (5-3)

for which reaction (5-2) is the rate controlling mechanism. "M" is a third
" body, normally taken as_Nz. Additional mechanisms are reviewed in Section
5.3.2.

Due principally to the high energy required to break the N, bond in
(5-2), the activation energy for NO formation via the Zeldovich mechanism
is considerably larger than for typical rate~controlling reactions in hydro-
carbon oxidation. This entails that NO formation is initiated well after
Anitiation of fuel combustion and is extremely temperature sensitive with
virtually all NO being formed in the high temperature regions of the flame.
For the time scales involved in the flow through commercial combustors, the
high temperature dependence of the NO system means that total NO emissions are
far below equilibrium levels. NO formation is thus kinetically controlled with
the emission level depeddént on time of exposure to the high temperature.

Figure 5-1 illustrates the temperature and time dependencies of NO
formation for an idealized one-dimensional premixed system of methane and
air35. The results at 0.01 sec for three values of stoichiometric ratio (S.R.)

N
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show, as expected, that NO formation is suppressed by reduced availability of
oxygen. In a practical combustor, departure from S.R. = 1 would result in

_ reduced temperatures which would further suppress NO formation. It is pre-
cisely these factors of high sensitivity to temperature, concentration level,
and time of exposure which makes the formation of thermal NO, susceptible to
the combustion modification strategy.

Ideally, the formation of thermal NO, could be reduced by four tactics:

X
® Reduce nitrogen level at peak temperature

) Reduce oxygén level at peak temperature
° Reduce peak temperature
. Reduce time of exposure at peak temperature.

Esso showed that reduced nitrogen level is impractical so the strategy has
focused on the fundamental parameters of oxygen level, peak temperature, and
time of exposure. These parameters are in turn dependent on secondary com-
bustion variables such as combustion intensity and internal mixing in the
flame zone - effects which are ultimately determined by primary equipment and
fuel parameters over which the combustion engineer has some control. A
hierarchy of effects leading to thermal NOx formation is depicted on Table 5-1.

TABLE 5-1
FACTORS CONTROLLING THE FORMATION OF THERMAL NOx
Primary Equipment Secondary Fundamental
and Fuel Parameters Combustion Parameters Parameters

Inlet temperature,
velocity

Firebox design

Fuel composition

Combustion intensity
Heat removal rate

Mixing of combustion Oxygen level

TECE fuel & air products into Exposure fime | Thermal
Size of droplets Locafl;ﬂgl-air ratio at peak NOy
or particles temp.

Turbulent distortion

rner swi
Bu - rl of flame zone

External mass
addition

Althougﬁ causal relationships between the four categories shown in Table 5-1
are not firmly established, combustion modification technology is, nevertheless,
"confronted with the task of reducing thermal NOy, through modification of equip-
ment and. fuel parameters. This task has been approached with efforts ranging

from the short-term testing of equipment modifications on commercial units, in



order to determine the effects on NOx emission, to long-term fundamental
studies and pilot testing directed at achieving a basic understanding of NOx
formation. The Combustion Control Program devised to coordinate these efforts
is described in Section 5.2.

5.1.2 Fuel NOx

Since the Esso study, there has been increasing recognition of the

~role of fuel bound nitrogen in Nox emissions.  With increasing utilization of
coal, particularly high nitrogen coal, fuel NOx control has become a priority
item in combustion modification technology. '

When a droplet or particle of fuel is injected through a flame, some,
and possibly most, of the fuel nitrogen compoundé go towards the formation of
intermediate nitrogen compounds, such as HCN or NH3, in the gas phase volatil-
ization products. The remainder of the nitrogen stays in the char or soot
and may be converted during carbon burnout. A number of fuel bound nitrogen

36,37

compounds have been identified, but the degree of conversion to NOx does

36,37,38. The

percent of fuel nitrogen which gets converted to NO is strongly dependent on

not appear to be strongly dependent on the type of compound

. the combustion conditions, but generally decreases as the percentage of nit-
rogen in the fuel is increased.

In contrast to thermal NOX, fuel nitrogen conversion is generally
regarded as being relatively insensitive to temperature. Thisg may be due to
the relatively low energies involved in the formation of the intermediate
compounds from the fuel.bound compounds. The most critical factor in fuel
NOy conversion appears to be the local conditions in which volatilization and
formation of intermediate compounds occurs. In a reducing atmosphere, it is
suspected that the intermediate compounds go to form N2 or other compqunds
with little subsequent conversion to NO. In an oxidizing atmosphere, conver-
sion of the intermediates to NO is thermodynamically favored over conversion

to N,. Although basic understanding of these phenomena is only in the pre-
liminary stage, a promising strategy for f“EI,Nox reduction appears to be
modification of the burner or combustion conditions to allow volatilization
to occur prior to massive entrainment of oxygen in the flame zone.

The fate of fuel-bound nitrogen which does not go to NO is uncertain.
There are indications that other pollutants, such as HCN, may result when NO
formation is suppressed40'4l. This possibility may, indeed, constitute a
limitation to fuel Nox reduction strategies and requires investigation.



5.2 SYSTEMS PROGRAM FOR COMBUSTION MODIFICATIONS .

A combustion medification program to attack thé problem of NOx
formation must satisfy both the short term requirement for immediate
application of combustion modification to existing units, and the long term
~ requirement for generation of optimized low Nox design concepts for new units.
These requirements must be met in the face of difficulties such as: uncer-
tainties in NOx formation mechanisms; lack of causal relation between equip-
ment parameters and the formative mechanisms; lack of reliable laws for scaling
pilot scale data to full scale units; prohibitive time and cost of exhaustive
full scale testing. In view of these factors, the EPA, based partly on the
Esso recommendations, has formulated an R&D program inveolving fundamental
studies, pilot scale testing and full scale testing. The program is

organized into four component areas:
.Fundamental Studies
Fuels R&D
Process R&D

Field Testing and Survey

Fundamental Studies involves bench scale experimentation as well as

analytical modeling to attain a better understanding of the physical and
chemical phenomena in combustion and NO, formation. This understandiﬁg
provides a rational basis on which to evaluate data and trends from pilot and
full scale testing. Fundamental studies also contribute to the generation of
basic ideas for potential combustion modifications and aid in the application
and optimization of combined modifications. Finally, the basic understanding
of the combustion procesé can be useful in combating operational difficulties
resulting from modifications and hence extends the effectiveness of the
modification strategy.

‘ Fuels R&D involves the generalized testing of combustion modifications
on non-commercial, versatile, laboratory test equipment. Its presence in the
R&D program is necessitated by the prohibitive cost of diversified testing of
full scale units. Fuels R&D functions as a screening of candidate modification
techniqﬁes in order to evaluate and optimize generalized procedures and detect
limitations or operational difficulties. Fuels R&D occupies a middle position
between the basic chemical and physical focus of fundamental studies and the
hardware focus of process R&D and field testing,



Process R&D involves demonstration testing of medification techniques
on units with hardware which is characteristic of commercial systems. It
functions in the development of operational guidelines for implementation
of combustion modifications in commercial equipment, and serves to detect and
solve operational difficulties.

Field Testing and Survey involves the continuing definition and

application of state-of-the-art technology for full-scale commercial equipment.
The results from this effort go directly to industrial application for control-
led emissions. '

The functioning and interrelationships of the component areas of the
modification program are depicted schematically in Figure 5-2. Field testing
and survey is the central short-term focus of the program and operates
parallel to the supporting areas of fundamental studies, fuels R&D, and pro-
cess R&D. Field testing benefits from information generated in the supporting
areas and provides input to these areas in the form of test data and infor-
mation on operational difficulties, limitations, and cost effectiveness.

Thus, the directional requirements of R&D in the four component areas are
continually redefined in view of results from the other areas. This yields
a flexible base on which to respond to changing requirements in short and long

term objectives.

5.3 APPLICATION OF FUNDAMENTAL STUDIES

Since the Esso study, the most significant developments impacting the
fundamental studies area are the increasing importance of the fuel NOx prob-
lem, and the increasing use of computerized analysis of basic physical and
chemical phenomena. These developments have broadened the scope of funda-
mental studies and have somewhat reoriented the strategy used for support of
short- and long-term requirements. This section characterizes the application
to combustion modification technology of fundamental studies in order to give
directional requirements for R&D planning.

Fundamental studies involves experimentation and analysis aimed at
understanding the Nox formation process. The incorporation of these elements
into a simulation of the actual combustion process is termed modeling. The
scope of modeling extends from simple scaling relations for extrapolating
pilot scale tests, to a mathematical simulation of complex phenomena such as
hydrocarbon oxidation or fuel nitrogen conversion. Models are the long-term
end product of fundamental studies in the sense that they represent the best

available rationalization derived from analysis and experimentation.

5«7
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5.3.1 Strategies for Model Development

On a short-term basis, the principle functions of modeling are to
generate basic ideas for combustion modifications, guide in the experimental
planning of pilot tests, and to provide a rational basis for data evaluation.
The long-term function includes definition of the minimum attainable emission
levels, optimization of combustion modifications, and ultimately, predictions
for use in low NOx designs. Since the exploratory mgdeling study of Essol,
there have been extensive experimental and analytical efforts directed at
fulfilling both the short- and long-term function of ﬁodeling. aAs would be
expected for an inherently long term program, much work remains for the full
utilization of the potential of fundamental studies. The experience to date,
however, does offer valuable guidelines for facilitating further development.
From a systems perspective, strategies for coordinating model development
include: I

® Simultaneous focus on experimentation and analysis,
* Integration of short and long term reguirements,
™ Simultaneous development ©of auxiliary relations,
'. Consistent level of sophistication in models,
o Use of complex models to calibrate simple models,
[ ] Coupling of combustion and NOx modeling.
Some uses and implications of these strategies are summarized on Table 5-2.

At the time of the Esso study, the emphasis_in fundamental studies was
on physical modeling which, typically, avoids consideration of basic phenomena,
such as turbulent mixing, thermal radiation, etc., through use of restrictive
physical assumptions. As delineated in Table 5-2, the recent emphasis in
fundamental studies is on formulation of auxiliary models for each of the key

phenomena contributing to NOX formulation. These are:
e Fluid flow phenomena
) Hydrocarbon combustion
) Thermal NOx

) Fuel NOx

e Turbulent viscosity

e Turbulent mixing effects on kinetics
. Thermal radiation

) Droplet or particulate flow and combustion.

5-9
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In the short term, these auxiliary models are used to geherate ideas for
compustion modification concepts, and to develop understanding of specific
aspects of the NOy formation process. In the long term, two more auxiliary
models can be coupled to relate fuel or equipment parameters to NOx formation.

The evolutionary development of Nox mcdeling through the above approach
is depicted on Figure 5-3. The current emphasis is on formulation of first
generation models for the key items such as fuel Nox and hydrocarbon combustion.
The ultimate utility of this approach is contingent upon development of the
auxiliary models to a consistent level of sophisticaﬁion. The status and

0 prospects of auxiliary model development is reviewed in the following section.

5.3.2 Status and Prospects of Modeling

The priority area in fundamental stud.es is the investigation of the
basic phenomena such as NO, kinetics, fuel NOy, and thermal radiation
involved in NOx formation. This information is necessary to relate NOy,
formation to actual combustion modifications and, effectively. £ill in the
gaps in Table 5-1.

Table 5-3 gives a summary of status and prospects of auxiliary models
related to NOx formation. The final .column contains a speculation on the
probable optimum level of development for use in data correlations and pre-
dictions. The status of these individual areas is reviewed below. This is
not intended to be an exhaustive treatment of current research, but only an -

indication of requircments for R&D planning.

Fluid Flow Solutions

This is the most advanced area of combustion modeling primarily because
the problems in code development are mathematical rather than physical and thus
do not require experimentation. Early fluid flow solutions, used for example,

1,38 and IFRF42, employed plug flow >r well stirred reactor concepts.

by Esso
It was found necessary to place several of :hese elements in a series or
parallel arrangement in order to approach a realistic simulation of practical
flows. This added complexity required ever increasing empirical specification

to link the various elements. Esso38 and IFRF42

reported unsatisfactory results
with this approach. The use of well-stirred or plug-flow elements to model gas

turbine combustors has been more promising43.

The numerical flow solution is a natural extension of the use.of sekies
and parallel well-stirred reactors or plug flow elements. With the numerical
appraoch, the flow field is divided into a large number of computation cells,
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each of which can be considered as a well-stirred reactor. The advantage of
this approach is that the mass and energy transport between cells satisfies
the governing mass, momentum, and energy balances,

Two dimensional boundary layer codes have achieved a near-optimum state
of development and are in routine use for a variety of flows including axi-
symmetric flames with small swirl44. These codes can be exploited in the EPA
fundamental studies through use in predicting jet flames, with or without
swirl, to test models for turbulent viscosity, radiation, two phase flow, and
effects of turbulent mixing on flame propagation. '

Two—dimensional recirculating flow codes in present use are mostly based
on the Imperial College vorticity-stream function (y=-w) code45. Differing
versions of this type of code are possessed by Aerotherm, Battelle, KVB Engi-
neering, UARL, and Ultrasystems. UARL is currently doing an important study, in-
cluding expérimentation, to model swirling reacting flows in combustors. Further
development of the basic (Y=-w) code will be mainly in the areas of numerical
stability and computing time reduction. There has also recently been developed
a pressure-velocity (p-v) code for 2-D recirculating flows46. This code has
considerable advantage over the (Yy-w) code, particularly in boundary condition
specification and computational efficiency, because the solution is made with
the physical variables. The (p-v) method is also readily extended to 3-D
flow47( whereas the (Yy=w) method is not. The 3-D codes are useful for ob-
taining crude predictions of furnace flow patterns, but accurate flame zone

predictions are precluded by unceitainties in turbulence and other parameters.

Hydrocarbon Oxidation

For prediction of combustion in hydrocarbon premixed flames, it is

" necessary to reduce the numerous elementary reactions involved to a manage-
able set of controlling reactions which simulate the actual process. EPA is
currently funding three related studies which will lead to a better definition
of the important reactions and the kinetic constants for both hydrocarbon
oxidation and NO formation. Esso R&E is measuring concentrations in premixed
flames in order to identify important species and mechanisms in the flame zone.
Ultrasystems is doing a corresponding modeling study to reduce the detailed
methane kinetics to a small number of controlling reactions. Part of this
effort involves correlation of the Esso data. SRI is conducting a supporting
study to develop prediction methods for the kinetic constants for elementary
reactions. These results are useful in determining rate controlling or

global reactions. These three studies are contributing to the basic under-
standing of combustion and Nox formation which is required for modeling of
complex hydrocarbon combustion and the coupling with NOx formation.




For many practical combustors, the flames are of diffusion type for
which the mixing rate of fuel and oxidizer controls the heat release rate.
Nitric oxide emission patterns for diffusion flames can be quite different,
especially in the dependancy of fuel-air ratio, than for premixed flames48'49.
This factor, coupled with the importance of diffusion flame phenomena in fuel
nitrogen conversion, gives diffustion flame studies a level of importance

‘comparable to premixed flame studies.

Thermal ﬁo Mechanisms

There has been extensive testing of the degree of coupling between NO
kinetics and combustion kinetics under various combustion conditions. The
precise conditions under which alternate mechanisms apply is not fully under-
stood. Proposed mechanisms are reviewed below in order of increasing

complexity.

i) Zeldovich with Equilibrium Concentration of Oxygen Atoms, [01:
This is the classical mechanism by which NO formation proceeds
according to:

. 1 .

0, + M z* 20+ M, [0] = Keq [02]/2 . (5-4)
N2+0=N0+N, (5-5)
0, + N5 NO+ 0, (5-6)

and for which reaction (5-4) is in equilibrium. This mechanism
has been applied extensively especially for I.C. engines, and
the best success has been obtained in the post-flame region of
fuel-lean high pressure flames.

ii) Zeldovich with Non-equilibrium [0]: ' Fenimore®® noted that
reactions (5-4) - (5-6), with equilibrium [0], failed to predict
NO formations near the flame zone. The "prompt NO" phenomenon

has since been observed by several other investigatorssl - 54.

51 = 53 have suggested that prompt NO is due

Bowman55 and others
to non-equilibrium [0] concentrations in the near-flame region.
Use of (5-5) and (5-6) with super—-equilibrium levels of [0] has
given reasonable correlations of prompt NO in many cases. It has
yet to be determined when this approach 'is sufficient to explain
prompt NO, and, also, what constitute satisfactory approximations

for the non-equilibrium concentration of [0].




iii) Extended Zeldovich: For fuel rich flames, the concentration of
the [0H] radical in the near flame region is sufficiently high to
give importance to an additional reaction:

N + OH==NO + H. : “(5-7)

This reaction has been used both with the equilibrium oxygen atom
assumption as well as the super-equilibrium [0] correction. The
contribution of (5-7) to NO formation is far iess than from the
Zeldovich reactions, but its inclusion for fuel-rich flames seems
necessary.

50 54

iv) Fully Coupled NOX/HC Kinetics: Fenimore and Iverach have
proposed that [N] atoms participating in the Zeldovich reactions

may, in part, be due to reactions with flame radicals such as:

CH + N, > HCN + N,

c2 + N, = 2CN ,

C+N2'#CN+N.

The validity or conditions of applicability of these reactions
has not been fully established, but it is generally agreed that
in fuel rich, low pressure flames, NOy kinetics are coupled to
the combustion kinetics. The Esso and Ultrasystems studies
mentioned above are looking at the coupling mechanisms which
exist in the flame zone. An additional coupling, that between
NO, and sulphur dioxide, is being studied by the University of

X
Arizona.

Turbulent Viscosity

Flow predictions in swirling flame zone requires modeling of the
turbulent viscosity. Following the development of flow prediction codes, it
became possible to test and refine turbulence models in complex flow situa-
tions. Routine use is now being made of algebraic mixing length modelsss’57,
and one- or two-egquation modelssa’sg'so in which differential equations are
solved for turbulence parameters such as turbulent kinetic energy or the
length scale. For recirculating flows, these models are normally used with

the assumption that the turbulence is locally isotropic. For high rates of




61 that the viscosity in the swirl direction differs

swirl, it has been shown
radically from the main flow direction, and the locally isotropic assumption
is not adequate for predictions. Testing of viscosity models for low and

high rates of swirl would be useful.

Multi-equation Reynolds stress models are being developed by the Los
Alamos group and the Imperial College group. These are costly to compute and
this level of complexity is usually not required. Their chief contribution
to combustion modeling will probably be to calibrate simple one- or two-
equation models. ‘ o

Turbulent Mixing Effects on Reaction

The distortion of the flame zone due to turbulence has been identified
as a high priority study area by several investigators. In turbulent flames,
the local temperature and concentration exhibit large fluctuations due to the
mixing of turbulent eddies. The rate of combustion and Nox formation are
highly non-linear functions of temperatures and concentration; use of time
average values yields erroneous flame propagation and NOX formation predictions.

iz
Predictions of the effects of turbu;ent mixing }é/still in a preliminary
stage of development. Several eddy-mixing models have been used, either for

combustion reaction rate562’63

, or for NOx formation64, with some success. .
MIT65 has proposed a statistical approach for the specification of the compo-
sition of eddies for use in prediction of combustion and NOx formation.

Thermal Radiation

Thermal radiation is of particular importance in Nox formation from
utility and industrial boilers, but leas so for I.C. engines and domestic
heaters. Modeling activities are focused both on methods for calculating
radiative transport and on emissivity predictions for gases and luminous
flames.

66 and the two

have both been applied, with the flux models usually

For furnace heat transfer predictions, the zone method
or four flux mode1567'69
preferred for use in numerical flow codes. Radiative properties for the gas
phase combustion products are known to an adequate degree for most casessa; ‘
for luminous flames, the radiation is dominated by scattering and particulate )
density, and the properties are less developedsg. The IFRF has been extensively
involved in measuring flame radiation and modeling luminous emissivities.
Battelle has developed a radiation computation scheme for use in the Spalding
type of recirculating flow code. These efforts are useful for providing in-

sight into the effects of radiation on NO, formation.
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Fuel Nitrogen

Fundamental studies of fuel NOx conversion are in a preliminary state;
most useful results in relating fuel Nox to equipment parameters have derived
from fuels R&D36'39.

She114°, in an exploiatory review of the fate of fuel bound nitrogen,

concluded that most of the nitrogen goes to the char residue and may be con-
verted to NO during heterogeneous carbon burnout. IFRF has suggested, however,
that nearly all. fuel NOX is formed from the gaseous pyrolysis products.

37

Rocketdyne is doing a comprehensive study of several aspects of fuel NOy,

conversion which is helping to clarify the mechanisms involved.

Both Shell and Rocketdyne have suggested that significant quantities
of HCN may be formed as an intermediate compound of the fuel nitrogen.
Concentrations of CN-type molecules, possibly HCN, in excess of 30 ppm have
been measured in an experimental burner by Appleton and Heywood4l. This
aspect of fuel nitrogen conversion reqﬁires attention, as it could be a
limitation on the extent to which conversion of fuel nitrogen to NO is
suppressed.

Droplet or Particle Combustion and NO Formation

This is a supporting area for fuel nitrogen and luminous radiation
studies and has benefited from non-EPA programs in chemical process engineering.
There are numerous models for the combustion of single oil droplets or coal
particles; recently several groups70 - 73 have presented models for NO forma-
tion around o0il droplets. The Rocketdyne study on fuel nitrogen will include

two-phase flow modeling as part of their program.

5.4 APPLICATION OF COMBUSTION MODIFICATIONS

As discussed in the Esso report1 and in the NOx control technology
literature subsequent to it, combustion modification is the most viable means
of reducing Nox generation. This section presents a review of the implementa-
tion strategy, the present status and prospects, and the costs of implementing
the various modifications. ' '

5.4.1 Implementation Strategy of Combustion Modifications

As discussed in Section 5.1, NO formation in flames depends on com-
bustion physics and chemistry; specifically, time, temperature, and
stoichiometry. Understanding and then altering these fundamental processes

is the basis for the effectiveness of combustion modification techniques.



This subsection briefly discusses the theory and implementation strategy of

these modifications. Both operating condition and equipment modifications
are covered., The bulk of this discussion applies to utility and industrial
boilers.

5.4.1.1 Low Excess Air Operation (LEA)

Low excess air firing in boilers reduces the concentration of oxygen
available for combination with nitrogen (atmospheric or fuel-bound), thus ‘
reducing Nox formation. Since a certain amount of excess air is always re-
quired in practical combustion systems, LEA operation is capable of causing
poor combustion with resultant production of unburned fuel and smoke. On oil

"and coal firing, furnace slagging is also increased with decrease in excess
air causing increased maintenance and possible operating problems. Implement-
ation of LEA requires minimal additonal operating expense, no equipment al-
terations or redesign, and usually results in a slight increase in thermal

efficiency.

At the present time, most utility boilers operate at what is considered
minimum excess air, and LEA is not considered a combustion modification in the
true sense of the word. The minimum level is set by CO levels for gas and smoke
levels for oil. O0il requires 1/2 - 1 percent more excess air or O, than gés.

The Esso1 report presented some early results on the effectiveness of
LEA operation on gas- and oil-fired boilers. At the time, little or no infor-
mation was available cn the application of LEA operation to coal-fired units.

Progress since then is presented in later sections.

5.4.1.2 Off-Stoichiometric (0/S) Combustion

This NO_ reduction technique is usually implemented on large boilers
with multiple burners arranged in rectangular matrices mounted either on one
boiler wall (front-fired) or on opposite walls (horizontally-opposed-fired) .
This method can also be used on corner-fired boilers (tangentially-fired), but
in most cases the normally low NOx emissions from boilers of this type can be

adequately reduced by simpler techniques, such as lowering excess air.

In general, this method has the effect of fuel-rich burner operation,
already identified as an effective NO reducing process, with combustion of the
rising bulk gases in lower temperature post-flame regimes where the remainder
of the required air is introduced. The time duration for which most of the
fuel is exposed to peak temperatures is, therefore, reduced. Depending on the
stoichiometry, fuel-rich primary zone combustion may have the secondary effect
of lowering the peak flame temperature.
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In off-stoichiometric firing, the flame is long, yellow, and smoky, as
opposed to the short and intense flame observed on normal firing. The flame
also extends farther up in the furnace, sometimes causing excessive reheat
(convective section) temperatures. On some units, increased operator vigilance
is reguired due to decreased effectiveness of the flame detector system.

In practice, off-stoichiometric combustion consists of operating some
burners (usually the ones located in the lower part of the pattern) fuel-rich
while the burners in the upper part of the pattern operate on pure ‘air. Off-.
stoichiometric combustion ig a generic term and several modes of operation are-
associated with it.

So-called "simulated overfire air" operation results when the top row
of burners operate on pure air. "Two-stage" combustion works on the principles
of off-stoichiometric combustion except that the fuel-rich burner operation is
achieved by diverting a'portion of the total required air through separate
ports located above the burner pattern. This is also known as "overfire air/NO,
port" operation. 1In certain boilers, NO reduction optimization requires that
the burners operate either fuel- or air-rich in a staggered configuration.

This is sometimes called "biased" fired.

The "two-stage" combustion technique is shown. in Figure 5-4 below.
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Figure 5-4. Two-Stage Combustion (After Reference 35)



A vertical cross-section of a utility boiler burner is shown schematically.

Two-stage combustion of natural gas (methane) is depicted, and a few of the

global reaction mechanisms associated with the primary and secondary combus-
tion zones are identified.

As of 1969, the date of publication of the Essol report, only a limited
quantity of information was available on the actual effectiveness of off-
stoichiometric techniques for NO reduction in boilers. Fairly significant
results had been obtained for gas-fired utility boilers by Pacific Gas and
Electric Company and Southern California Edison Company, and from coal-fired,

gub-scale combustion in tests performed by the U.S. Bureau of Mines (1966).
This modification technigque has been more thoroughly investigated during the
last several years, and subsequent gectiong of the present study review the
recent developments.

5.4.1.3 Flue Gas Recirculation (FGR)

A portion of the flue gas recycled back to the primary combus tion zone
reduces NO formation by acting as a thermal ballast to dilute the reactants,
thereby reducing both the peak flame temperature and partial pressure of
available oxygen at the burner inlet. ‘Possible flame instability, loss of
heat exchanger efficiency, and, for packaged boilers, condensation on internal
heat transfer surfaces, limits the utility of FGR on some units.

Although it has been concluded that FGR reduces thermal NO, recent data
has cast doubts on its capability to reduce fuel NO. More investigation is
regquired, as the presant uncertainty will have significant impact on the
applicability of FGR to oil and coal firing.

At the time of the Esso report there existed a paucity of information
concerning the effectiveness of this method on NO reduction, the only re-
ported work being performed by Andrews, et. a1.74. New data has come to

light since then, and is included in Section 5.4.2.

5.4.1.4 Reduced Air Preheat Operation

‘Reducing the amount of combustion air preheat lowers the primary com-
bustion zone peak temperature, generally lowering NO production as a result.
It ig seldom considered practical, however, due to the associated loss in
thermal efficiency.

There have been recent indications that increasing air preheat actually
reduces fuel NOy formation on coal firinggz. Further investigations are war-
ranted to explain this result.
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This modification technique was not mentioned in the Essol report due to
a lack of empirical data concerning its effectiveness. It may have some merit,
however, and will be discussed further in Section 5.4.2. '

5.4.1.5 Load Reduction

The term "load" is defined as the percentage of its rated capacity at
which the furnace or boiler is being operated. Increasing boiler load causes
an increase in primary combustion zone volumetric heat release rate which
generally increases the rate of NO formation. Reducing boileflload is accom-
plished by reducing the reactant flow rate (fuel and oxidizer) into the
furnace, thereby lowering the heat release rate (also known as combustion
intensity) and peak flame temperature.

Although there are no capital costs involved in implementing load
reduction, it is usually undesirable to reduce boiler capacity. Load reduction
increases boiler efficiency due to longer residence times and more complete
combustion, but the lower flow rates result in a decrease in overall
efficiency due to decreased turbine efficiency.

This modification technique was not mentioned in the Esso report due
to a lack of empirical data concerning its effectiveness. It has some merit,
however, and is briefly discussed in Section 5.4.2.

5.4.1.6 Water or Steam Injection

Injecting water or steam into boilers is yet another means of reducing
peak combustion temperatures to reduce NO formation. Its use may entail some
undesirable operating conditions, such as decreased thermal efficiency due to
the high heat capacity of water compared with that of flue gas or other inert
diluents, and increased equipment corrosion. '

The Esso report noted from one study that water injection was effective
in reﬂucing NOx emissions from an inte;nal combustion engine. No other
investigation had been carried out up to that time. It has since been shown
to be a viable means of NOx suppression for stationary gas turbines.

5.4.1.7 Combinations of Technigques

Since 1969, it has been demonstrated that several of the previously
discussed modification techniques can be effectively utilized in combination
since they reduce NO by different mechanisms., Most often, off-stoichiometric

combustion is used in conjunction with flue gas recirculation, low excess air,



reduced air preheat, or reduced load. The latter three methods lower peak
combustion temperatures, while off-stoichiometric operation reduces the amount
of fuel burned at peak temperature. For the most part, bombining techniques -
hag been shown to be complementary but not additive for NO reduction.

5.4.1.8 Eguipment Design Modification

From what is known of the theory of NOy formation in continuous
combustion processes, the ideal equipment design would provide for lower
peak temperature flames and more controlled rates of combustion. Research

and testing has shown that much can be done to accomplish these goals.

According to Krippene75 a low NOx emission burner should be designed as
fuel-flexible as possible, be able to operate at minimum excess air levels,
and not cause an emissions tradeoff problem. In most new utility beoiler
designs, burner spacing has widened to provide more cooling of the burner

zone area. In addition, the furnace enclosure should be built to allow
sufficient time for complete fuel combustion from slower and more controlled
heat release rates, such as that associated with the off-stoichiometric

operating mode.

As mentioned in the Esso report, the tangential firing method for
large utility boilers is in itself a viable low NOy emission technique.
Notable results have been obtained from tests of tangentially-fired units, by
Combustion Engineering7 - 78. I+ has been observed, however, that from many
such boilers the response to operating modifications has been less impressive
than from boilers of other designs,. even though the magnitude of the initial,

uncontrolled emission was lower.

5.4.1.9 Typical Utility Boiler Combustion Modification Implemenfation
Program

As a vehicle for emphasizing the importance of cost-benefit factors,
the Esso report1 éontained an extensive analysis of minimum cost paths for
NOy control by combustion modification. An updated study of this kind is
required, since the original is based on estimated costs and the fuel NOy
problem was not fully appreciated at the time. An approach for beginning
such an analysis is presented in Figure 5=-5.
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Figure 5-5 shows, in flow-chart form, a typical decision process for
implementation of the appropriate combustion modification techniques. The
51mp1est, least expensive, and most expedient techniques are initially
utilized, followed by those requiring capital investment, operating expense,
boiler down-time, and decreased thermal efficiency. This simplistic model
reflects the possible ineffectiveness of temperature-reduction sthemes (i.e.,
FGR, water injection) on emissions from coal combustion, and has as its
ultimate goal the reduction of NO concentration (shown as [Nox]) to regulation
levels. In practice, obviously, the decision process is more complex.
Impracticalities of certain of the techniques for a given boiler may require
an extensive re-ordering of the control steps as given in the figure.

5.4.2 Status and Prospects

Methods of controlling NOx emissions from combustion systems by
conbustion modification techniques were treated at some length in the Esso
report. Since 1969, however, much more experience in testing and applying
these operating modes has been gained.

This section disdusses the present status and prospects for reducing
NOy emissions from stationary sources by combustion modifications. The scope
of this section focuses on those combustion systems usually categorized as
"point" sources: utility and large industrial boilers. "Area" or "complex"
sources, comprlsed partly of stationary I.C. engines and gas turbines, are also
discussed. Other area sources, such as commercial and domestic heating

equipment, are discussed when similarities exist with point sources.

5.4.2.1 Utility and Industrial Boilers

The net decrease in Nox emissions from conventional fossil-fueled
boilers through changes in operating mode or equipment design depends on
many factors. Among them are boiler geometry and cleanliness, burner design,
spacing and state of repair, load, and most importantly, the fuel itself. 1In
this section, the relative effectiveness of the various combustion modification
techniques for reducing NO from gas~, ©il—, and coal-fired boilers or combus-
tors will be discussed. This information was obtained from the open literature

and a number of confirmatory personal contacts.

When attempting to draw general conclusions from NOx reduction figures
obtained from separate boilers, it must be kept in mind that even identical
boilers give widely differing test results for the same modification. This is

due to varying boiler cleanliness, uneven burner loading, equipment condition,




and a myriad of other factors, most of them not easily identifiable. Unless the
sample size is large, extrapolations based on boiler size are probably invalid.

As implied in Figure 5-5 in the pPreceding section, the practical limit
on the modifications are based initially on three subjective criteria: stack
plume appearance (i.e., smoke production, its opaqueness and/or Ringlemann
number), flame appearance (i.e., color and dimensions) and incipience of
flame instability at the burner. When problems are encountered, imple-
mentatlon is halted and the situation re-evaluated Stack gas sampling for
NOX, CO, and O2 is uspally carried out concurrently. In the long term, the
effects of the modification on such factors as burner condition, furnace
slagging and corrosion, ability to chénge fueis, and boiler load are
monitored to varying degrees;

5.4.2.1.1 Gas

The highest degree of success in reducing NO by the application of
combustion modifications has been obtained on gas firing for both full and
pilot scale furnaces. The reason for this effectiveness lies in the fact
that all of these techniques reduce thermal NOX, which is the only NO_ formation
mechanism in gas combustion.

Low excess air operation has been shown to be extremely effective in
lowering NOX emission from gas-fired boilers. An extensive study of NO re-
duction techniques applied to six wall-fired utility boilers done by Bartok
et gl.79 showed reductions of 25 to 60 percent at full load. NO, reduction
_mégnitude depended not only on lowering excess air, but also on furnace de-
sign and firing method.

In other reports, Barrao

obtained a 23 percent NO reduction on a 750
MY front-fired unit as a result of lowering excess air. Off-stoichiometric
firing was subsequently implemented on this unit to achieve further reductions.
Blakeslee77 reported a 33 percent NOX reduction on a 250 MW tangentially-fired
utility boiler when the flue gas oxygen content was decreased from 3.9 percent

to 0.6 percent.

In most cages, LEA was implemented without serious flame stability
problems, and an increase in thermal efficiency was noted.




from both full and pilot scale results, flue gas recirculation has been
proven effective for lowering NOx formation from gas combustion. In general,
Nox reduction figures range from 20 to 60 percent on various boiler designs
and load conditions. Subscale testing has shown that the magnitude of NOy
reduction is mainly dependent on the amount of gas recirculated up to the
point of incipient flame instability and other undesirable operating conditions.
Some references which may be scanned for further details are References 79,

82, 83, and 78.

On gas firing, off-stoichiometric combustion has been shown to be one
of the moét effective means of NOx control and also oﬁe of the easiest to
implement. Biased firing is the most frequently used and most effective method,
while overfire air/NO port operation achieves less reduction, particularly where
biasing has already been implemented. Bértok79 published NO reduction figures
of 25 to 58 percent from wall-fired utility boilers ranging from 80 to 480 MW
when two-stage combustion was applied. Similar results are reported on
Southern California Edison units by Bagwellsz, Breen84, and Teixeirags. The
effectiveness of off-stoichiometric combustion on gas-firing has been well

researched and documented.

Water injection into utility boilers has been tested to a limited
extent. Blakeslee77 reports a 50 percent maximum NO reduction at full load
for a 250 MW tangentially-fired unit when water was injected at a rate of 45
pounds per million Btu fired. Boiler convective section temperature increased
by 250°F and boiler efficiency dropped 5 percent. The economic penalties
resulting from this method, as well as from reduced load or air preheat, make

such techhiques unattractive.

A significant amount of work has been done on optimizing gas burner
design for low NOX. Of the three types of burners, spuds, radial spud, and
ring, the latter forms the least NO, while the spud type maximize NO,
formation. - In addition, burners which produce low turbulence flames have

been found to release lower quantities of NO,.

In all, the effectiveness of NOx reduction from most gas-fired equip-
ment has been adequately explored. Further investigation may not be war-
ranted because the number of large gas-fired utility and industrial boilers
{the largest point NO, sources), small to begin with, is now declining
rapidly due to the present natural gas supply shortage. For example, several
West Coast utilities estimate reductions from about 70 percent gas-firing in
1972, to less than 10 percent in 1974. Low sulfur residual ¢il will be the
predominant fuel utilized on the West Coast.



5.4.2.1.2 0il

In general, a poorer record of NO, reduction_has been cdmpiled for
oil-fired units, largely because of reduced operating flexibility. Fuel NOx
becomes an important contribution to the total NO, emission from a given unit,
and the individual modifications are less effective and more complicated to
implement. Nevertheless, substantial reductions have been achieved, in some
instances as high as 50 percent on utility boilers.

As for gas, operating at minimum excess air conditions is a valid
reduction scheme. From tests on six wall-, oil-fired utility boilers, Bartok,
et 55.79 reported a ﬁox reduction range of 23 - 56 percent at full load.

LEA operation seemed most effective on front wall-fired units, although this
sample size was rather small.

On other utility boiler tests, Campbell86

reported a 17 percent NO,
decrease by lowering excess O2 from 3.8 percent to 1.5 percent on a 250 MW

front-fired unit.

No reliable correlations between furnace design and effectiveness of
LEA operation on utility boilers have been or can be made at this time.

The importance of avoiding smoke production when approaching reducing
conditions at the burner has been well documented. A typical example was
87 on a 3.7 x 10° Btu/hr
research furnace. Figure 5-6 depicts the NO and smoke trends as a function

generated from sub-scale testing by Muzio and Wilson

of excess air.
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The thrust of other recent subscale testing has been to segregate the
relative importances of thermal and fuel NO under low excess air conditions.
Firing "blank" fuels (i.e., no nitrogen) doped with varying amounts of nitrogenf'
bearing compounds, Turner88 found that at any given level of excess air, the
NO concentration increases with fuel nitrogen content, although not propor-
tionately. As excess air was increased, the fraction of fuel nitrogen
converted to NO increased, but the fraction decreased with increasing nitrogen
content at a given excess air level. Total NO concentration in the flue gas,
however, increased with fuel nitrogen concentration. These conclusions have
been substantiated by Pershingsg. In a more recent study, Martin90 found that
although fuel NO decreased as excess air was lowered, thermal NO actually in-~
creased. This behavior was attributed to specific¢ characteristics of the fur-
nace used in the investigation. It was concluded, however, that limiting ex-
cess air may not, a priori, be a valid control technique for all small oil-fired
boilers.

According to Jain81

, commercial and industrial boilers generally
operate at an average excess air level of 15 to 25 percent, with some smaller
and older units operating at as high as 35 to 40 percent excess air. Early
tests have shown that these levels can be safely reduced to about 10 percent,
causing substantially lower NOx emissions. As for gas-fired boilers of this
size range, a number of field testing and survey programs are currently

being performed to more fully characterize the NO_ contributions from small

X
oil-fired boilers.

Off-stoichiometiic combustion has also been demonstrated to be effective
in reducing NOy from oil~fired power plants. Bartok, et 31.79, reported
net NOy, reductions of 19 to 35 percent for five wall-fired boilers ranging in
size from 80 to 320 MW. Blakeslee’ ’’%®, obtained reductions of 20 to 55
percent for several 78 to 400 MW tangentially-fired units when two-stage
combustion was implemented. Similar impressive results were reported by
Teixeira85 from the NOy reduction program being carried out at Southern
California Edison. Some research has shown that off-stoichiometric techniques
reduce both fuel and thermal NOx formation. Such conclusions were arrived

at by Turner88 in doped fuel tests.

Although more work, especially full-scale field testing, is required
to investigate the effectiveness of off-stoichiometric methods on reducing
fuel Nox, the effectiveness of these techniques on net NOy emissions from
large boilers has been solidly demonstrated. Smaller industrial and commercial
boilers, however, do not lend themselves to such methods. For packaged boilers,
furnace volume and the number of burners are usually too small, and implemen-=-

tation of such modifications is usually uneconomicallo'sl.
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For flue gas recirculation on full size utility boilers, reduction
figures in the range of 20 to 40 percent are most common78. Bartok, gt g;.79
reported a 50 percent reduction in NOy emissions from a 250 MW front-fired
twin furnace when FGR was combined with low excess air and staged firing
operating conditions. Similar results from combining techniques have been

obtained by Barr and James13 from a 750 MW unit at full load.

The importance of introducing the flue gas directly into the combustion
air as opposed to injection intd the furnace volume is;described in a paper
by Campbellss. On a 342 MW oil-fired unit, recirculatiﬁg gas from the
economizer outlet to the upper furnace area caused no change in NOy . while
on a 250 MW oil-fired utility boiler, routing the gas through the windbox
produced a 15 percent NO, reduction at 80 percent load.

39,88 - 90 ;.5 chown that flue gas recirculation with

Sub-scale research
liquid fuel combustion reduces NOy formation by the thermal fixation mechanism
but does not affect fuel nitrogen conversion. Consequently, less significant
total NOy reductions would be expected when FGR is applied to units firing
fuels bearing nitrogen compounds. Typical results in this regard are shown
in Figure 5-7, from work done by Muzio and Wilson87 on a 3.7 x 10° Btu/hr
research furnace. The role of fuel nitrogen conversion is clearly stated when
comparing the curves for natural gas and nitrogen-containing No. 2 and No. 6
fuel oils.

No, 6011 [NOo- 271 ppm)

No, 2 Ol (N(!)° =94 ppm)
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Figure 5-7. Effectiveness of FGR with Fuel 0il Type




Although it is estimated that substantial reductions may be obtained by
FGR on commercial and industrial boilers, essentially no published data exists
to back up this claim. The Esso report discussed the early work done by
Andrews, et gl.74, and this seems to be the state of the art. 1In any case,
installation of FGR on existing package boilers would require capital invest-
ment in ducts, fans, and control systems, as well as additional operating costs
due to the power needed for a forced draft system. Generally applicable to
typical package boiler emission control methods is the research reported in
Regerence'87. ' ' '

Water injection is currently being tested on one unit in Southern
california. Due to the loss in plant efficiency usually assoicated with this
method, it may be used to a 1imited extent in combinations with other tech=’
nigues to supplement their NO, reduction capabilities.

In the area of burner modifications for oil-fired utilities, one of
the most straightforward is installing new atomizing orifices for biased firing.
For those burners operating fuél—rich, the orifices are enlarged to accomodate
the increased fuel flow cauged by the burners out of service.

Krippene75 states the criteria for a low NOg burner. The design should
afford a limited turbulence, controlled diffusion flame, with a combustion
process reminiscent of off-stoichiometric technigues. The quantities of
fuel and air mixed at the burners should be minimized to that required to
sustain combustion, while the remainder of the fuel is combusted slowly and
efficiently further downstream. Burner flexibility is crucial for maintaining
efficient combustion of a wide range of fuel oils under varying load
conditions.

In the near future, oil will become an increasingly important fuel
for stationary sources. Fortunately, many of the installations that will
soon be converted from gas— to oil-firing were originally designed for dual
fuels. Many more, however, will require some degree of modification before
compatibility with oil ig attained. Furthermore, such units must retain the
highest degree of flexibility possible to assure efficient combustion of a
wide variety of fuel oils at cqnsistently high load levels. '

5.4.2.1.3 Coal

Just as the response to combustion modifications for oii—firing was
less impressive than for gas, soO their effectiveness for coal fuel is dimin=-
ished further. The contribution from fuel N conversion is very important
and the number of cost-effective modifications is commensurately reduced.
Since the possible number of operating problems on coal-firing are more

numerous and the propensity to produce smoke or particulates is greater,
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the modifications which are effective are less flexible and must, in all cases,
be applied with great care. Most of the existing data on this topic has been
generated from.pilot-scale tests, with a limited amount from larQe utility
boilers., KvB Engineering of Tustin, California, is currently conducting an EPA-
sponsored industrial boiler NOy control study. Due to the negligible amount of
presently available information on coal-fired commercial and industrial boilers,
the following discussion focuses on utility boilers.

In tests on eight utility boilers ranging in size_from 125 to 80O Mw,
Crawfo:r:d91 reported average NOx feduction figures of 40 to 50 percent under
low excess air and biased firing conditions. Tangentially-fired units pro-
duced the lowest Nox'under both baseline and modified operation, and load was
not effected du;ing burner pattern firing changes for wall-fired units.
Increased slagging was a pProblem, and it was recommended that long term cor-
rosion investigations be made on future coal testing.

The dependence of net NOx reduction on fuel type for given modification
variables was shown in sub-~scale tests (5.6 x 10° Btu/hr, 500 lb/hr coal-fired
furnace) by Armento and Sagegz. Figures 5-8, 5-9 and 5-10 show NOx emission
as a function of excess air, firing rate (load), and pPreheat, respectively.
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It was concluded that coal produced more NO, for all modifications due to fuel
N conversion. For this particular experimental system the excess air and load
load tests showed that oil produced less NOx than gas. These results were

due to the more luminous and larger oil flame envelope, leading to greater
radiation and a lower bulk gas temperature. Except for this phenomenon, the
authors concluded that the observed trends shown in Figures 5-8 and 5-9

would be valid and useful scale-up information.

As was stated earlier in this report, there is some conflict over
whether or not temperature reduction schemes, such as flue gas recirculation
and water injection, are effective for reducing NOy on coal- or heavy oil-
firing. The sub-scale testing by Armento and Sage produced a 10 to 15 percent
maximum reduction in NO, for the application of 10 to 15 percent flue gas
recirculation, as shown in Figure 5-11. The oil fired in the tests contaiped
0.23 percent fuel-bound nitrogen and the coal 1.1 percent. Again, it was pro-
posed that the more luminous oil flame caused FGR to be less éffective on oil
than on coal, just the opposite of what is normally expected.
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Figure 5-11. Effect of FGR on NOx for Gas, 0il, and Coal



A wide variety of results have been published by other investigators.
McCann, et at.93, reported a 39 percent NO, reduction at 25 percent flue gas
recirculated to secondary air for a 500 1b/hr pulverized coal- -fired unit. These
results may be questionable, since the concurrent carbon loss increase data
showed that incomplete combustion was taking place. From tests by Pershing,
et gl.ag on a 4 1b/hr pulverized coal-fired furnace, it was concluded that FGR
was ineffective as a NOx reduction technique. '

Most researchers haVe agreed that decreases in NOx on coal firing by
FGR were relatively minor and were probably associated with the elimipation
of thermal NOy. The_larger portion of the total NO, results from conversion
of fuel-bound nitrogen. FGR would perhaps be uged to supplement the reduc-
tions obtained by other techniques, such as off-stoichiometric combustion,
that are postulated to be effective for fuel NOy reduction.

Accoxrding to Krippene75, much can be done to alleviate operational
_problems through combustion equipment modification. To provide closer control
over fuel and air flow through the burners, some coal-fired utility boilers
have installed individual windboxes for groups. of burners supplied by a given
pulverizer., This is an important modification for biased firing since continu-

ous air purge through the burners out of service is a regquirement.

The "low NO," furner described in the preceding section on oil firing
is also effective on coal firing. Defined as a "triple concentric" burner
due to its unique design, it produced a ‘combustion process similar to the

two-stage technique used on a boiler as a whole.

As discussed in Sectiohs 5.1 and 5.2, research has shown that there
are possibly two different fates in store for fuel-bound nitrogen during and
after combustion. It will either be converted to Nz, or NO, along with other
intermediate products (several of which have been identified as cyanide
compounds). These reactions depend more on stoichiometry than on temperature.
Under oxidizing conditions more NO is produced, while nitrogen is the favored
product from a reducing atmosphere, such as that afforded by off-stoichiometric
combustion. In full- and sub-scale tests so far, these techniques have been
shown to be quite effective for reducing NOx on coal-firing, and yill probably
be implemented on new and existing coal-fired utility boilers and on boilers

being converted from scarcer fuels to coal.

As discussed in Section 3.4 of this report, the current clean fuels
shortage and slower-than-anticipated construction:of nuclear generating
plants has vaulted cocal, the use of which had been steadily declining over
the past 30 years, into prominence as a major short-term energy resource.
To avoid any further degradation in ambient air quality, emissions from the
burgeoning number of coal-fired stationary sources must be controlled.
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Specifically for NO, abatement, this will require further pilot- and full-

X
scale research and development on the NO, reduction effectiveness of combustion

equipment and operation modifications with minimum economic penalties.

5.4,2.2 Turbines and Reciprocating Internal Combustion Engines

This section updates the status of the control technology for NOx
emissions from stationary reciprocating I.C. engines and gas turbines.

'5.4.2,2,1 Reciprocating I1.C. Engines

Most of the control technology for stationary I.C. engines has been
developed by the automotive industry. Table 5-4 lists the control techniques
for all exhaust pollutants.

TABLE 5-4

EMISSION CONTROL METHODS FOR RECTPROCATING ENGINES

Discussed
in

Esso Study

I. Engine Modifications

A. Operating Conditions: 1. Speed
2. Torque/Load
3. Air/Fuel Ratio : X

4., Ignition Timing X
5. Fuel Injection Timing X
6. Air Temperature
7. Alr Pressure
8. Exhaust Back Pressure

B. Engine Hardware: 1. Exhaust Recirculation X
2. Water Injection X

3. Valve Timing

4, Combustion Chamber - X
Stratified Charge

5. Compression Ratio

II. Exhaust Treatment

A. Exhaust Thermal Reactor (CO/HC)

B. Catalytic Converter: 1. Oxidation (CO/HC)

2. Reduction of NOy by CO, H,,
NH3, or natural gas
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In general, changes that reduce NOy emissions have the reverse effect on CO
and hydrocarbon emissions and fuel consumption.

The optimum choice for any particulér engine will depend on the effect
of the controls, reliability, durability and engine life. A study by McGov}in4
recommended the following NO, control techniques for stationary diesel and
natural gas engines:

ENGINE SHORT & IMMEDIATE TERM LONG TERM -

bDiesel . Water Injection Catalytic

‘P;ecombustion Chamber NOy Reduction

Natural | Water Injection Catalytic

R s
Gas Increased valve overlap Nox eduction

for 4 cycle N.A. engines

The precombustion chamber or stratified charge engine has the potential
of reducing diesel NOy emissions by a factor of two. NOy emissions can also
be reduced by 70 percent or more by injection of water into the combustion
chamber at the rate of 1 1b of water for each pound of fuel. However, fuel
consumption is likely to increase and the long term effects of this practice
are not known. The parameters or control technigues that were omitted in the
Esso study or schemes where significant new data have been developed will now

be discussed.

Engine Speed

For a 4-cycle gasoline engine, NOX emission increases with speed under
fuel-rich conditions, decrease with speed under fuel-lean conditions and
remain nearly constant at the optimum air/fuel ratio. The Shell study4
showed a 58 percent decrease in NOX emissions with a 10 percent increase in
speed for a two cycle, naturally-aspirated gas engine. The decrease may be
partly attributable to simultaneous change in the apparent air/fuel ratio in
the chinder.

Torgue Load

The Shell study4 also showed a dramatic increase in NO, emission with
increasing torque. Emissions increased from 15 gms/Bhp-hr to 23 gms/Bhp-hr
when increasing the torque from 83 Bmep to 90 Bmep on a two stroke, atmospheric
spark-gas engine. This effect is further illustrated by data developed at
Caterpiller Tractor Company for a precombustion chamber diesel éngine as shown
in Figure 5-12. However, with this type of engine, NOy, emission increase with
speed at constant power output.
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Figure 5-12. Effect of Speed and Power Output on Emissions;
Caterpiller 4-Cycle Precombustion Chamber;
Diesel Engine

Air Manifold Temperature and Exhaust Back Pressure

As might. be expected, NO. emissions increase with increasing air
manifold temperature. For a spark ignition gasoline engine under lean condi-
tions increasirng manifold air pressure increased emission. Conversely, '
increasing exhaust back pressure on a 2-stroke, naturally-aspirated engine

decreases N0x4.

Valve Overlap

For a four cycle naturally-aspirated engine, increasing valve overlap
produces the seme effect as exhaust gas recirculation. As the valve overlap
increases, the percentage of exhaust present in the fresh charge increases
which results in an EGR effect. Fuel economy may suffer, however. Increasing

valve overlap can only be applied to four cycle engines. -

Exhaust Gas Recirculation

Although this technique was mentioned in the 1969 Esso study, considerable
work-has been performed since that time. In a recent paper by Komiyama and

9

Heywood 4 a model was developed to predict NO, emission, given the design and

operating conditions for spark ignition engings and percent of exhaust gas
recirculation. Good agreement was shown between the model and experimental
data over a wide range of fuel/air ratios and engine speeds. Typical
reductions of 38 percent have been achieved under lean conditions. The paper

shows that in lean mixtures nitric oxide concentration freezes early in the



expansion stroke. Under rich conditions considerable nitric oxide decomposi-
tion occurs during combustion before the concentrations are fixed. Caterpillar
has published EGR data for a precombustion chamber diesel which showed a
possible 73 percent NOx reduction. However, a number of problems exist for
EGR applied to stationary I.C. engines, which include the following:

. Requirement to accurately meter the amount recirculated
@ Must cool the exhaust products prior to injection
® Fouling of intake manifolds, and aftercoolers by particulates

® Long term effects on lubricating oil and engine life.

Catalytic Converter

Numerous post=-combustion control methods have been developed by the
automotive industry to treat the exhaust products from an I.C. engine. These
techniques include exhaust manifold thermal reactors, catalytic converters,
exhaust gas scrubbers and solid sorbents. The exhaust thermal reactor requires
a rich mixture operation and reduces only HC and CO. Exhaust gas scrubbing
and solid sorbents create secondary pollution problems, are too costly for
single engine application, and there is no known NOx scrubbing technigque. Thus,
only the catalytic converter seems to be practical for stationary I.C. engines.
Catalytic converters can be designed for the oxidation of CO and hydrocarbons,
or reduction of NOy by co, H,, NH
will be discussed.

3 °r natural gas. Only the latter scheme

NOX can be removed by catalytic reduction using CO and hydrogen, or by
adding a reducing agent such as ammonia or natural gas. Only under rich
operating conditions will sufficient hydrogen and CO be present to achieve
the required reactions. Since most stationary engines operate under fuel-lean
conditions only the addition of natural gas or ammonia seem practical. Injec-
tion of natural gas requires that there be sufficient gas to react with the
remaining 0, before NOy, can be reduced. This technique may require several
stages of reactors. Of these catalytic reduction methods, the ammonia

scheme holds the most promise.

The ammonia reduction technique is shown schematically in Figure 5-13,
together with typical conversion curves for two different catalysts. Several
advantages of this scheme are:

e Reduction of NOx takes place in the presence of 02.

™ CO and H/C oxidation occurs simultaneously on the same catalyst.
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® Allows opefation of the engine at maximum fuel economy or
power,

Areas of additional R&D work required for system optimization are
as follows:

® Determine optimum catalyst composition{
e Determine catalyst durability.

) Determine resistance to catalyst poison present in the fuel

{(Sulfur and metal impurities).

5.4.2.2.2 Gas Turbines

As with reciprocating engines, the most viable control techniques are
engine modifications and exhaust treatment. The comments made for exhaust
gas treatment also apply to turbines but it must be remembered that more than
twice as much air must be handled for an equivalent output. Thus, the exhaust
gas treatment schemes do not seem too practical. -

The approaches that are usually taken include combustor chamber design
modification, water injection, modification of fuel properties, and exhaust
gas recirculation. It is generally known that emissions of nitrogen oxides
increase with power level and that power is directly related to maximum local
combustion Femperatures. NOX emission can also be directly related to
combustor inlet temperature and, in turn, to compressor pressure ratio.

A frequently-used technique has been to lower the peak flame temperature
by leaning out the primary zone through combustion chamber design. An alter-

35 was to increase the

nate method presented by Parikh, Sawyer and London
homogeneity of the primary zone composition by using gaseous or vaporized
liquid fuels. Both schemes can create: problems in the ability to maintain
flame stabilization and lower lean extinction performance. Reducing the
residence time of the hot gases will also lead to lower concentrations of NO.
Residence time may be decreased by moving the dilution holes upstream or
increasing the flow velocity through the primary zone. Typical reduction of
15 percent are not uncommon94 for lean primary zone combustors.

Injection of water into the combustor primary zone or injection of steam

94

into the combustion air can typically reduce NO, emission by up to 85 percent

X ;
However, large quantities of demineralized water must be handled and engine

maintenance is increased.



Exhaust gas recirculation has an affect similar to lean primary zone
combustion. Typical results for EGR are shown in Figures 5-14 and 5-15 for

0il and gas fired systems respeétivelygs.

NASA has been working on the development of low pollutant-generation
combustors ("Clean Combustor Program") for aircraft engines. A great number
of concepts are being tested which include lean primary zone combustois, a
cshort residence time combustor, combustion which increases the homogeneity
of the priméry zone composition through the use of multiple arrays of "swirl-
can" modules or a.prémix package, and two stage combustors which usé a "pilot
combustion zone" (similar to the precombustion chamber diesel engiﬁe).
variable geometry combustors are also being explored to achieve the most
favorable configuratioh for any load. However, a variable geometry scheme
will not be necessary for stationary gas turbine installations. Details of
these configurations are reported in a paper by R. E. Jonesg7. To data none
of the combustor designs have achieved the desired goal for the proposed
1979 EPA limits for aircraft engines but it is felt that some of the designs
will have the potential for further NOx reduction.

5.4.3 Cost

There is an overall paucity of reliable data on the costs involved in
implementing combustion modifications on either conventional utility and
industrial boilers or stationary gas turbines and reciprocating I.C. engines.
Much of the cost information is proprietary, and the overall state of definitive
cost analyses is still quite primitive. The data exhibit a wide range of costs
for a given modification on the same type of combustion system. In any case,
available information will be presented in this section, but without extensive
critique or evaluation. The bulk of the discussion will center on utility
and industrial boilers. Limited cost data for stationary I.C. engine and gas
turbine modifications were published by McGowin4.

The costs of implementing the combustion modification techniques
described in preceding sections is basically the sum of the initial capital
cost, annual capital cost, and annual operating cost (which includes any
cost savings). Based on estimates for these costs, the Esso report presented
the results of a cost effectiveness study performed for NO, control on utility
boilers by means of combustion modification. Since 1969, however, it has
been revealed that a wide variation in the effectiveness of the control
techniques among boilers exists. This problem will require that future

cost-effectiveness evaluations be done on an individual boiler basis.
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The most recent data of this sort was published by Blakeslee and
Selker76 for new and existing tangential, coal-fired utility boilers. This
‘data is summarized in Figures 5-16 and 5-17. It is felt that these
- costs should approximate those for units of other designs, firing different
fuels. The bands of area explicitly show the ranges of the data, and that
retrofitting existing units is always more expensive than if the modificaticn
was included in the original design. '

Further data exists on retrofitting a 15 percent flue gas recirculation
system on existing wall-fired units operating on gas and oil. Teixeira98
_states that a probable upper cost limit would be $4.2/KW for a 480 MW retrofit,
occasioned by extensive hardware changes and increased operating costs. Barr
and Jamesl3,'for the same modification but on a 750 MW gas-fired unit, reported
a cost of S51/KW. It involved a far less complex conversion program, and is
considered the probable lower cost limit.

Most investigators agree that low excess air operation decreases
operating costs by increasing boiler efficiency slightly. This technidue
has become standard operating procedure on most existing utility and
industrial boilers. Cost savings afforded by LEA operation are usually

supplanted by additional, concurrent modifications.

As mentioned in Section 5.4.2.2, a commonly-used burner modification
for biased firing is enlargement of the atomizing orifices to accomodate the
higher fuel flow rate caused by out-of-service burners. Southern California
Edison Company experienced a cost of approximately $5000 per unit for this
modification. This technique is generally limited to new and existing gas-
and oil-fired plants. Implementation on existing coal units would necessitate
more elaborate and expensive changes in fuel handling equipment if they are
not currently capable of firing dual fuels. Additional cost estimates were

given by Berkau and Lachapelleal.

Increased operating costs are normally associated with combustion
modifications, but published data is scarce. One set of data, published by
Blakeslee and Selker76 is shown in Table 5-5. It should be noted that although
the total annual cost increases with boiler size, the operating cost on a KWHR

basis decreases.
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TABLE 5-5

1973 OPERATING COSTS OF NOX CONTROL METHODS FOR
NEW COAL-FIRED UNITS (TANGENTIAL):; SINGLE FURNACE

’ Winosox . CoaL MiLcL .
OvErring : Fuuc Gas COMBINATION . Frur Gas WATER

ConTROL METHOD Arn (20%) -_Recunc, (309) or 1 anp 2 Recine, (17%) INJECTION
My RaTiug 100 450 150 100 450 750 100 450 750 100 450 750 100 450 7350
EouipnCaT CoaTs 103‘ n 83 80 B0 1185 1650 ars 1248 1800 00 1015 1428 160 560 825
AnnyaL Fixeo Cuange 107§ - 10 14 =6 1% 264 . B0 200 288 . 48 162 228 26 60 132
ADpITioNAL Awnual FurL 3 - ' : . .

“Loat 10°% —— -—— ama — —— - — - -— - —aa _— 147 660 1088
ADDITIONAL ANMUAL Faw 3

Powra Cost 107 —r ' wes == 21 95 158 21 @5 158 22 100 168 13 58 s7
ToTaL AwnuaL Cosv 103‘ 5 10 14 ” 285 422 a 29% 445 70 262 %4 186 ace 1323

(&

Orrmating CosT  MILLS/KwHR 0.009 0.004 0.003 0.143 0.117 0.104 0.1%0 0.121 0.110 0.130 0.108 0.097 Q-344 0.332 0.327

« Druivemco anp £meeTee CouismenT cosTs (+ 108 accumacy). EXCLUDING CONTINGENEY AND INTEREST BURING CONSTAUCTION.
. 5400 HR/YR AT RATED MW AND NET PLANT NLAT MATE OF 9400 BTU/KWAR,
. 50¢/108BTU coas coaT.

Basep on: A

. B

€

g. $250/HP ran power cosT, on $40/HP pER vEan.
F

G

. ANMUAL FIKED CWAREE RATE or 168.
« OrcaaTina conTs amc + 10%.
+ DOLS HOT INCLUDE COST OF WATER BIPING IN PLANT O €OST OF MAKEUP WATEN.

‘Basr wnit DPEQhTINﬂ ED!TI. FOR COAL FIRED POVER PLANTS FXCLUDING 502 REMGVAL SYSTEMS,

UniT Size 100 430 750
Orcnating CosT MILLS/M 16.2 13.5 12.8

®IncLubts 1973 CAPITAL CONTS, LABOR, MAINTINANCE, FUEL COSTS +20$ CONTINGENCTY +:l7$ INTEREST DUR NG CONSTAUCT ION.

Essentially no data were readily available on the costs of implementation
of combustion modifications on industrial boilers., It is anticipated, however,
that such information will be diffuse and generally difficult to interpret
and correlate, directly reflecting the wide spectrum of equipment design and

normal operating conditions.

5.5  SUMMARY

From a systems perspective, tiie most significant developments in com-
bustion modification technology since the Esso study are the increasing '
dependence on coal with the concomitant problem of fuel Nox, and the formation
of the combustion control program to develop the technology for NOx control.
In this section we have reviewed the problem of NOx formation and the status
of the component areas of the program directed at attacking the problem in
order to identify developmental requirements for systems planning.

Although preliminary identification of chemical and physical mechanisms
in thermal and fuel NO formation has been made, there is still an inadequate
understandxng of the relatlonshlp between fuel and equipment parameters and
NO, formation. Accordingly, the program to devise and test modification
techniques is broadly based with simultaneous focus on fundamental studies,
pilot scale testing on laboratory scale equipment, and full scale testing on
commercial equipment. The overall short term objective of the program is to

5-46



develop verified, cost effective techniques for retrofit modification of
existing units. Most of the signifiéant reductions in NOy emissions have
resulted or directly beneflted from the efforts of this program The overall
long. term objective of the program is to develop optimized c0ntr01 concepts
for new units and to define minimum attainable emission levels. For both the
short and long term studies, the priority development area is combustion
modification techniques for control of fuel nitrogen conversion to NO.

The fundamental studies area of the combustion - control program is
primarily a long term effort to develop a basic understanding of NO format;on.
Since the Ess¢ study, the emphasis has been on modeling the 1nd1v1dua1 key
phenomena involved in Nox formation. Significant advances have been made in
the areas of fluid flow solution, thermal NOX kinetics, gaseous hydrocarbon
oxidation, and thermal radiation. These results have had the short term yield
of aiding in evaluating data from pilot and full scale tests, and in suggesting
ideas for combustion modification techniques. Only preliminary advances have
been made in the modeling of fuel NOx and of the effects of turbulent mixing
on hydrocarbon and NO reaction rates. These are both considered priority R&D
areas. In the long term, the individual models for the key phenomena will be
coupled, refined, and verified by correlation with test data to ultimately
yield predictions of NOx formation.

Combustion modification testing is conducted within the fuels R&D,
process R&D, and field testing component areas of the combustion control
program, These efforts have resulted in‘operational guidelines for use by
industry in NOx control through combustion modifications. Stationary source
combustion or other operating modification techniques, their major NOx reducing
effects, and problems usually associated with them are summarized in Tables
5-6a. and b.

For utility and industrial boilers, the effectiveness of these
modifications on NOy, reduction depend on a large number of factors. These.
include boiler geometry and cleanliness, burner design, spacing, and state
of repair, load, and, most importantly, the fuel itself. All of the techniques
discussed are effective to varying degrees on gas firing due to suppression of
thermal NO, production. The contribution of fuel NO, reduces both the number
of cost-effective techniques and net NOx reduction figures attained by them
for oil and coal fuel. To date, published data have cast doubt on the NOx—
reduction effectiveness of temperature-reduction schemes, such as flue gas
recirculation, for combustion systems firing coal and heavy fuel oils, both
of which contain nitrogen-bearing compounds. By the same token, off-
stoichiometric combustion has been shown to reduce both thermal and fuel NOy,
but more data is required, especially for coal combustion.
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TABLE 5-6a

MODIFICATION TECHNIQUES FOR UTILITY AND INDUSTRIAL BOILERS

Modification Techniques

Major Effect

Major Potential Problems

Low Excess Air Operation

0ff-Stoichiometric
Combustion

Flue Gas Recirculation

Reduced Air Preheat
Operation .

Load Reduction
Water, Steam Injection

Equipment Modifications:
®"Low NOX" Burner

®Boiler Wash

@®MWiden Burner Spacing

® Tangential firing
(as opgosed to wall-
firing

Oxygen concentration
reduction (Fuel-rich
burner operation)
Fuel-rich burner operation

Reduced residence time of
fuel at peak temperature

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Provides off-stoichiometric
combustion at burner

Readily fuel/air adjustable
Fuel-flexible

Maintains rated heat
transfer rate
Reduce peak temperature

Reduce interference
between burner flames

Peak temperature reduction

Slower, more controlled,
combustion

Increased furnace slagging
Nearer smoke threshold

Flame instability, smoking

Higher convective section
temperatures

Flame instability
Boiler efficiency reduction

Boiler efficiency reduction

Boiler efficiency reduction

Boiler efficiency reduction
Increased corrosion

Retrofit problems:

Compatibility with existing
furnace

Conversion investment costs
Boiler downtime

Boiler downtime
Maintenance expense

New unit design only;
retrofit cost prohibitive

New unit design only




TABLE 5-6b

MODIFICATION OR CONTROL TECHNIQUES FOR STATIONARY I1.C. ENGINES AND GAS TURBINES

Modification or
Control Techniques

Major Effect

Major Potential Problems

Reciprocating I1.C. Engines

-Speed vs. Stoichiometry-

Decreased Torque Load
(at constant speed)

Decreased Air Manifold
Temperature

Increased Valve Overlap

Exhaust Gas Recirculation

Catalytic Converter,
Ammonia as Reducing Agent
(Post Combustion Control
Method)

Water Injection

Precombustion chamber

With speed, NO increases
under fuel-rich and
decreases under fuel-lean
conditions

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Peak temperature reduction

Reduction of NO, NO2 to
N2 and 02

Peak temperature reduction

Peak temperature reduct-
tion; 02 starvation

Retrofit difficulties;
inability to meet load
demand

Retrofit difficulties;
inability to meet load
demand

Efficiency reduction

Fuel economy reduction
Applicable only to
4-cycle engines

Intake manifold fouling
Additional control system
Operational difficulties
Efficiency reduction

Expensive

Current catalysts sensitive
to impurities in fuel

Increased maintenance;
additional equipment for
water handling

Costly for retrofit




TABLE 5-6b (Concluded)

Modification or
Control Techniques

Major Effect

Major Potential Problems

Gas Turbines

Lean-Out Primary Zone by
Modifying Combustion
Chamber Design

Water injection

Exhaust Gas Recircuiation

Peak temperature reduction
Reduced residence time of
fuel at peak temperature

Peak temperature reduction

Peak temperature reduction

Less control over flare
stabilization

Less control over lower
lean extinction performance

Reduced efficiency
Increased maintenance

Additional equipment for
water handling

Reduced efficiency
Additional control system

Operational difficulties




SECTION 6

ASSESSMENT OF R&D REQUIREMENTS

Esso concluded the systems study of stationary source NOx emissions with
a detailed R&D plan in four categoriesg:

e Combustion process studies

® Combustion flue gas treatment
e Noncombustion process studies
e Supporting studies

The priority R&D recommendations were in the combustion process studies area,
which was further subdivided into Basic and Supporting Research, and Applied
R&D. As described earlier, the EPA subsequently formulated an R&D program
which incorporated and expanded upon the Esso R&D plan. The results of these
and related efforts were reviewed in Chapters 4 and 5, and the purpose of this
chapter is to suggest R&D topics for areas identified in that review as requir-
ing further study. '

Due to the limited scope of the present study, no attempt has been made.
to specify R&D schedules or level of funding. That approach would require a
more comprehensive review of ongoing programs as related to future regquirements.
A qualitative ranking of priorities into high, medium, and low categories is
given based on probable impact on emissions for short-term programs, or, low~

risk development for long-term programs.

6.1 COMBUSTION MODIFICATIONS

The overall trend in combustion modification R&D is to establish the re- .
lationships between fuel or equipment parameters and the operating conditions
promoting NOX formation. Within this context, the emerging emphasis is on NOX
formation in coal fired units, and on control technology for area sources such
as industrial combustion equipment, IC engines, and commercial or domestic
heaters.

Table 6-1 summarizes ongoing EPA research (for stationary sources) by
relating R&D study areas to specific contracts in the four areas of fundamental
studies, fuels R&D, process R&D, and field testing and survey. There are



additional relevant programs which are funded outside the EPA. These are
primarily in the areas of fundamental studies and field testing. Also, be-
tween the EPA stationary source and mobile source programs, there are mutually
beneficial areas that could be exploited.

The following four sections give suggested additions or extensions to
the ongoing programs listed on Table 6-1. These R&D recommendations are
further summarized in Table 6-2.

6.1.1 Fundamental Studies

Several of the more pressing problems in the fundamental studles area
are the development of a basic understanding of fuel NO_ conver51on, the need
to relate fundamental studies to measured performance, and, more broadly, the
development of scaling laws for generalizing pilot-scale test results. R&D
suggestions relating to these areas, as well as the ongoing long-term programs,
are given below in the context of the fundamental studies framework presented

in Section 5.

Fluid Flow Solutions: There exists an extensive library of computer

codes for flow prediction in a variety of geometries. The priority items in
this area are, therefore, not with basic code development, but with testing
of auxiliary relations for use in existing codes.

Medium priority:

* Continue use of 2-D recirculating code to test models for swirl,
radiation, kinetics, etc., and to increase numerical stability and

reduce running time.

) Apply 2-D jet flame boundary layer codes to test turbulence models,
mixing effects on kinetics, 2¢ flow models, luminous radiation ef-

fects, etc. Supplement with experimentation on these effects.
Low priority:

. Initiate use of pressure-velocity method for 2-D recirculating flow

to gradually replace the stream function-vorticity method.

] Assess use of pressure-velocity method for 3-D flow for obtaining

flow patterns and scaling relations.

Thermal NOx: The high priority items in this area are covered by exist-

ing programs. Supplementary interest areas of medium priority are:
) Determine HCN emissions from fuel-rich flames.

® Utilize results of Esso/Ultrasystems study in a realistic flow situa-
tion, such as 2-D jet flames, with full diffusional effects.

Fuel NO, and 2¢ Droplet/Particulate Combustion: Rocketdyne is currently

doing a high priority exploratory study of the most important aspects of fuel
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nitrogen conversion and droplet/particulate combustion. As preliminary results
become available, these could be used as the basis for further, independent, high
priority studies: ' '

e Volatilization and pyrolysis models of single droplet or particulate
flow. Extend to one or 2-D -combustion of a cloud of particles.

® Post-pyrolysis heterogeneous carbon burnout models.

e Coupling of particulate combustion results with luminous radiation
modeling.

® Incorporate Rpcketdyne findings in University of Arizona study on
synergism of NO_ and 502.

e Establish level of HCN emission due to fuel nitrogen intermediaries.

Turbulent Viscosity: A medium priority effort in turbulence modeling
would benefit the use of computer codes to predict combustion flow fieldi

° Test the two-equation turbulence models in a recirculating 2-D flow
code.

M Test nonisotropic turbulence models for swirling 2-D boundary layer
jet flames.

Effects of Mixing on Reaction Rates: This is a high priority area as

flame zone mixing can dominate the reaction rates for combustion and NOx forma-
tion. For developing fundamental understanding, a closely coordinated experi-
mental.and analytical study of turbulent premixed and diffusion flames in simplé
geometries would be most beneficial.

Thermal Radiation: A continuing effort should be made to incorporate

into existing radiation models results obtained from the fuels nitrogen study

and efforts in other auxiliary areas.

6.1.2 Fuels R&D

This research area derives its nomenclature from the historical inves-
tigations on pilot scale versatile combustion equipment for each "fuel" type,
coal, oil and gas. Basically, it is concerned with subscale experimental stud-
ies on equipment with the flexibility to vary burner parameters or to study in
staging, overfire air, flue gas recirculation, air preheat, etc. Based on the
results of the present study, the following areas of pilot scale activity are
identified as needing further definition.



Priority

e Off-stoichiometric combustion High
® Burner optimization for fuel nitrogen High
® Burner optimization of thermal nitrogen High
) Radiation measurements Low
] Corrosion, fouling tests - : High
e Systématic testing of coal types for effecés-of Medium

chemically bound nitrogen and S/N ratio

) Synthetic fuels Medium
. 0il atomization studies Medium
L Optimum modification scheme for each fuel and process Medium

An indication of priorities, high, medium or low is given for each of
the study areas. High priority areas include those associated with NO emis-
sions from coal combustion, fuel nitrogen problems, problems associated with
area sources, or where vital information on any important subject is lacking.
Medium priority attention is given to those areas where some information is
available but additional data would be very helpful, or areas that need work
but are not quite as essential for controlling the major NO sources. Low
priority items generally include long range problems and those areas that

would contribute additional understanding if funds were available.

Each of these fuel R&D areas will be briefly described in the following
paragraphs. Further work is necessary to define exactly what should be done in
each of these areas. As was noted on Table 6-1, the current R&D program cOVErs

most of these areas to some extent but is limited by available funds.

Qff-Stoichiometric Combustion (High Priority)

The emphasis in this area should be on the application of off-~stoichio-
metric firing techniques to coal combustion. Tests are needed to determine the

effects of the following parameters on staged combustion:
e First stage air/fuel ratio
L] Residence time to point of injection of secondary air
® Direction and method of injection of secondary air
o Heat absorption between stages
] Burner variables (swirl, velocities, etc.)

studies with o0il and gas firing would alsc be of interest.
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Burner Optimization for Fuel Nitrogen (High Priority)

Burner design principles need to be identified to achieve low NOx emis-
sions for fuels with chemically bound nitrogen. The optimum burner design
would achieve the same effect as staging through local combustion aerodynamics.
‘It is realized that a universal burner for all applications (boilers, furnaces,
etc.) is not practical, but development would benefit from identification of
general design principles. A burner design for utility boilers may be the best
focal point for this project.

Burner Optimization for Thermal Nitrogen (High Priority)

A different approach to burner design may be desirable when fuel nitro-
gen conversion is not of concern. Although the use of natural gas as a fuel
for utility boilers seems to be on the decline, its combustion will remain a
significant factor for emissions from area sources. Therefore, burner design
principles should be developed for low NO distillate oil and gas burners. De-
vising an optimized burner design for typical home-heater size combustion sys-
tems would be on approach.

Radiation Measurements (Low Priority)

In order to provide a realistic heat transfer model of the combustion
process, data on radiation heat fluxes from gas, oil and coal flames is essen-
tial. Tests could be performed in a versatile subscale piece of equipmenﬁ.
However, care must be taken to ensure that wall heat fluxes resemble those in

full scale equipment.

Corrosion and Fouling Test (High Priority)

Since corrosion and slagging problems are of vital concern to utility
boiler operators, it is essential that the detrimental effects of the various
NO control schemes be determined. The possibility of doing accelerated tub-
scale corrosion and fouling tests should be investigated as it would, no &oubt,
be much cheaper than full scale testing. Many investigators, however, contend
that subscale corrosion tests are not reliably scaled to full scale equipment.

Exploratory tests would be helpful in this regard.

‘Systematic Testing of Coal Types (Medium Priority)

There are many varieties of coal, due to differing proportions of nitro-
gen, sulfur, carbon-hydrogen ratio, ash, heat capacity and other properties.
It is very likely that a wide range of NO_ emission magnitudes can result from



use of these coals. Thus, a systematic study in subscale apparatus is recom-
mended to determine the relative effects of percentage fuel nitrogen, sulfur

nitrogen ratio and other coal properties on NOx emission. .

Synthetic Fuels (Medium Priority)

As was noted in Section 3, considerable research activity will take
place in the next decade aimed at developing synthetic gaseous and liquid fuels
from coal, and oil from oil shale and tar sand. Studies should be initiated
to evaluate the possible NO emissions ffom the combustion of such exotic fuels,
as well as the concomitant problems (ine., load derating) of converting exist-
ing plants to these fuels.

0il Atomization Studies (Medium Priority)

An integral part of an oil-fired combustor design is the manﬁer in which
the oil is atomized. The atomization technique and the mixing patterns will
greatly influence the formation of NOK. It is recommended that the current
studies at Rocketdyne be continued and possibly expanded.

Optimized Modification Scheme for Each Fuel Type and Application (Medium Priority)

As was noted in Table 6-1 there are several ongoing studies to determine
the optimum NO control scheme for each fuel and application. It is felt that
these types of studies, including periodic evaluation of the status of the
schemes, are valuable and should be contined. Perhaps greater emphasis should
be placed on determining optimized NO reduction schemes for area sources, such
as industrial boilers, furnaces and domestlc and commerc1a1 heating systems,

using versatile, although not necessarily subscale, equipment.

6.1.3 Process R&D

Process R&D is concerned with the full scale implementation of one or

more control schemes. Recommended R&D study areas and priorities are as follows.

Priority
® Corrosion studies ) High
@ Off-stoichiometric combustion (staging) High
° Intermediate chemically bound nitrogen compounds Low
e Optimized modifications and area éourées High
. Catalytic combustion Low

Each of these areas will be briefly discussed.
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Corrosion and Fouling Studies (High Priority)

Two full scale corrosion and fouling studies will soon be implemented
(conducted by Combustion Engineering and the TVA). It is recommended this
area of research be greatly expanded. A short study should be undertaken to
determine the most effective means of averting the corrosion and slagging prob-
lems associated with NOx control schemes. It would be highly desirable to be
capable of performing subscale corrosion tests as was suggested in Section 6.1.2.
An accelerated corrosion and slagging program in full-scale units should in any
case, be promoted.

Off-Stoichiometric Combustion (Staging) (High Priority)

The findings from the fuels R&D staging studies should be applied to
full-scale equipment to verify the results. The Combustion Engineering and TVA
demonstrations will contribute valuable data, but will not provide much informa-
tion regarding the optimum injection point., Although it is realized that full-
scale testing is rather costly, it is recommended that additional studies be

made.

Intermediate Chemically Bound Nitrogen Compounds (Low Priority)

As was discussed in Section 5, there remains some question as to the fate

of chemically bound nitrogen. That is, whether it is converted to NO, N, or

2
even HCN. It is proposed that the fate of these compounds in full-scale equip-
ment be studied to determine how the conversion, especially.conversion to HCN

occurs. Results obtained should be coordinated with data from pilot-scale and

bench~scale tests.

Optimized Modification and Area Sources (High Priority)

There are a number of ongoing programs in the process R&D area to deter-
mine or evaluate the optimum NO_ control scheme. These programs are of great
value and should be continued. Although programs concerned with controls for
coal combustion in utility boilers should not be de-emphasized, more effort
should be placed on controls for area sources, such as industrial boilers and
furnaces, commercial and home heating systems as well as IC engines and gas
turbines. These studies may require more funds than are now available. A

number of programs are in the planning stage at EPAlS.

Catalytic Combustion (Low Priority)

Catalytic combustion has been shown to be a potential low NO_ emission
combustion mechanism. Some additional exploratory work to determine the full
potential of catalytic combustion should be performed.
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6.1.4 Field Testing

Field tegts have been used in the past to determine current emission
levels as well as the capability of existing equipment to produce lesser quan-
tities of NO_ . Much of this work is currently underway or has been completed.

However, the following areas require continuing or additional work.

Priority
e Field testing of pulvefiéed coal-fired equipment. High
) Corrosion and slagging for various types of coals High
e Field testing of area sources High
* Alternate fuels Low

Field Testing of Pulverized Coal-Fired Equipment (High Priority)

This test work is an ongoing program at EPA, through Esso Research and
Engineering, to determine levels of NOx emissions and control capability of
existing equipment. This work is providing significant background material
and, in light of many utilities switching to coal in the near future, it is

recommended that studies of this type be accelerated and expanded.

Corrosion and Slagging (High Priority)

The above field tests offer an excellent opportunity to determine the
effect of selected control methods (i.e., low excess air, flue gas recircula-
tion, and off-stoichiometric combustion) on slagging and corrosion for many
types of boilers. This is being done through the Esso field test work on
utility boilers and should be continued and expanded in light of fuel conver-

sion activity.

Field Testing of Area Sources (High Priority)

There has been considerable emission survey work on industrial boilers
and commercial and home heating systems. Additional statistically representa-
tive data for these sources would be worthwhile. Applying NO_ reduction tech-
nigues to them is the next logical step. In addition to this ongoing work,
emissions and controls for other area sources such as industrial furnaces, sta-
tionary reciprocating IC engines, and gas turbines need to be defined. 1In
particular, as was indicated in Section 3, there is a considerable range of NOx
emission estimates for IC engines. The importance of.fhis source of emissions

requires clarification.




Alternate Fuels (Low Priority)

Combustion of alternate fuels, particularly waste materials, may have
an associated NO emission problem. Fuels such as pitch and waste products
from chemical plants are used in process heaters or are directly incinerated.
Some exploratory work should be performed to determine the nature and extent
of the problem.

6.2 FLUE GAS_TREATMENT'

Since this area was not extensively éxplored in the presen£ study, it
is rather difficult to make valid R&D recommendations. Perhaps as a first step
a study should be undertaken to thoroughly review the state of the art and
recommend areas of future research. Some NO researchers interviewed during
the course of this survey recommended additional flue gas treatment studies
because this option may be needed as a secondary cleanup scheme to meet more
stringent laws (especially as the population of sources increases). Flue gas
treatment may be the most cost-effective technigue for some of the smaller
sources comprising area sources. At this time, however, combustion modification

still seems to be the most promising alternative.

6.3 ALTERNATE PROCESSES

Some funds should be allocated for monitoring the status of and the
developments in the longer range alternate power generation schemes. These
may include the following: '

® Synthetic fuels:
- Methanol
- Hydrogen
- Garbage and waste
- Low Btu and High Btu gas
- Sewer gas
® advanced power generation cycles
- Fluidized bed boiler
- Combined cycle

If, at some future time, one or more of these processes show promise,
additional programs should be initiated to characterize any NO_ emission prob-

lems associated with such systems.
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