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Editor’s Note 

The February 2014 edition of  APTI 418 is reorganized and written or edited by Brian 
W. Doyle, PhD, PE and Chuck Solt.  It combines material from the original APTI 418 
(acknowledged below and the NOx Emissions and Control course developed by the 
Rutgers Air Compliance Center.  Dr. Doyle and Chuck Solt are the original authors of 
the Rutgers material, which was partially funded by the USEPA.  Notes at the 
beginning of each Chapter credit the authors and origins of the material.  The video 
referred to in the original APTI 418 course (below) is not readily available and 
references to it have been deleted from the text. 

Acknowledgments for the Original 2000 Version 

This text combines original content provided by Dr. John R. Richards, Ph.D., P.E., 

with the content of EPA Workshop T002-99, Control of Nitrogen Oxides Emissions, 

which was broadcast in January 1999 to the APTI Distance Learning Network. The 

author of this student manual, Dr. Richards, and the editor, Robert M. Schell, are 

hereby acknowledged for their cooperative integration of the original broadcast 

materials with extended and updated technical content. The T002-99 Workshop 

presenters who currently appear in the broadcast video are also acknowledged for the 

original content they contributed. These materials provided a firm foundation and a 

companion video for this course. The presenters and the chapters of this manual that 

contain their contributions are given here. 

 Chapter 1 Introduction to Nitrogen Oxides Control Mike Urban 

 Chapter 2 NOX Formation in Combustion Processes Bob Hall 

 Chapter 3 NOX Emission Trends and Sources Douglas Soloman 

 Chapter 4 NOX Regulatory Programs Dave Stonefield, Ravi Srivastava 

 Chapter 5 Combustion Sources John R. Richards 

 Chapter 6 Combustion Modifications Andy Miller 

 Chapter 7 Low NOX Burners Andy Miller 

 Chapter 8 NOX Reburning Bob Hall 

 Chapter 9 Reciprocating Internal Combustion Engines Jack Wasser 

 Chapter 10 Gas Turbines Sims Roy 

 Chapter 11 Selective Catalytic Reduction Anne Johnson 

 Chapter 12 Selective Non-Catalytic Reduction John R. Richards 

 Chapter 13 Continuous Emission Monitoring James A. Jahnke 
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Disclaimer 

 

This document is not an official policy and standards document and does not 

constitute U.S. Environmental Protection Agency policy. Mention of trade names or 

commercial products does not constitute endorsement or recommendation for use. 
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Classroom Agenda 

Course 418 

Control of NOX Emissions 

 

DAY 1 

 Introduction and Organization of the Course  

 Pre-test 

Chapter 

1 Introduction to NOx Control  
 Regulation of NOX 

 Definition of NOX 
 Origins of NOX 
 NOX formation mechanisms in combustion processes  
 Anthropogenic sources 
 NOX emission trends 
 Ozone season emissions 
 Emissions projections 
 
2 NOX Regulatory Programs  
 Introduction 
 NO2 NAAQS 
 Ozone NAAQS 
 PM10 and PM2.5 NAAQS 
 Visibility impairment 
 Historic review of ozone control strategies 
 Acid rain 
 Other programs 
 
3 Combustion Systems & NOx  
 Diffusion and premixed flames 
 Flame temperatures 
 Boiler burners 
 Reciprocating engines 
 Combustion turbines 
 
4 NOx Control by Reducing Temperature  
 Flame temperature and NOx 
 Water Injection 
 Flue gas recirculation 
 Lean Premixed combustion 
 Summary 
 



 

vi COURSE 418 - CONTROL OF NOx EMISSIONS 

Classroom Agenda 

Course 418 

Control of NOX Emissions 

 

DAY 2 

Chapter 

 

5 Oxygen Based NOx Controls  

 Combustion staging concepts 

 Reduced Excess Air 

 Stratified combustion in large furnaces 

 Low NOx burners 

 Reburning 

 Summary 

 

6 Reciprocating Internal Combustion Engines  

 Combustion control 

 Post-combustion control 

 Case study 

 

7 Gas Turbines  

 Introduction 

 Combustion modification controls 

 Post combustion controls 

 

8 Back End Controls  

 Selective non-catalytic reduction (SNCR) 

 Selective catalytic reduction (SCR) 

 Non-selective catalytic reduction (NSCR) 

 Emerging Technologies 

 Summary  



 

COURSE 418  CONTROL OF NITROGEN OXIDES EMISSIONS vii 

Classroom Agenda 

Course 418 

Control of NOX Emissions 

 

DAY 3 

Chapter 

 

9 Emission Measurement, Monitoring & Reporting  

 CEM regulatory program 

 Measurement techniques 

 CEM systems 

 Quality assurance and quality control 

 Oxygen concentration monitors 

 Emissions calculations 

 

 

10 Inspecting Permitted Emission Sources  

  

 

 Review of the Pre-test 

 Post-test 

 Adjourn  



 

viii COURSE 418 - CONTROL OF NOx EMISSIONS 

TABLE OF CONTENTS 

 

ACRONYMS ...................................................................................................... ix 

LIST OF TABLES.............................................................................................. xii 

LIST OF FIGURES........................................................................................... xiii 

FORWARD ...................................................................................................... xiv 

CHAPTER 1 Introduction to NOx Control ....................................................... 1-1 

CHAPTER 2 NOX Regulatory Programs  .......................................................... 2-1 

CHAPTER 3 Combustion Systems and NOx  .................................................. 3-1 

CHAPTER 4 NOx Control Reduced Flame Temperature  ................................. 4-1 

CHAPTER 5 Oxygen Based NOx Controls ....................................................... 5-1 

CHAPTER 6 Reciprocating Internal Combustion Engines ............................... 6-1 

CHAPTER 7 Gas Turbines  ............................................................................. 7-1 

CHAPTER 8 Back End NOx Controls  ............................................................ 8-1 

CHAPTER 9 Emission Measurement, Monitoring & Reporting  ....................... 9-1 

CHAPTER 10 Inspecting Combustion Sources ……………………………………10-1  



 

COURSE 418  CONTROL OF NITROGEN OXIDES EMISSIONS ix 

ACRONYMS 

 
ACRONYMS Definitions 

ACFM Actual cubic feet per minute 

AEL Alternative emission limit 

AIRS Aerometric Information Retrieval System 

BACT Best available control technology 

BBF Burner biased firing 

BDC Bottom dead center 

BEISE-2 Biogenic Emissions Inventory System-2 

BOOS Burners out of service 

Btu’s British thermal units 

CAA Clean Air Act 

CAAA Clean Air Act Amendments 

CAM Compliance Assurance Monitoring 

CCOFA Close coupled overfire air 

CCT Clean coal technology 

CEM Continuous emission monitoring 

CFB Circulating fluid beds 

CFD Computational fluid dynamic 

CGA Cylinder gas audit 

CGSU Centimeter gram second units 

COFA Closed overfire air 

DAS Data acquisition system 

DOD Department of Defense 

DLN Dry low NOX 

DOE Department of Energy 

DSCFM Dry standard cubic feet per minute 

EAA Electric aerosol analyzer 

EDS Energy dispersive X-ray spectroscopy 

EGR Exhaust gas recirculation 

EGU Electric generating units 

EPA Environmental Protection Agency 



 

x COURSE 418 - CONTROL OF NOx EMISSIONS 

EPRI Electric Power Research Institute 

ESP Electrostatic precipitator 

FBC Fluid bed combustors 

FEGT Furnace exit gas temperature 

FETC Federal Energy Technology Center 

FGC Flue gas conditioning 

FGR Flue gas recirculation 

FHA Federal Highway Administration 

FIP Federal Implementation Plan 

fpm Feet per minute 

FRP Fiberglass reinforced plastics 

GFC Gas filter correlation 

GCVTC Grand Canyon Visibility Transport Commission 

HAP Hazardous Air Pollutant 

HPMS Highway Performance Monitoring System 

HRSG Heat recovery steam generator 

IC Internal combustion 

ID Fan Induced draft fan 

INFR In-furnace Reduction 

IR Infrared 

KW Kilowatt 

kWh Kilowatt hour 

LAER Lowest achievable emission rate 

LEA  Low excess air 

LEL Lower explosive limit 

LNB Low-NOX burners 

LOI Lost on ignition 

MACT Maximum achievable control technology 

MC Medium cure 

MMD Mass median diameter 

MND Median number diameter 

MNL(s) Multiple nozzle lances 

MVD Median volume diameter 



 

COURSE 418  CONTROL OF NITROGEN OXIDES EMISSIONS xi 

MW Megawatt 

MWe Megawatts of electrical power 

MWh Megawatt-hour 

NAAQS National Ambient Air Quality Standards 

NAPAP National Acid Precipitation Assessment Program 

NDIR Nondispersive infrared 

NDUV Nondispersive ultraviolet 

NESHAP National Emissions Standards for Hazardous Air Pollutants 

NET National Emission Trends Inventory 

NIST National Institute of Standards and Technology 

NOTR Northeast Ozone Transport Region 

NOX Nitrogen Oxides 

NSPS New Source Performance Standards 

NSR New Source Review 

OFA Over fire air 

OMS Office of Mobile Sources 

OTAG Ozone Transport and Assessment Group 

OTC Ozone Transport Commission 

PEMS Predictive emission monitoring systems 

PIC Products of incomplete combustion 

ppm Parts per million 

PSD Prevention of significant deterioration 

PSI Pounds per square inch 

PSIG Pounds per square inch gauge 

PTFE Polytetrafluoroethylene 

PURPA Public Utilities Regulatory Policies Act 

R&D Research and development 

RA Relative accuracy 

RAA Relative accuracy audit 

RACT Reasonably available control technology 

RATA Relative accuracy test audit 

RC Rapid cure 

RM Reference method 



 

xii COURSE 418 - CONTROL OF NOx EMISSIONS 

RPM Revolutions per minute 

SARA Superfund Amendments and Reauthorization Act 

SC Slow cure 

SCA Specific collection area 

SCAQMD South Coast Air Quality Management District 

SCFM Standard cubic feet per minute 

SCR Selective catalytic reduction 

SEM Scanning electron microscopy 

SERDP Strategic Environmental Research and Development 
Program 

SI Spark ignition 

SIP(s) State Implementation Plan(s) 

SMD Sauter mean diameter 

SNCR Selective non-catalytic reduction 

SOFA Separated over fire air 

SR Stoichiometric ratio 

SRM Standard Reference Materials 

SS Slow setting 

STP Standard temperature and pressure 

TDC Top dead center 

T-R Transformer rectifier 

TSP Total suspended particle 

UBC Unburned carbon 

ULNB Ultra low-NOX burners 

UV Ultraviolet light 

VMT Vehicle miles traveled 

VOCs Volatile organic compounds 

W.C. Water column 

 
 

 

  



 

COURSE 418  CONTROL OF NITROGEN OXIDES EMISSIONS xiii 

FORWARD 

This student manual is intended both as a reference and to be used in the 
classroom as a supplement to the slide presentation. 

This manual is organized into 10 chapters that examine the environmental 
importance of NOx, its regulation, how it is formed in various combustion 
sources and the control technologies. 

 Chapter 1, Introduction, introduces NOX. formation and sources 

 Chapter 2, Regulations, presents a discussion of NOX–related emissions 

regulations, which increasingly focuses on stationary source emitters. 

 Chapter 3, Combustion Systems & NOx, is a primer on types of flames and 

combustion sources. 

 Chapter 4, Flame Temperature Based NOx Controls, discusses various ways 

to reduce flame temperature including lean premixed combustion. 

 Chapter 5 Oxygen Based NOx Controls, discusses various air and fuel 

staging techniques leading to low NOx burners. 

 Chapter 6, Reciprocating Internal Combustion Engines, discusses NOx 

reduction from reciprocating engines – increasingly used in distributed 

generation 

 Gas Turbine NOx Control is discussed in Chapter 7. 

 Back End NOx Control systems are discussed in Chapter 8, including 

emerging technologies 

 Chapter 9, Emission Measurement, Monitoring & Reporting, presents the 

basic concepts of monitoring and reporting NOX emissions. 

 Chapter 10, Inspecting NOx Sources, is an overview of how to inspect a 

combustion source with particular emphasis on NOx emissions. 

The manual is organized similarly to the instructor presentations included 
in the slide presentation of the course.    
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Chapter 1  

Introduction to NOx Control 

 

 

Editor’s Note: 

Chapters 1, 2 and 3 from the 2000 version of APTI 418 have been consolidated into the current Chapter 1.  

Original text in these three chapters written by Mike Urban, Bob Hall and Douglas Solomon respectively 

has been edited and I have incorporated my own notes.  The general format of the original is preserved.  

Numbering for the references has not been verified. 

 

Brian W. Doyle, PhD  

Feb 2014 
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Introduction to NOx Control 

 NOx emissions originate almost exclusively from combustion sources and nearly all combustion 

sources emit NOx.  While the constituents of NOx are toxic, the primary reason for NOx regulation is to 

control ambient ozone concentration.  Emission controls usually begin by reducing the amount of NOx 

formed during combustion followed, if necessary, by a control device such as a selective catalytic 

reduction (SCR) system. 

 

1.1 REGULATION of NOx 

Historic Overview  

The regulation of NOx dates back to the State Implementation Plans (SIPs) that were developed 

in the early 1970s in response to the requirements contained in the Clean Air Act Amendments (CAAA) 

of 1970.  The regulations contained within SIPs were initially designed to attain the National Ambient Air 

Quality Standard (NAAQS) for nitrogen dioxide and ozone.  

  

The 1970 CAAA also required EPA to establish New Source Performance Standards (NSPS) that 

specify control requirements for new sources of any criteria pollutant, including NOx.  For example, the 

NSPS for utility boilers in 40 CFR Part 60, Subpart D, that was established in 1970 includes control 

requirements for NOx.  While the older standards are still in place, the control technology on most new 

(and some existing) facilities is determined on a case by case basis using “best available control 

technology” or other governing criteria. 

 

Since a number of areas continued to exceed ambient ozone standards, the regulation and control 

of NOx emissions continue to be active fields.   

 

 

PM2.5 NAAQS and Regional Haze 

 The control of NOx will be one of the less important elements in the development of controls of 

PM2.5. SO2 and VOCs  are the main precursors contributing to the formation of these very small particles 

in the atmosphere.  Nitrates, compounds that form from NOx, are one of the minor constituents of PM2.5 

and one of the groups of chemicals that are believed to cause adverse health effects. Figure 1-1 shows the 

constituents that comprise PM2.5 in the eastern half of the United States.  Small particles are the primary 

cause of regional haze, but NO2, which is visible brown gas, also contributes. 

 

 

Acid Rain 

 Nitrates that form in the atmosphere from NOx compounds are captured as small particles or as 

dissolved acid in rain or mist.  The nitrates that are deposited in soils can affect the pH of the soils and the 

uptake of nutrients.  NOx contributes to nitrates that reach surface waters such as rivers and lakes 

increasing the nitrogen content of the water.  This nitrification process tends to promote the growth of 

algae and other organisms that can consume oxygen – effectively suffocating other aquatic life.  NOx is a 

minor contributor to this process compared to fertilizers and agricultural influences. 
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Figure 1-1. Constituents that comprise PM2.5 in the eastern half of the U.S. 
 

 In summary, there are five main issues (NAAQS for NO2, Ozone and PM2.5, Regional Haze, and 

Acid Rain) that have driven environmental programs toward considerably more stringent NOx control 

than has been required from past regulatory programs.  These regulatory programs related to NOx 

emissions are discussed in detail in Chapter 2, NOx Regulatory Programs.  
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NOx  =  Nitric Oxide plus Nitrogen Dioxide 

 NOx by definition is the sum of nitric oxide (NO) and nitrogen dioxide (NO2).  Both of these 

gases are present in the effluent gas streams of most combustion sources.  NO is the main form of NOx 

emitted by traditional combustion sources - 95% or more of the total NOx emissions can be NO as 

indicated in Figure 1-2.  This rule-of-thumb does not apply to many of the newer “low NOx” sources such 

as turbines and engines with lean pre-mix combustors, where half or more of the NOx may be NO2. 

 

 

Figure 1-2. Typical NO-NO2 emission ratios from combustion sources 
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 It is important to recognize that NO and NO2 are not independent chemical compounds.  Once 

NOx is emitted to the atmosphere, NO is rapidly oxidized to NO2.  Depending on ambient temperature 

and sunlight, NO reacts in a complex set of photo-chemically initiated reactions to produce NO2 and 

ozone (O3).  Figure 1-3 demonstrates the rate and extent of conversion of NO to NO2. 

 

 

 

Figure 1-3. Typical photochemical profile 

 

 Figure 1-3 shows the conversion of NO emitted mainly from automobiles during morning rush 

hour.  Time expressed in minutes is shown on the x-axis.  The concentration of NO, NO2, and ozone are 

shown on the y-axis.  While the presence of volatile organic compounds (VOC) in sunlight is essential to 

the photo-chemically initiated conversion of NO to NO2, VOC is nearly always present in ample 

quantities.  Hence regulations to control ozone focus on NOx, rather than on VOC. 

 

 The formation of ozone and other photochemical smog constituents increases rapidly as the NO2 

concentration peak is reached.  Eventually the NO2 reacts further to yield a variety of gas phase and 

particulate phase smog-related compounds.  NOX emissions from motor vehicles and stationary sources 

outside metropolitan areas also react in similar photo-chemically initiated reactions.  These photo-

chemically initiated reactions of NOX compounds emitted in both urban and rural areas can continue to 

form ozone over periods of hours to days as air masses travel over multi-state areas. 

 

 These reactions contribute to the regional nature of high ozone levels.  NO and NO2 emitted from 

motor vehicles and stationary sources can also react after being absorbed into small water droplets present 

in the atmosphere as clouds or fog.  These reactions further contribute to the regional nature of ozone 

formation and transport.  For these reasons, the total NOX emissions from a source are calculated on a 

NO2 basis, as if all the NO converts immediately to NO2.  While this is not strictly true from a chemical 

standpoint, it is a useful regulatory tool to assess total NOX emissions.  
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 NO is the main form of NOX emitted from fossil fuel-fired boilers and combustion sources 

without emission controls.  Low NOx sources, with emissions less than 10 ppm may have half or more of 

their emissions in the form of NO2.  Nitric oxide (NO) has entirely different chemical and physical 

properties than NO2 and N2O4.  NO is colorless, insoluble and does not absorb UV light.  Therefore, NO 

cannot initiate photochemical reactions.  However, NO is a very reactive compound in the atmosphere 

and oxidizes immediately to NO2 if there is any ozone present. 

 

Dinitrogen Tetroxide 

 The term NOX also includes dinitrogen tetroxide (N2O4).  This compound is in constant 

equilibrium with NO2 as indicated by the chemical reaction shown in Figure 1-4.  At high temperatures 

the NO2 form is favored, while at ambient temperatures most of the NO2 is in the dimer form (N2O4).  

Because of this equilibrium condition, NO2 cannot be considered separately from N2O4. In other words, 

where NO2 is present, there is also some N2O4.  For this reason, N2O4 is inherently part of NO2 and isn’t 

regulated separately.  

 

 
 

Figure 1-4. Nitrogen dioxide equilibrium with dinitrogen tetroxide 
 

 The properties of NO2 and N2O4 are very similar.  Both compounds readily absorb light in the 

ultraviolet (UV) range and can, therefore, participate in photochemical reactions that ultimately yield 

ozone and other compounds.  Both NO2 and N2O4 are moderately soluble in water.  They can readily 

absorb into rain and cloud droplets and ultimately can be absorbed into plants.  The primary difference 

between NO2 and N2O4 is their color.  NO2 is colorless and N2O4 has a reddish brown color often 

associated with photochemical smog.  This plume is sometimes visible above combustion sources with 

high NOx emission levels. 

 

 

Nitrous Oxide 

 NO, NO2, and N2O4 are not the only oxidized forms of nitrogen in the ambient air.  Small 

quantities of nitrous oxide (N2O) can be emitted from both anthropogenic (man-made) and natural 

sources.  N2O that reaches the stratosphere can cause depletion of the protective ozone layer.  It is one of 

the six principal greenhouse gases. 

 

 Sometimes called laughing gas, N2O is not a constituent of NOX. N2O is slightly soluble in water, 

does not absorb UV light, and is stable in the atmosphere. Therefore N2O does not participate in 

photochemical reactions that produce ozone and other compounds. 

 

 N2O is formed in the early stages of combustion rather than by atmospheric reactions involving 

NO and NO2 emissions. Because of the unstable nature of N2O at high temperatures, it is rapidly 

destroyed in the flame zone of combustion, and only small quantities are emitted into the atmosphere. 
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Coal-fired combustion processes have high combustion zone temperatures and, therefore, generally 

release only a few parts per million (ppm) of N2O. Low temperature combustion processes, such as fluid 

bed combustors, can release 70 to 200 ppm N2O.  Since it is not regulated (yet), there is limited 

information on its emission from combustion sources. 

 

 Selective catalytic reduction (SCR) systems are another possible source of N2O. SCRs are NOX 

post-combustion treatment systems that introduce chemicals such as urea or ammonia; N2O can form as a 

by-product of these reagents. 

 

 Once in the atmosphere, N2O is very stable with a half-life of more than 100 years. It does not 

contribute to ozone formation and is not NOx.  Most N2O remains in the atmosphere until it is dissociated 

in the stratosphere. Upon dissociation, N2O breaks the chemical oxygen bonds of O3 and reduces the 

amount of UV-protecting stratospheric ozone. N2O is classified as a greenhouse gas because it strongly 

absorbs infrared radiation. 

 

Nitrous Acid and Nitric Acid 

 A variety of other oxidized nitrogen compounds form in the atmosphere because of 

photochemical reactions.  These include nitrous acid (HNO2) and nitric acid (HNO3). Neither of these is 

considered a NOX compound and they are not emitted in significant quantities from stationary combustion 

sources.  However, these compounds are environmentally important because both can form in the 

atmosphere, absorb UV light, and continue photochemical reaction processes.  Furthermore, HNO3 can 

have a detrimental effect on waterways and plants. 

  

 HNO3 is directly emitted into the atmosphere in relatively small quantities from nitric acid plants 

and other types of industrial processes involving the generation or use of nitric acid.  Approximately 70% 

of HNO3 produced is used in the manufacture of ammonium nitrate (NH4NO3) used in fertilizers. 

 

 

1.3 NOx FORMATION MECHANISMS  

 During combustion, three complex chemical reactions form NOX.  The most universal of these is 

thermal NOX formation.  In thermal NOX formation, NOX is formed by the reaction of N2 in the 

combustion air with combustion reactants such as O and OH radicals.  Thermal NOX is emitted from 

virtually all combustion sources.   

 

 Fuel NOX is formed when the nitrogen bound in the fuel is burned.  Obviously, the amount of 

NOX formed from this mechanism is a function of the amount of nitrogen in the fuel.  Coal and residual 

oil have significant amounts of nitrogen that can generate half or three quarters of the total NOx 

emissions.  Distillate oils such as #2 or diesel oil typically have very little nitrogen.  Natural gas has no 

fuel nitrogen, and therefore no NOX is formed by this mechanism – all the NOx from a natural gas fired 

source is thermal NOx.   

 

 Prompt NOX, the third formation mechanism, forms NOX by converting molecular nitrogen to NO 

via intermediate products.  This reaction occurs in the early phase in the flame front with hydrocarbons 

and is observed in laboratory research studies.  While prompt NOx may be responsible for some of the 

NOx from practical combustors, it isn’t normally considered when dealing with NOx emissions control 
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Thermal NOx 

 Thermal NOX is formed from the reaction of nitrogen and oxygen in the combustion air and is 

highly dependent on temperature.  Although oxygen concentration and residence time influence the 

formation of thermal NOX, temperature is by far the parameter that most influences its formation.  Since 

the thermal NOX mechanism is relatively slow, the residence time in some types of combustors such as 

engines and turbines can be a factor in the amount formed. 

 

 Figure 2-1 demonstrates the relation of thermal NOX formation and temperature.  This figure 

shows that the formation of thermal NOX peaks between 1900
o
C and 2000

o
C.  Because this is the 

temperature range in which most stationary combustion sources operate, it is easy to understand that 

thermal NOX is a primary mechanism by which NOX is formed in almost all combustion processes.  Few 

combustion sources operate at the extremely high temperature levels where lower NOx formation rates 

might prevail. 

 

 

Figure 1-5. Relation of thermal NOX formation and temperature 
 

The overall stiochiometry is shown in global Reaction 1-1. 

 

2NO    O  N 22   Reaction 1-1 

 Although Reaction 1-1 provides a simplified summation of thermal NOX formation, the direct 

reaction of molecular nitrogen and molecular oxygen is too slow to account for the thermal NOX 

mechanism. 

 

 In 1946 Zeldovich proposed a reaction mechanism to account for the formation of thermal NOX.  

Although many reactions are involved, the basic Zeldovich mechanism reactions can be summarized as 

follows: 
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N  NO    O  N2   Reaction 1-2 

O  NO    O  N 2   Reaction 1-3 

H  NO     OH  N   Reaction 1-4 

 Reactions 1-2, 1-3, and 1-4 are based on the condition that C, H, O, and OH have reached 

equilibrium for the combustion reactions.  Reaction 1-2 is considered the rate-limiting step because of its 

large activation energy (317 kJ/mol).  In near-stoichiometric and fuel-rich combustion zones, Reaction 1-

4 becomes the primary source of NO.  Thermal NOX formed by this mechanism is extremely temperature 

sensitive as shown in Table 1-1. 

 

Table 1-1 
Equilibrium Concentrations of NO and NO2 in Air and Flue Gas 

Temperature 

(F) 

Air (ppm) Flue Gas (ppm) 

NO NO2 NO NO2 

80F 3.4  10
-10 

2.1  10
-4

 1.110
-10

 3.310
-5

 

980F 2.3 0.7 0.8 0.1 

2060F 800 5.6 250 0.9 

2916F 6100 12 2000 1.8 

Note: Calculations are based on the reactions N2 + O2  2NO and NO + 1/2O2  NO2 with a gas  
containing 76% N2 and 3.3% O2.

2
 

 Table 1-1 is based on theoretical calculations. As stated earlier flue gas NOX concentrations from 

traditional combustion sources consist of 90% to 95% NO.  The temperature dependence can be attributed 

to a variety of factors, including the Zeldovich Mechanism.  A large amount of energy (941 kJ/mol) is 

required to break the N2 molecular bond. The rate of formation in Reaction 1-2 only becomes significant 

at temperatures greater than approximately 2700F (1500C). 

 

 The vast majority of thermal NOX is formed in the highest temperature regions of the combustion 

zone.  The global reaction (Reaction 1-1) proceeds rapidly in the forward direction at high temperatures. 

Once the gas begins to cool, the reaction reverses. The reverse reaction is pre-empted because of the 

absence of required radicals (C, H, O and OH) and the activation energy. Since Reaction 1-1 is not 

allowed to proceed in the reverse reaction, the NOX levels become “frozen,” 

 

 The main factors affecting the quantity of NOX formed by thermal fixation are (1) the flame 

temperature, (2) the residence time of the combustion gases in the peak temperature zone of the flame and 

(3) the amount of oxygen present in the peak temperature zone of the flame. (Combustion modifications 

are discussed in Chapters 4 & 5.)  Thermal NOX reduction is therefore accomplished by various 

combustion modification techniques that either reduces the peak flame temperature or the oxygen in the 

primary zone, or both.  These methods include: (1) reducing the local oxygen concentration at the peak 

flame temperature, (2) reducing peak flame temperature, and (3) decreasing the furnace release rate.  The 

theory of this last control method is to increase the radiative heat loss from the flame, which lowers the 

temperature before equilibrium is reached, so that less NO is formed. 
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Fuel NOx 

 NOX generated from organically bound nitrogen contained in fuel is termed fuel NOX.  Organic 

nitrogen (not N2) in the fuel burns along with the carbon and hydrogen.  It either forms N2 or it forms 

NOx.  Although only about 50% or less of the fuel nitrogen converts to NOx, fuel NOx can constitute 

most of the total NOx emissions from coal or any fuel with a high nitrogen content (excluding N2). 

 

 The potential emissions, if all the fuel nitrogen is converted to NOx, can be calculated using 

conservation of mass.  The general formula is: 

 

 NOx (lb/mmBtu) = %Fuel N/100 * 46/14 * 10
6
/Fuel HHV  Eq 1-1 

which reduces to: 

 NOx (lb/mmBtu) = %Fuel N / Fuel HHV * 32,900  Eq 1-2 

 

 where:  Emissions are expressed in pounds per million Btu (lb/mmBtu) 

   %Fuel N is the percent nitrogen in the fuel (by weight) 

   Fuel HHV is the higher heating value of the fuel (Btu/lb) 

   46 is the molecular weight of NO2, 14 is the weight of an N atom 

 

 Of course not all the fuel nitrogen is converted to NOx, so this equation gives the maximum 

possible amount of fuel NOx.  In practice coal and residual oil fired boilers are the sources where fuel 

NOx is the major contributor.  U.S. hard coals contain approximately 0.2 wt-% to 3.5 wt-% nitrogen.  

Anthracite coals constitute the low end, while bituminous coals make up the high end of this range.  

When crude oil is distilled, nitrogen tends to accumulate in the heavy resins and asphalt fractions that 

dominate residual oil.  In North America, a nitrogen content of above 0.3% is common for heavy residual 

oils and 0.5% or higher is possible.  Natural gas contains no organically bound nitrogen, and therefore 

does not yield fuel NOx. 

 

 How much of the fuel nitrogen coverts to NOx depends on the oxygen levels in the flame.  

Consequently, the reduction of flame oxygen level is a key element in reducing the emissions that are 

formed by the fuel NOx mechanism.  It is important to note that it is the oxygen level in the flame, not the 

average oxygen concentration in the combustion chamber that is critical to NOx formation. 

 

 The precise mechanism for all fuel NOx formation is not well understood, but the process is 

divided into two steps - volatile fraction and char combustion mechanisms.  Both are important in the 

conversion of coal-bound nitrogen to NOx. 

 

 Within the first 300 milliseconds of combustion of pulverized coal, the volatile species containing 

a portion of the nitrogen are vaporized and combusted in the gas phase).  N remaining in the  char forms 

some NOx as the char burns.  The possible paths of fuel nitrogen reactions in coal particles are shown in 

Figure 1-6. 

 

 The conversion rate of volatile nitrogen to NOX tends to increase with the combustion zone 

temperature.  In other words, lower temperatures result in a lower amount of fuel nitrogen volatilization.  

This is one reason why fluidized bed combustors are inherently low NOX emitters compared to 

conventional sources.  Of course the other reason is that less thermal NOx is formed at low combustion 

temperatures. 
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Figure 1-6. Possible paths of fuel 

nitrogen oxidation 

 

 The conversion rate of 

volatile nitrogen to NOX tends to 

increase with the combustion 

zone temperature.  In other 

words, lower temperatures result 

in a lower amount of fuel 

nitrogen volatilization.  This is 

one reason why fluidized bed 

combustors are inherently low 

NOX emitters compared to 

conventional sources.  Of course 

the other reason is that less 

thermal NOx is formed at low 

combustion temperatures. 

 

 Coal particle devolatilization occurs prior to oxidation in fuel-rich zones when fuel droplets or 

particles are heated.  Gases evolved from burning coal particles form a number of intermediate radicals, 

such as HCN, N, CN, NOX and NH. These intermediate radicals are either oxidized to NO or they form 

N2.  The dominant radical for reaction is dependent on the form of the fuel nitrogen in the fuel. Aromatic 

or cyclic nitrogen is believed to result in the intermediate product hydrogen cyanide (HCN) from the 

volatile fraction that oxidizes to form NO and NO2.  Ammonia has been shown to be the intermediate 

radical when the fuel nitrogen is in the form of aliphatic amines.  The series of reactions involved in fuel 

NOX formation is extensive and complex.  Presentation of the detailed reactions involved in fuel NOX 

mechanisms is beyond the scope of this manual.   

 

 

Char Combustion 

 Char combustion refers to the conversion of nitrogen in the char to either NO or N2 by 

heterogeneous reactions in the post-combustion zone.  The char combustion process is slower than the 

devolatilization process.  Since the char has a little time to cool off, formation of NO is approximately 2.5 

times greater for volatile nitrogen combustion compared with char combustion. 

 

 Char material formed by devolatilization of fuel particles consists of a mass of pure carbon or 

incombustible ash.  Reactions take place at the surface of the char particle and depends on the rate of 

oxygen diffusion to the surface. 
 

 Figure 1-7 shows the NOx emissions for varying concentrations of nitrogen in the fuel and 

average oxygen levels in the combustion zone.  Data such as this varies from one source to the next 

depending on the type of coal, burner design and other factors. 

 The rate of NOX formation for both fuel and thermal NOx is strongly affected by the local oxygen 

concentration in the flame and by the mixing rate of the fuel and air.  But fuel NOx is not significantly 

affected by flame temperatures. 
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 One control option for reducing fuel NOX emissions is to reduce the nitrogen content in the fuel; 

however, the feasibility of reducing fuel nitrogen depends on the cost and availability of low nitrogen 

fuel.  Therefore, combustion modification techniques (described in detail in Chapters 4 & 5) may be used 

to reduce NOX emissions: 

 Decrease combustion temperature 

 Decrease the O2 in the combustion zone  

 Low NOX burner designs 

 

 

Figure 1-7. Effect of fuel nitrogen on NOx emissions1
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1.4  ANTHROPOGENIC SOURCES 

 Anthropogenic sources include a wide variety of power generation units, industrial manufacturing 

facilities, motor vehicles, and other transportation sources.  The locations of these sources are closely 

related to population density as indicated in Figure 1-8.  The highest concentration of sources in the U.S. 

is in the northeast, southeast, midwest, and Pacific coastal regions. 

 

 

Figure 1-8. Geographic distribution of anthropogenic sources
2 

 

 Anthropogenic NOX emissions are generated almost exclusively by fuel burning systems.  More 

than 23 million tons of NOX is emitted into the atmosphere each year as a result of burning fossil fuels.
1
 

These sources can create local ambient NOX levels that are ten times greater than those created by natural 

sources. 

 

 Figure 1-9 shows the major sources of anthropogenic NOX emissions.  The leading contributors 

of anthropogenic NOX emissions are vehicles and electric generating units (EGUs). 
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Figure 1-9. Major sources of anthropogenic NOx emissions
1
 

 

Electric Generating Units 

 As indicated in Figure 1-9, the EGU emissions represent approximately 25% of the total U.S. 

anthropogenic NOx emissions.  Electric generating units (EGUs) are defined as combustion sources that 

produce electricity for sale to a power pool or grid under contract.
3
 EGUs are all point sources and are 

classified as steam generating and non-steam.  Steam generating boilers include large stationary coal-, 

gas-, oil-, and wood-fired electric utility units.  Non-steam units include gas turbines and internal 

combustion engines.   

 

 Approximately 6.1 million tons of NOX (as NO2) was emitted from EGUs in 1998. 

Approximately 90% of this amount was contributed by coal-fired sources.
2
 For the coal-fired EGUs, 65% 

of NOX emissions resulted from the burning of bituminous coal, while 30% came from the burning of 

sub-bituminous coal.
4
 The remaining 5% resulted from the burning of anthracite coal and lignite.

2
 This 

source category is the largest emitter of anthropogenic NOX. EGUs are located throughout the U.S.  

 

 The data that are contained in the NET comes from a number of data sources.  The best source of 

data is the EPA Acid Rain Division’s Emission Tracking System (ETS).  As part of the Clean Air Act 

Amendments of 1990, large combustion sources are required to install continuous emission monitors 

(CEMs) that continuously record both heat input and emissions data.  This CEM data is augmented with 

data from the Department of Energy.  Specifically, utilities are required to report fuel use data using EIA 

form 767.  The fuel use data contained in the EIA 767 report is used to generate emissions data.  Data can 

also come directly from the facilities when the CEM data or the EIA 767 data contain errors.  Several 

emission estimation techniques or algorithms are used to convert the data in the ETS/CEM database to 

terms of pounds or tons of emissions. 

 

 The National Allowance Data Base is another source of NOX emissions data.  Emissions data in 

this database are mainly generated by using fuel use data and applying standard emission factors to 

calculate emissions.   Emissions data are also generated from stack test data.  However, stack test data are  

available only on an ad hoc basis when industrial facilities provide such data.  In general, emission 

estimates from EGUs are generated by a bottom-up technique that uses data at the lowest level of detail 

and works up to the next level.  
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Non-EGU Point Sources  

 Non-EGU point sources include large sources that can be classified as either non-EGU fuel 

combustion sources or industrial processes.  

  

Industrial Fuel Combustion Sources 

 Industrial fuel combustion sources include numerous small-to-moderate sized boilers used to 

generate steam and/or electricity for use on site at the facilities.  This category also includes cement and 

lime kilns, industrial furnaces, and other industrial processes using burners for process heat.  The 

dominant fuels used for industrial boilers and industrial furnaces are coal, oil, gas, coke, and wood. 

Collectively, non-EGU industrial boilers and industrial furnaces are responsible for approximately 12% 

(3.0 million tons per year) of the U.S. anthropogenic NOX emissions.
5
 Non-EGU industrial boilers and 

industrial furnaces are located throughout all industrialized areas of the U.S.  

 

Industrial Processes 

 Industrial processes are responsible for 5% (0.9 million tons per year) of annual U.S. 

anthropogenic emissions.
 4

 This category is comprised of all non-combustion sources of NOX and related 

compounds and includes the following: 

 

 • Chemical and allied product manufacturing 

 • Metals processing  

 • Petroleum refining and related industries 

 • Solvent utilization 

 • Storage and transport 

 • Waste disposal 

 

 Facilities that manufacture or use nitric acid are the main contributors of non-combustion NOX 

emissions. Nitric acid is produced for the manufacture of fertilizers (ammonium nitrate), synthetic fibers 

(adipic acid), explosives (nitrobenzene) or use in metal pickling and etching. 

 

 In addition to NOX emissions nitric acid facilities emit small amounts of nitric acid mist  It is an 

economic benefit for chemical facilities to recover HNO3 so nitric acid emissions from these facilities are 

typically low.  

 

 The available site-specific emissions data for these non-EGU point sources varies according to 

the location of the facility.  For example, data is available for sources emitting as little as 10 tons per year 

in certain attainment areas.  However, in rural and non-attainment areas, data may be available only for 

sources emitting more than 100 tons per year.  Where facility-specific data is not available, the data for 

these sources will be included in the stationary area source category (to be discussed later). 

 

 Non-EGU point sources are responsible for 14% of the total anthropogenic NOX emissions.  Forty 

percent of total NOX emissions is emitted from major stationary sources (non-EGU and EGU sources), 

and nearly all of it is generated by combustion processes. 
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 The NET data for non-EGU point sources have a variety of origins.  Data is obtained from 

emission inventories that are developed by state and local agencies using surveys of industrial facilities. 

This inventory data is then submitted to EPA. 

In addition, several regional programs and studies have been conducted that involve the collection of 

emissions inventory data.  Some examples include the Ozone Transport Assessment Group (OTAG) 

study of the eastern two-thirds of the United States and a similar study that was conducted in the western 

U.S. by the Grand Canyon Visibility Transport Commission (GCVTC). 

 

 Another source of emissions data for the NET is the Aerometric Information Retrieval System 

(AIRS) Facility Subsystem.  State air agencies routinely report emissions data to AIRS.  Finally, 

emissions data projected from the National Acid Precipitation Assessment Program (NAPAP) also serve 

as a source of emissions data for the NET. 

 

 Emissions are estimated directly from continuous emissions monitor (CEM) data for some of the 

large point sources.  Stack test data (when available) can also serve as a basis for estimating emissions.  

Another method for estimating emissions is to conduct a materials balance, although this is not a reliable 

way to estimate NOx emissions.  Most emission estimates for non-EGU point sources are derived using 

emission factors.  Emission factors provide an estimate of emissions based on a specific industrial activity 

(e.g., amount of NOX emitted per unit of fuel burned).   

 

Stationary Area (Small) Sources 

 Stationary area sources are primarily smaller sources that do not meet the size threshold for 

reporting emissions individually.  This group includes smaller industries, commercial/institutional 

establishments, and residential sources.  The category comprises 11% of anthropogenic NOX emissions.  

Most of these emissions are associated with “other fuel combustion sources.”   

 

 “Other fuel combustion sources” includes commercial, institutional, residential and miscellaneous 

fuel combustion sources.  Most of the emissions (90%) are from very small sources. NOX emissions from 

this category represent 5% (1.1 million tons per year) of the total U.S. anthropogenic NOX emissions 

 It is apparent that residential heating using non-wood fuel (primarily gas and distillate oil) is the 

dominant NOX source in this emission category.  Commercial/institutional gas heating systems are also 

major contributors to the NOX emissions for this source category. 

 

 Emissions data in NET for the area source category are obtained through a top-down method.  

Both demographic and fuel use data are obtained from either the state or national level, and emission 

factors are applied to generate emission estimates.  In addition, EPA has obtained data from some of the 

regional efforts that were previously discussed (i.e., OTAG, GCVTC, and NAPAP).   

 

 Emissions are estimated through a top-down procedure.  Emission factors are applied to activity 

factors at the state level (county level data is used when available) to estimate emissions.  In certain urban 

areas (i.e., urban areas that are non-attainment for ozone) a more detailed emissions inventory may be 

available and used whenever it is available.  

 

Non-Road Mobile Sources 

 Non-road mobile sources include the following: 

 • Aircraft 

 • Marine vessels (commercial and recreational) 
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 • Railroads 

 • Lawn and garden equipment 

 • Logging and construction equipment 

 • Industrial engines 

 This category accounts for 19% of anthropogenic NOX emission sources. 

 

 Based on the 1998 Emissions Trends Report, this category comprises 22% (5.3 million tons 

annual) of anthropogenic NOX emission sources. The breakdown of non-road mobile emission sources is 

shown in Figure 1-10. The pie chart on the left presents the contributions for each of the major types of 

non-road mobile sources.  Most of the non-road mobile source NOX emissions are from diesel engines.  

The pie chart on the right presents a further breakdown, showing the types of non-road diesel sources. 

 

 

 

Figure 1-10. Sources of non-road NOx emissions with detail of diesel source categories
2
 

 

 Sources of emissions data for non-road mobile sources in the NET are similar to the sources that 

are used to obtain emissions data for the stationary source categories.   Also similar to stationary sources, 

the emissions for non-road mobile sources are estimated through a top-down procedure.  Bottom-up data 

is used in those cases where it is available. 

 

 EPA’s Office of Mobile Sources (OMS) is developing a model that will generate estimates of 

non-road emissions.  This model will allow emissions to be estimated at various geographic levels 

ranging from a national level to a county level.  More information on this model can be obtained from the 

following website: www.epa.gov/oms/nonrdmdl.htm. 

 

 As a part of reorganization in January 2000, EPA’s Office of Mobile Sources (OMS) was 

restructured, placed under new leadership, and given a new name: Office of Transportation and Air 

Quality (OTAQ). OTAQ includes four program divisions and a consolidated laboratory and support 

services division.  

 

http://www.epa.gov/oms/nonrdmdl.htm
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Highway Mobile Sources 

 Highway vehicles include passenger cars and trucks, diesel vehicles, pickup trucks and vans, 

multi-trailer trucks, motorcycles, and sport utility vehicles certified for highway use.  Both gasoline- and 

diesel-fueled vehicles are included in this category which comprises 30% of total U.S. anthropogenic 

NOX emissions.   

 

 As indicated in Figure 1-9, highway mobile sources are the single largest category of U.S. 

anthropogenic emissions, representing over 32% (7.8 millions tons annually) of U.S. emissions.  [It 

should be noted that this percentage differs slightly from the other estimates provided in this chapter.  

This is because the data on the broadcast video is based on 1996 information, and the supplemental 

information in this manual reflects more recent 1998 data.] 

 

 

Figure 1-11. Highway mobile NOx emissions and surrogate indicators
2 

 

 Emissions relative to fuel use, vehicle miles traveled (VMT), and gasoline prices for highway 

mobile sources are shown in Figure 1-11.  It can be seen from the yearly increase of VMT since 1981 that 

control of mobile source emissions is important in reducing secondary pollutants.  The slower increase of 

fuel use compared to VMT indicates that vehicles built after the 1970s have become increasingly fuel-

efficient. 

After peaking in 1978, NOX emissions have gradually decreased as a result of lower emissions per 

quantity of fuel combusted. Reduced emissions are a result of controlling fuel-air mixture, lower nitrogen 

containing fuels, exhaust gas recirculation, catalysts, and other engine modifications. 

 

 An activity enumerator of vehicle miles traveled is used as the basis for estimating emissions for 

highway mobile sources.  VMT is an estimate of the number of miles that individuals are driving.  The 

Federal Highway Administration (FHA) maintains a national database of VMT as part of the Highway 
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Performance Monitoring System (HPMS).  EPA uses this database as the source of VMT data for 

estimating emissions from the highway mobile source category.  Emissions are estimated through a top-

down procedure using EPA’s Office of Mobile Sources MOBILE5b model.  OMS is currently developing 

a MOBILE6 model.  Data such as ambient temperature, fuel type, speed information, vehicle type, 

registration data and control program information (e.g., inspection/maintenance, reformulation) are fed 

into the model to generate emission factors that can be applied to the VMT data to calculate emissions. 

 

Miscellaneous Sources 

 A variety of small combustion sources, small engines, and open burning processes contribute 

approximately 1% of the total U.S. anthropogenic emissions. Like mobile sources, these sources are 

classified as area sources. Area sources are individual sources that have not been inventoried as specific 

emission points. Area sources represent a collection of emission points for a specific geographic area, 

most commonly at the county level. 

 

Fires 

 Burning sources include wildfires, prescribed burning, coal refuse fires, agricultural drums, solid 

waste burning, and structural fires. Emissions from these sources are highly variable and difficult to 

quantify. 

 

 The size, intensity, and frequency of wildfires are dependent on meteorological conditions, types 

of vegetation, moisture content, and fuel loading. Fuel loading is the amount of combustible material that 

will be consumed in a fire under specific weather conditions for an area. Wildfires are more prominent in 

the western U.S., partly due to the higher levels of fuel loading. Estimated fuel loading data and emissions 

by region are shown in Table 1-2. 

 

Table 1-2.  
Estimated Fuel Loading and Emissions for Wildfires by Region

6
 

Region Average Fuel Loading 

(ton/acre)  

Total Emissions 

(ton NOX) 

Rocky Mountain 37 57,300 

Pacific 19 44,116 

Southern 9 39,162 

North Central/Eastern 11 5,119 

Eastern 11 2,557 

 

 Because of numerous variables, estimating emissions is difficult.  The topography of the land, 

along with the availability of fire-fighting personal and equipment, affects the land area burned by 

wildfires. The wind, ambient temperature, relative humidity, organically bound nitrogen and moisture in 

the fuel, and compaction of the fuel are all factors that affect NOX emissions. However, the nitrogen 

content of the fuel is the most influential factor.
2 
Fortunately, burning occurs at relatively low 

temperatures limiting the NOX emissions. The formula used by EPA for estimating NOX emissions 

resulting from wildfires is given in Equations 1-5 and 1-6. 
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AFE
XX NONO   Equation 1-5 

LPF
XX NONO   Equation 1-6 

Where: 

 ENOx = total NOX emissions (lb NOX) 

 FNOx = emissions factor (lb NOX /acre) 

 A = area of land burned (acres) 

 PNOx = yield for NOX (4 lb NOX /ton of forest fuel) 

 L = fuel loading consumed (ton of forest fuel/acre) 

Problem 1-1 

 The U.S. Forest Service reports that 7,000 hectares were burned in the southern region during the 

month of July. Estimate the NOX emissions (in tons) for this region in July. 

From Equation 1-6  and Table 1-2: 
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 Prescribed burns serve as a means to reduce wildfire occurrences, remove logging debris, limit 

insect and disease problems, and promote natural new growth cycles. Because prescribed burns limit 

wildfires, they ultimately help reduce NOX emissions from open burning. 
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1.5 NOX EMISSION TRENDS 

 The data provided in Table 1-3 provides some perspective in NOx emissions since the beginning 

of the twentieth century.  These trends are due to the dramatically increased motor vehicle use and 

increased industrial capacity.  After 1970, the impact of regulatory programs begins to become apparent.  

The NOX emissions have been limited despite a substantial increase in use factors. 

 
Table 1-3.  

Percentage Change in National Emissions 

Year % 

1900 to 1996 796 

1940 to 1996 217 

1970 to 1996 8 

1987 to 1996 3 

1990 to 1996 -2 

1995 to 1996 -2 

 

 NOX emissions in the U.S. from 1940 to 1998 (most recent data available) have been estimated 

based on emission inventory data and source population data.   

 

 Despite some uncertainties regarding the pre-1970 data, it is apparent that the NOX emissions 

increased steadily from 1940 to 1970 (Figure 1-14).  During this period of rapid industrial growth, the 

estimated NOX emissions increased by 300%, from approximately 7 million tons per year in 1940 to more 

than 21 million tons in 1970. 

 

 

 
Figure 1-14. NOx emission trends 

1  
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 Increased industrial activity and motor vehicle use is summarized in Figure 1-15.  Considering 

that NOX emissions have remained relatively stable, these trends suggest that the NOX controls applied to 

motor vehicles and combustion sources have had some beneficial impact.  

 

 

Figure 1-15. Trend of total NOx emissions and related data, 1970-1998
1 

[Note: This updated graphic is slightly different than the graph used in the broadcast video.] 
 

 Despite improvements in motor vehicle emissions and stationary combustion source control, NOX 

emissions have remained essentially at 1970 levels.  This “unyielding” emissions profile is in contrast to 

the declining emission rates for other criteria air pollutants such as particulate matter, sulfur dioxide, 

carbon monoxide, and lead.  Increased efforts to control NOX are being stimulated by (1) the unyielding 

emission profile and (2) the important role of NOX in the formation of ozone and other secondary 

pollutants. 

 

 

1.6 OZONE SEASON EMISSIONS 

 Ozone season emissions data are important when discussing NOX because NOX is a precursor to 

the formation of ground-level ozone or smog.  Smog occurs in the warmer months and can reach levels 

that are harmful to the public’s health.  Ozone formation is more prevalent in the warmer months because 

the summer meteorology is more conducive to ozone formation and also because summertime activities 

(e.g., higher electricity use due to air conditioning) produce more ozone precursor emissions such as NOX.  

As a result of this seasonal variation, much of the NOX modeling that is performed is done for the ozone 

season.   

 

 Ozone season emissions data are generated using two approaches.  One approach is to collect 

activity data for a specific period of time (e.g., summer) and then use that data to develop the inventory 

for that period.  The other more common approach is to develop an annual emissions inventory and then 

temporally allocate the annual emissions to the summer months.  For example, one could examine the 

seasonal variation in production levels at an industrial facility and allocate annual emissions based on the 

seasonal variation in production levels.  The main purpose of ozone season emissions data is to allow 

ozone modeling to be performed and also to allocate emission budgets for the NOX SIP Call. 
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Review Exercises 
 

1. Which of the following is a characteristic of nitric oxide (NO)?  

(Select all that apply) 

 a. Insoluble 

 b. Stable in the atmosphere 

 c. Reddish-brown coloration 

 d. Absorbs ultraviolet light 

 e. Possesses a sharp acrid odor 

 

2. Nitrogen dioxide accounts for approximately what percentage of typical NOX emissions from 

combustion sources? 

 a. 100% 

 b. 95% 

 c. 75% 

 d. 50% 

 e. 5% 

 f. 0% 

 

3. Which of the following regulatory programs is/are the primary drivers for the control of NOX 

emissions?  (Select all that apply.) 

 a. NO2 NAAQS  

 b. Ozone NAAQS 

 c. Acid Rain 

 d. PM2.5 

 e. Regional Haze 

 f. Stratospheric Ozone 

g. All of the above 

 

4. Which of the following pollutants are capable of initiating photochemical reactions?  

(Select all that apply.) 

 a. NO 

 b. NO2 

 c. HNO3 

d. N2O 

e. N2O4 

 f. None of the above 

 

5. What factors favor the formation of thermal NOX?  

(Select all that apply.) 

a. High gas temperature 

b. High oxygen concentrations 

c. High residence time at high gas temperature 

d. Flame impingement 

e. All of the above 

 

6. What mechanism generally describes the formation of thermal NOX? 

a. Homogeneous oxidation mechanism 
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b. Zeldovich mechanism 

c. Johnson mechanism 

d. None of the above 

 

7. What fraction of NOX is generally due to thermal NOX formation in coal-fired boiler applications? 

a. 95% to 99% 

b. 90% to 95% 

c. 80% to 90% 

d. 50% to 80% 

e. 20% to 50% 

f. 1% to 20% 

 

8. What is the typical wt-% fraction of fuel nitrogen in coal? 

a. 0.2% to 3.5% 

b. 0.1% to 0.2% 

c. 0.01% to 0.1% 

d. None of the above 

 

9. Which fossil fuel has nearly negligible levels of fuel nitrogen? 

a. Residual oil 

b. Distillate oil 

c. Natural gas 

d. Wood 

e. None of the above 

 

10. Which of the following is considered a non-road mobile source?  

(Select all that apply.) 

a. Simple cycle gas turbine 

b. Gasoline-powered lawn mower 

c. Diesel generator 

d. Nitric acid facility 

e. Front-end loader 

f. None of the above 

 

11. NOX emissions from EGUs are primarily generated by:  

a. Gas-fired boilers 

b. Oil-fired boilers  

c. Coal-fired boilers  

d. Wood-fired boilers  

e. None of the above 
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Answer Key 

 

1. a. Insoluble 

 

2. d. 5%  (On new, low emission turbines NO2 can be 50% of the total NOx) 

 

3. b. Ozone NAAQS 

 

4. a, b and e. 

 

5. a, b and c. 

 

6. b. 

 

7. e.  

 

8. a. 

 

9. e. (Distillate oil typically has low amounts of n) 

 

10. e. 

 

11. c. 

 



1-24 INTRODUCTION to NOx CONTROL 

 References 

                                                      
1
 U.S. Environmental Protection Agency. November 1977. Technical Assessment of NOX 

Removal Processes for Utility Application. U.S. EPA 600/7-77-127. 

2
 Environmental Protection Agency, Office of Air Quality Planning and Standards. December 

1998. National Air Quality and Emission Trends Report, 1997. EPA 454/R-98-016. 

Research Triangle Park, NC.  

 

4
 Radian Corporation. May 1996. Volume V: Biogenic Sources Preferred Methods-Final 

Report. EPA-454/R-97-00. Research Triangle Park, NC.  

5
 Environmental Protection Agency, Office of Air Quality Planning and Standards. March 

2000. National Air Pollution Emission Trends, 1900-1998. EPA 454/R-00-002. Research 

Triangle Park, NC.  

6
 Environmental Protection Agency, Office of Air Quality Planning and Standards. 

Compilation of Air Pollutant Emission Factors (AP-42), Section 13.1 Wildfires and 

Prescribed Burning. 5
th
 Edition. Research Triangle Park, NC.  

 



 

 

 

Chapter 2 

NO
X
 Regulatory Programs 

 

 

Editor’s Note: 

Chapter 4 – NOx Regulatory Programs from the 2000 version of APTI 418 has 
been replaced.  This chapter was written by Chuck Solt.. 

 

Brian W. Doyle, PhD  

September 2009, updated January 2013 



 NOX REGULATORY PROGRAMS 2- ii 

  



 NOX REGULATORY PROGRAMS 2- iii 

Table of Contents 
Stationary Source Combustion Emission Regulations ............................................... 1 

History ..................................................................................................................... 2 

The CAA Today ......................................................................................................... 6 

Implementation of the CAA .................................................................................... 8 

NOx Drivers ......................................................................................................... 15 

Current NOx Programs ........................................................................................ 15 

Cap and Trade ..................................................................................................... 18 

New Programs......................................................................................................... 20 

Regulatory Trends ............................................................................................... 21 

International ........................................................................................................... 24 

Review Exercises .................................................................................................... 25 

 





 NOX REGULATORY PROGRAMS 2- 1 

Stationary Source Combustion Emission Regulations 

 

This section will cover emission regulations for stationary combustion sources in the 
United States.  It will only address vehicular emission regulation in areas where they 
are cited in regulations for stationary sources.  It will primarily address Federal 
regulations, but will discuss programs that states develop under Federal regulations. 

 

The intent of this section is to give a general understanding of the federal programs.  It 
will not cover all details.  Those responsible for compliance with any of these sections 
should review the appropriate regulations and/or get consulting assistance to assure 
compliance. 

 

Before starting on the regulations, we will review some regulatory reference 
background. 

• An Act is a public law passed by Congress.  It may include a series of 
amendments.  All US laws are contained in the US Code.  Once congress has 
passed the law, the appropriate agency (in this case, the EPA) will develop 
regulations to implement the law.   

• Code of Federal Regulations (CFR) – This publication contains all US 
regulations.  In this section of the study guide we are concerned with the 
regulations written by EPA to implement the Clean Air Act as amended by 
subsequent legislation.  All environmental regulations are contained in Title 40 
of the CFR.  When referencing these regulations the convention would be as 
shown below: 

– 40 CFR Part 60 Subpart GG or  
– 40 CFR 60.4300 

Both of these citations refer to the NSPS emission regulations for Gas Turbines.  
Both formats are commonly used.  40 means Title 40 of the CFR.  Part 60 is the 
NSPS program.  The Subparts refer to the various processes covered in the 
NSPS program.  Subpart D is boilers, Subpart KKKK is gas turbines etc.  
Subpart KKKK starts in section 60.4300.  All regulations supporting the CAA 
are contained in  40 CFR Parts 50 thru 99.  Title 40 EPA regulations for the 
CAA can be accessed at http://www.ecfr.gov/cgi-bin/text-
idx?sid=b62273429a48acc37bfd254dd066683a&c=ecfr&tpl=/ecfrbrowse/Title4
0/40tab_02.tpl 

• Federal Register – This is a sort of daily news about official government action.  
It is published Monday thru Friday and all new proposed or final regulations 
are published.  In many cases, the effective date of a regulation is tied to the 
date that it appears in the FR.  Any issue of the FR from 1994 to the present 
can be found at 
http://www.gpo.gov/fdsys/browse/collection.action?collectionCode=FR.  It is 
also easy to subscribe to the air section of the FR at 
http://listserv.access.gpo.gov/cgi-bin/wa.exe?SUBED1=FEDREGTOC-L&A=1.  
This will deliver daily any EPA actions related to air pollution. 
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History 

US emission regulations began in 1955 when Congress provided research funding for 
state programs.  In 1963, legislation provided that the Department of Health 
Education and Welfare (HEW) could provide assistance to states developing programs.  
It also allowed HEW to initiate multi-state proceedings.  In 1967, HEW developed the 
first National Ambient Air Quality Standards (NAAQS).  These standards were to be 
used by states in developing plans that would then be approved by HEW.   

 

In early 1970 few states had complied with the 1967 Act.  There had been little 
progress in improving air quality or in achieving the NAAQS.  The differences between 
state regulations was being used by industry as a criteria for siting new plants (i.e. 
there was a tendency for industrial facilities to locate in states with less stringent 

environmental requirements).  In 1970, the original Clean Air Act (CAA) was passed by 
Congress to provide Federal Authority to develop National programs, Standards etc.  
This would assure consistent standards from state to state to state.  The legislation 
also created the US Environmental Protection Agency.   

  

The CAA directed the EPA to: 

 Identify criteria pollutants. 

 Establish NAAQS for each criteria pollutant 

 Establish New Source Performance Standards (NSPS) for combustion sources 
of criteria pollutants 

 Determine what areas of the country were achieving the NAAQS and which 
ones were not. 

 Establish dates by which the non-attainment areas were to come into 
compliance with the NAAQS. 

 The EPA was to develop the National Emission Standards for Hazardous Air 
Pollutants (NESHAPs).  In this program, the EPA was to identify toxic air 
pollutants and develop programs to limit their emissions. 

 

The CAA also ordered each state to develop a State Implementation Plan (SIP) to detail 
how they would achieve compliance with the NAAQS. 

 

One concept that was not considered in the CAA of 1970 was the problem with areas 
that were originally determined to be in compliance with the Act, but through growing 
population and industrialization gradually deteriorated until they also were 
non-attainment.  To address this problem, in 1975, the EPA developed a policy to 

Prevent Significant Deterioration (PSD).  This policy was adopted into the 1977 
Amendments of the CAA. 

 

In addition to the PSD program, the 1977 amendments also extended the date for 
non-attainment areas to achieve compliance until November, 1987, established Class 
Areas, Increments and the BACT/LAER requirements. 

 Air Quality Areas were established and designated as Class I, II or III.   
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o Class I – These areas cannot have any degradation from projects within 
or outside the area.  Almost all Class I areas are National Parks, 
National Forests or Bureau of Land Management properties. 

o Class II – All areas that are not designated Class I or Class III are 
automatically designated Class II.   

o Class III - Since the 1977 amendments, no areas have been designated 
Class III. 

 Increments – This is a refinement created by the PSD program.  Attainment 
areas are limited in the emission increases for which they can issue permits.  
They cannot increase emissions by more than 25% of the difference between 
the original attainment level for the area and the NAAQS. 

 BACT/LAER – This program is part of the Non-Attainment New Source Review 
(NSR) and PSD programs, and is intended to assure that new emission control 

technologies demonstrated on one project are used on subsequent projects.  
They will be discussed in a later section. 

 

The situation in 1987 was: 

 The compliance date for reaching the NAAQS Attainment was Nov. 1987 

 Almost all areas of the country were in compliance with all of the Criteria 
Pollutants except ozone. 

 There had been little progress in achieving the ozone NAAQS 

 The NESHAPs program had only established 7 toxic pollutants.  Many 
legislators and environmentalists felt this was a failure. 

 

Two actions were taken to resolve these perceived problems. 

 Post 1987 Ozone Strategy – The EPA announced a new approach to NAAQS 
to begin in November 1987.  Before 1987, the EPA had targeted emitters of 
pollutants to achieve NAAQS standards.  This worked well with NO2, SO2, PM, 
and CO, but the strategy was a failure for ozone.  No one emits ozone.  It is 
manufactured in the atmosphere from NOx and VOC.  Before 1987, the EPA 
was targeting VOC reductions to reduce ozone concentrations in the 
atmosphere.  The problem was that there is an abundance of VOC in most 
areas, and very little NOx.  Accordingly, the photochemical ozone reaction was 
NOx limited.  In some cases, ambient concentration of VOC had been cut in 
half with no significant reduction in ozone.  The 1987 strategy was to reduce 
NOx along with VOCs. 

In addition, this new approach required that existing sources in ozone non-
attainment areas be regulated to reduce NOx and VOC emissions; the existing 
NSR and NSPS Programs were focused on new sources.  As a result of this 
requirement to reduce NOx and VOC emissions from existing sources, 
Reasonable Achievable Control Technology (RACT) Programs were established 
by states with non-attainment areas in the mid-1990s.   And later, in 1998, the 
NOx SIP Call was issued by EPA in order to obtain further NOx reductions from 
new and existing sources in the eastern U.S that contributed to ozone formation 
thru interstate transport of NOx, as will be discussed later.      
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 Clean Air Act Amendments (CAAA) of 1987 – If you have never heard of the 
CAAA of 1987, don’t be concerned.  The act was introduced as the CAAA of 
1987, but took 3 years to become the CAAA of 1990.  It was a major revision 
with many new programs.  It included: 

o Severity of Non-attainment (Title I) – Before 1990, all non-attainment 
areas fell under the same program with the same compliance dates.  
This new program introduced 5 categories of non-attainment areas: 
Marginal, Moderate, Serious, Severe and Extreme.  The ranking was 
based on past exceedences; the more severe the non-attainment 
condition, the longer the compliance time and the more stringent the 
mandatory measures that the state had to include in their SIP.  This 
Title also required that, in ozone non-attainment areas, ozone 
precursors (NOx and VOC) must be treated as non-attainment, even if 
the area is attainment for the precursor. 

o Hazardous Air Pollutants (Title III) – Congress designated 189 
substances or categories of substance that they felt warranted 
regulation.   This Title directed the EPA to: 

 Add additional substances that warranted inclusion. 

 Remove substances that they found were not a significant threat 

 Identify the source categories for each substance. 

 Develop a Maximum Achievable Control Technology (MACT) 
standards for each source category. 

 Enforce compliance with the MACT standards 

 

The HAP MACT Program combines elements from the NSPS and NSR 
Programs.  As with NSPS, emissions sources are grouped into categories, 
and emission standards are established for each category based on a 
control technology (MACT) determination.   Following the NSR model, 
applicability is limited to sources that have potential HAP emissions 
greater than a specified “major source” threshold”.  

    

For HAPS, the minimum control level corresponding to MACT is very 
specifically defined: (a) for new sources it corresponds to the best control 
that has been achieved in practice by a similar emission unit in that 
source category; and (b) for existing sources it corresponds to the 
emission limit achieved by the best 12% of the emission units in that 
source category 

 

There are several MACT Source Categories concerned with stationary 
combustion sources, including Industrial and Commercial Boilers, 
Engines, Combustion Turbines, and Process Heaters.  In addition, Title 
III requires separate consideration of Utility Boilers and Municipal Waste 
Combustion units.  It should be noted that combustion sources are 
generally small emitters of HAPS, which was reflected in these sources 
being the last of the MACTs to be promulgated. 
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o Acid Deposition (Acid Rain Program) (Title IV) – There was concern 
about damage to pine forests in the Northeast and Eastern Canada 
resulting from Acid Rain.  It was believed that this acid deposition 
resulted from SO2 and NOx emissions, primarily originating from coal 
burning power plants.  This Title establishes a Cap-and-Trade program 
to limit total SO2 emissions from fossil fuel fired utility power plants and, 
also contains a provision to limit NOx emissions from older coal fired 
power plants. 

o Federal Operating Permit (Title V) – This program was not intended to 
create any new emission requirements.  It was only aimed at 
enforcement of existing regulations.  Before Title V, federal air programs 
were enforced by state or local air agencies.  Title V requires that “Major” 
facilities obtain a federal operating permit that includes the 
requirements of all federal programs.  This then gives the EPA 

enforcement authority over the federal emission programs.   

The Operating Permit serves as a consolidated enumeration of all of a 
source’s federally enforceable permit conditions.  The Program also 
represents a departure from previous federal air programs, with its focus 
on on-going compliance rather than initial permitting.  As a result of this 
emphasis on continuous compliance, emission monitoring is a significant 
component of the Operating Permit Program.  The importance of 
monitoring has also been strengthened by the Title VII Enhanced 
Monitoring provisions applicable to major sources, which resulted in 
promulgation of the Compliance Assurance Monitoring (CAM) rule.           

The Operating Permit Program was not intended to create any new 
regulatory requirements for a source.  However, the rule does allow the 
addition of monitoring requirements if the original permit conditions do 
not include any method of verifying on-going compliance.  The extent to 
which such “gap filling” monitoring may be included in an Operating 
Permit has been a controversial aspect of program implementation.   

Titles II, VI and VII do not generally relate to stationary combustion sources. 

The CAAA of 1990 introduced several other items: 

• Ozone Transport Corridor NOx Budget – As indicated above, ozone is 
manufactured in the atmosphere from NOx and VOC.  Almost all of the 
Northeast states were non-attainment for ozone.  These states were 
referred to as the Ozone Transport Corridor.  They sued the EPA claiming 
that precursor emissions from upwind states are contributing to the 
ozone non-attainment in their states.  The CAAA of 1990 directed the 
EPA to establish a NOx budget to allow these states to achieve ozone 
attainment.  We will say more about this later.   

• Outer Continental Shelf Consistency – The Act stated that: 

“SEC. 328. AIR POLLUTION FROM OUTER CONTINENTAL SHELF 
ACTIVITIES. § (a)(1) 

(sources must) control air pollution from Outer Continental Shelf  
sources located offshore to attain and maintain Federal and State 
ambient air quality standard. 
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For  such sources located within 25 miles of the seaward boundary of 
such States, such requirements shall be the same as would be 
applicable if the source were located in the corresponding onshore 
area.  The Administrator shall update such requirements as 
necessary to maintain consistency with onshore regulations.” 

When the CAAA of 1990 was passed, it became clear that NOx, SO2 and Toxic 
emissions were now the primary targets of stationary source programs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The organization chart above shows the relationship of CAA programs that affect 
stationary combustion sources.  Notice that the NAAQS under Title I create two 
programs: (1) the PSD program for areas that already meet the NAAQS for a particular 
pollutant and (2) the Non-attainment NSR program for areas that do not.  Each of 
these programs is applicable on a pollutant specific basis. 

 

The CAA Today 

Criteria Pollutants – The CAA of 1970 established the criteria pollutants (those for 
which an ambient air quality standard was set).  The ones that we care about are: 

 Nitrogen Dioxide (NO2) (resulting from the emissions of Oxides of Nitrogen 
(NOx)) 

 Carbon Monoxide (CO) 

 Sulfur Dioxide (SO2) 

 Particulate (PM) (more recently refined to separately regulate PM-10 and PM    
2-52.5) 

 

Ozone and lead area also criteria pollutants, but neither are emitted in significant 
quantities by stationary combustion sources.  However, ozone is a very important 
pollutant as far as combustion sources are concerned since NOx is a critical precursor 
to ozone. 

 

CAA

Title III Air Toxics Title I NAAQS Title IV Acid Rain Title V Fed OP

NSPS NAAQS

Attainment - PSD

Non-attain - NSR

Equipment Limits

CAA

Title III Air Toxics Title I NAAQS Title IV Acid Rain Title V Fed OP

NSPS NAAQS

Attainment - PSD

Non-attain - NSR

Equipment Limits

Clean Air Act 
Organization 
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NAAQS – In the early 1970s, National Ambient Air Quality Standards (NAAQS) were 
established for each criteria pollutant.  There are 2 levels of standard set for each 
pollutant.  The first level (primary standard) is to protect human health and the 
second level (secondary standard) is intended to protect “welfare”.  The second level 
would include considerations such as impacts of a pollutant on agriculture etc.  The 
CAA legislation called for periodic review of the standards and adjustments as 
necessary. 

 NO2 (which is produced from NOx emissions)  – There are 7 oxides of nitrogen.  
NOx is the total of the NO and NO2.  Other oxides such as N2O, which is 
regulated in some states as a greenhouse gas, but not as a criteria pollutant.  
Air consists of 79% nitrogen and 21 % oxygen, so the components of NOx are 
abundant in the atmosphere.  The nitrogen in the atmosphere will oxidize into 
one of the nitrogen oxide compounds at elevated temperature.  NOx begins to 
form at about 1500°C (about 2700°F).  The amount of NOx formed is a function 
of the temperature and residence time at that temperature.  Accordingly, almost 
all combustion devices produce some NOx.   

 

Most NOx is emitted as NO, but oxidizes further into NO2 soon after it is emitted 
into the atmosphere.  NO2 has suspected health risks associated with it.  
However, most of the concerns associated with NOx relate to the fact that it is 
the critical precursor for Ozone.  This will be discussed more in a later section. 

 

A number of studies have indicated that the process of NO oxidation into NO2 
can scavenge ozone.  This can result in significant near-field reduction of ozone, 
but when the NO2 reacts with hydrocarbons and ultra-violet radiation, it will 
form far more ozone than was originally scavenged. 

 

 CO – Carbon Monoxide is the product of incomplete combustion.  It has short 
environmental persistence, and turns into CO2 quite quickly after it is emitted 
into the atmosphere.  CO is acutely toxic, but has no other environmental 
consequences. 

 

 HC – Hydrocarbon emissions also are the result of incomplete combustion.  
Regulations address hydrocarbons under a variety of names, each with its own 
definition.   

o Volatile Hydrocarbons (VOC) 
o Reactive Organic Compounds (ROC) 
o Reactive Organic Gasses (ROG) 
o Precursor Organic Compounds (POC) 

o Non-methane Hydrocarbons (NMHC) 
o Non-methaneméthane, Non-ethaneéthane Hydrocarbons (NMNEHC) 

 

And, I am sure there must be others.  The definitions do vary, and accordingly, 
the compounds considered may be somewhat different depending on the 
definition.  The definitions mostly include C3 and higher, but not so high that 
they do not volatilize at standard conditions.  In all cases the concern is 
hydrocarbons that will be gaseous and reactive, but methane and in most 
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cases, ethane are considered to be non-reactive and are not usually considered 
in regulations for hydrocarbon emissions. 

 

Title I regulates Non-Methane Hydrocarbons (NMHC), as precursors of ozone, 
excluding those hydrocarbons such as methane and ethane that do not 
participate in photochemical ozone reactions.  Some components of HC 
emissions may be toxic, but those are regulated separately under Title III which 
we will discuss separately.   

 

 SO2 – Sulfur is a fuel component.  It is burned along with the hydrocarbons.  
Therefore, the amount of SO2 emitted is directly proportional to the sulfur 
content of the fuel.  The entire US is now in compliance with the SO2 NAAQS, 
but it is now regulated as a precursor to Acid Deposition (Acid Rain) and PM2.5. 

 

 PM – There are also multiple designations for Particulate Matter.  Originally it 
included all particulate regardless of size (total suspended particulate).  
Subsequently the concern shifted to particulate matter smaller than 10 
microns, referred to as PM 10, which is slow to settle from the atmosphere.  
More recent studies have indicated that it is the finer particles, less than 2.5 
microns, that are the primary source of respiratory problems, so in 1997, the 
NAAQS was revised to set standards for PM2.5.   

 

Air Toxic Program (40 CFR 63) 

As mentioned above, Title III of the CAAA established a new air toxic program which 
identified 189 toxic substances or categories of substances.  In 1993, the EPA 
published the list of 72 Source Categories for toxic emissions.  Since then, they have 
been developing the Maximum Achievable Control Technologies (MACT) for each of the 
source categories.  All of the MACTs had been completed.   

 

 

Implementation of the CAA 

The role of the EPA in all of this is to: 

 Develop Regulations to implement the CAA 

 Develop Standards 

 Enforce Program Requirements 

 

There are a number of different regulatory strategies that can be employed in 
legislation or enabling regulation.  These include: 

 Establish an Emission Limit (Cap) in the form of: 
o Short Term Absolute Emission Limits (Hourly to 30 Day) or Longer Term 

(Seasonal or Annual) Absolute mass emission caps, with no trading 
provisions 

o Cap & Trade programs, consisting of absolute Emission Caps or Budgets 
established at the Regional or National level, that allow individual 

http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr&sid=d36ac98d32c176839c23c31d00e1897d&tpl=/ecfrbrowse/Title40/40cfr63_main_02.tpl


 NOX REGULATORY PROGRAMS 2- 9 

sources the flexibility to cover their emissions thru trading, thereby 
making compliance more cost effective. 

 Restrict the fuel type (i.e. limit the allowed pollutant concentration in a specific 
fuel type, and/or the amount of usage for a specific fuel type) 

 Restrict overall operating usage (hours/year, MMBtu/yr); 

 Specify emission Control Equipment for a class of combustion sources 

 Specify Operating Practices 

 Restrict Combustion Equipment, by not allowing the use of certain combustion 
technologies. 

 

New Source Performance Standards (NSPS, 40 CFR 60)  

In the CAA of 1970, the legislation directed USEPA (which was created in the same 
legislation) to identify the highest emitting equipment categories.  They were then to 
develop regulations for each equipment category.  These standards were to limit the 
emissions of criteria pollutants from new installations.  The list of categories was 
completed in the early 1970s, but, additional categories have been added over the 
years.  Each category has a subpart designation, for example, Subpart D is the Boiler 
Standard of Performance, Subpart EE is the Standards of Performance for Surface 
Coatings of Metal Furniture and so on.  The most recent regulation is Subpart OOOO  
(STANDARDS OF PERFORMANCE FOR CRUDE OIL AND NATURAL GAS 
PRODUCTION, TRANSMISSION AND DISTRIBUTION) 

 

These standards establish limits on stack concentrations of one or more criteria 
pollutants.  The standards also contain applicability criteria, and testing and reporting 
requirements.  Appendix A of 40 CFR 60 contains all of the test methods.   

 

The NSPS emission standards are typically specified based on the size and type of 
equipment.  It does not make any difference whether the equipment is being installed 
singly or in large groups; it applies to each equipment unit individually.  These 
standards also apply regardless of whether the installation is in an attainment or non-
attainment area.  Generally, NSPS standards only apply to new equipment 
manufactured/constructed after the date of the proposed rule.  The owner/operator of 
a source must also meet any applicable NSR regulations in addition to the NSPS.   

 

New Source Review (NSR) 

In contrast to the NSPS Program, which imposes uniform emission standards on a 
particular source/equipment category, the New Source Review (NSR) Program imposes 

site specific emission limits on new projects at major source facilities.  The stringency 
of these emission controls will be determined based on the results of a control 
technology analyses, and by the need for air quality impacts to remain within 
allowable standards, as discussed below.  Emission limits imposed under NSR can be 
no less stringent than the NSPS standard. 

 

The NSR program actually applies to both attainment and non-attainment areas, but 
in common usage the term is used to refer to the portion of the program that applies 

http://www.ecfr.gov/cgi/t/text/text-idx?c=ecfr&SID=1872b53f21bc7821f1edf9e1e7ce9ad8&rgn=div6&view=text&node=40:7.0.1.1.1.102&idno=40
http://www.ecfr.gov/cgi/t/text/text-idx?c=ecfr&SID=1872b53f21bc7821f1edf9e1e7ce9ad8&rgn=div6&view=text&node=40:7.0.1.1.1.102&idno=40
http://www.ecfr.gov/cgi/t/text/text-idx?c=ecfr&SID=1872b53f21bc7821f1edf9e1e7ce9ad8&rgn=div6&view=text&node=40:7.0.1.1.1.102&idno=40
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to non-attainment areas.  Prevention of Significant Determination (PSD) is the portion 
of the NSR program that applies to attainment areas.  So in common use, NSR is 
associated with non-attainment and PSD with attainment.  In either case, the source 
in question must be “Major” for the federal NSR or PSD program to apply.   

 

The determination whether a source is major is made on a pollutant specific basis, 
and is determined separately for the PSD and Non-Attainment NSR Programs.   Under 
PSD, if the potential emissions of any criteria pollutant exceeds major source 
thresholds (of 100 or 250 tons/year depending on the source category), then the 
source is designated as major.  Once a source is designated as major for PSD, based 
on the emissions of one pollutant, other criteria pollutants may also be subject to the 
PSD program if their annual potential emissions exceed specified DeMinimus 
(Significance) levels.  Under (Non-Attainment) NSR, only pollutants that are in non-
attainment and whose potential emissions exceed major source thresholds are subject 

to the Program.  However major source thresholds may be significantly lower under 
Non-Attainment NSR than for PSD; these thresholds depend on the classification of 
the Non-Attainment area.  

 

If the source is not major for any pollutant, it will only be regulated by any applicable 
local or state regulations. 

 

Caution:  There are differing definitions for a “Major” source in the NSR program, the 
Title V federal operating permit program, and Title III toxic emission program.  
They read very similar, but they are not the same!  Be sure to check the 
definition for the applicable program.  Definitions of Major Sources can be 
found in the CFR at: 

 Title V Definitions, Major Source – 40 CFR 71.2 

 PSD Definitions, Major Source – 40 CFR 51.165 (1)(iv)(A) 

 NSR – may be the same as PSD, but in non-attainment areas, local/state 
agencies can set lower limits in their SIP 

 Air Toxics Program Definitions. Major Source – 40 CFR 63.2 

 Compliance Assurance Monitoring – 40 CR 64.1 

 

Except for CAM, the determination of whether a source is major is based on the level 
of emissions after the application of any emission control equipment required in the 
permit, and accounting for any federally enforceable operating (hours of usage, fuel 
usage, etc.) restrictions. 

 

The NSR/PSD Program also applies to a new source installed at an existing major 

facility or to alteration of an existing emission unit at a major facility, if the change 
(new unit or alteration) results in an increase of potential emissions that exceeds a 
“major modification” threshold.   
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Determining Applicability of NSR or PSD 

The first step is to determine if the facility is in a non-attainment area for each 
pollutant to be considered.  This parameter should be absolute and project 
independent.  Check with the local/state air agency.   

For most combustion applications, the major pollutant of concern is NOx.  The other 
pollutants need to be checked, but will usually not require as much consideration as 
NOx. 

 

If the project is located in an attainment area, the project must be reviewed to 
determine if PSD is applicable. 

 If the facility is new, and the source is major, it will apply.   

 If the new source adds sufficient net potential emissions to make an existing 

non-major facility major, it will apply.   

 If it is an existing major facility, and the new source has potential emissions 
that exceed the major modification threshold, the rule will apply. 

 If the potential emissions for any other criteria pollutant is “significant” (aside 
from the pollutant that resulted in major source status), those pollutants are 
subject to PSD/BACT review as well as the pollutant that triggered PSD/BACT. 

 

If the project is in a non-attainment area, for any criteria non-attainment pollutant, 
the determination can be a bit more complex.  The determination is the same as for 
the PSD program above, but the thresholds for major and major modification may be 
lower than the PSD thresholds.  If any other criteria pollutant is “significant”, the 
source will have to use PSD/BACT for that pollutant if the area is attainment for the 
“significant” pollutant or LAER if it is non-attainment. 

 

In practice, determination of PSD/NSR Applicability is most problematic for 
modifications performed on an existing unit at an existing major source.   For these 
projects, it must be first determined if the project may be exempted as “routine 
maintenance, repair and replacement (RMRR)”.  If the project does not qualify as 
RMRR, then the net potential emission increase due to the project must be 
determined.  For an existing unit at a major source, this analysis can be complicated 
by: (a) the occurrence of separate contemporaneous emission changes in other units at 
the facility, and (b) on the manner in which future emissions are projected to occur 
after the modification is implemented (this issue is discussed later).  As a result, the 
evaluation of major modification status for an alteration project on an emission unit at 
an existing major source can be a difficult and confusing process.     

 

PSD Program (40 CFR 51.165) 

The purpose of this program is to prevent attainment areas from gradually 
deteriorating until they become non-attainment.  If it is determined that the PSD 
program applies to a facility or project, there are 2 basic types of federal requirements 
that must be satisfied: 
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(1) BACT – Best Available Control Technology requires that a new emitting unit 
use the technology which: 

 Is technologically feasible, 

 Is economically feasible, 

 Does not have overriding adverse environmental consequences, and 

 Has been demonstrated in practice, or   

 Achieves the best emissions of any technology meeting the above criteria 

or, achieve the same emissions using another control technology.  

 

Economic Feasibility – The US EPA Office of Air Quality Planning & Standards 
has prepared a Manual for doing economic feasibility analysis 
(www.epa.gov/ttn/catc/dir1/cs1ch2.pdf).  The applicant determines the 
incremental cost for the control technology and the incremental emission 
reduction.  They then calculate the cost effectiveness of controls per ton of 
pollutant removed on an annualized basis.  If this cost effectiveness is below a 
threshold, it is determined that the applicant should use the technology.  If it is 
above the threshold, the applicant can claim the technology is not cost effective.  
Unfortunately, the EPA will not tell anyone what the threshold is.  It is possible, 
by diligently reviewing EPA determinations concerning the feasibility of certain 
technologies, to infer the value assigned to this moving cost/effectiveness 
threshold at any time.  At the present time, the threshold for NOx appears to be 
about $10,000 per ton. 

 

Environmental Impact – This is a criterion that should be seriously considered, 
but, in practice, local/state permitting agencies have problems dealing with it.  
For example, how do they evaluate a tradeoff of NOx vs. ammonia?  This 
particular issue has been raised because SCR used to control NOx emissions 
from combustion sources will emit ammonia.  Some gas turbines are 
guaranteed as low as 5 ppm without SCR.  Most permits based on using SCR 
are for 2.5 ppm.  The ammonia emissions on such a unit are often 10 ppm.  
This means that the environment is getting 4 times as much ammonia as the 
resulting NOx emission reduction.  The EPA reviewed the question and 
prepared a guidance that indicated ammonia emission should be considered in 
making a BACT determination involving SCR, but they did not provide criteria 
for making the determination.  Another common consideration in combustion 
projects is the tradeoff between NOx and CO.  Most combustion control 
technologies that reduce NOx will increase CO, but there is no EPA guidance on 
how to make a tradeoff determination.   

 

Energy Impact – This is actually a 4th criteria for determining BACT.  
Applications should address the subject, but don’t expect this item to have any 
impact on the determination. 

 

Demonstrated in Practice – The term “demonstrated in practice” (or achieved in 
practice) has several definitions.  The first came from a NSR revision proposed 
in 1996 (40 CFR 51.165 (a)xxviii(B)(1) which read: 

http://www.epa.gov/ttn/catc/dir1/cs1ch2.pdf
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(1)  Has operated at a minimum of 50 percent of design capacity for 6 
months; and 

(2)  The pollution control efficiency performance has been verified with either: 

(i)   A performance test; or 

(ii)  Performance data collected at the maximum design capacity of 
the emissions unit (or units) being controlled, or 90 percent or 
more of the control technology's designed specifications.   

 

Unfortunately, this NSR Reform was never adopted, and the CFR still has no 
definition.  The South Coast Air Quality Management District (which serves the 
LA basin) later developed their own definition which requires 12 months of 
typical operation.  It is still subject to district-by-district and case-by-case 
evaluation. 

 

BACT Review: BACT is determined on a case-by-case basis, considering all of 
the above criteria.  The owner/operator of a proposed new source will prepare a 
BACT analysis as part of the application.  The analysis will: 

 Review clearinghouses, literature, permitting summaries etc. to 
determine the best technologies that have been permitted. 

 Starting with the technology that produces the lowest emission, the 
applicant will determine whether it meets all of the above criteria.  If it 
does, the application will conclude that the project will use that 
technology. 

 If it does not, the applicant will move to the next technology, and repeat 
the process until he reaches one that is technologically feasible, 
economically feasible, demonstrated in practice and has no overriding 
environmental impacts. 

 

This process is called the Top-Down approach. 

 

(2) Air Quality Modeling: four (4) types of air quality modeling must be 
conducted under PSD to evaluate project conformance with allowed impact 
levels 

o NAAQS Impact Analysis: no pollutant emissions can result in impacts, 
when combined with background pollutant concentrations, that exceed 
an NAAQS  

 

o Increment Consumption – Congress was concerned that an attainment 
area may issue permits for new sources until eventually the area 

becomes non-attainment.   So, the CAA of 1977 included the increment 
provision.  It limits permits in attainment areas to a total of 25% of the 
difference between their ambient concentration in 1977 and the NAAQS.  
When permitting a new source, either the applicant or the agency must 
determine if the project causes the air basin to exceed its increment. 

 
o Insignificant Impact on Class I Areas – A PSD project cannot be 

permitted if it will result in an air quality impact on a downwind Class I 
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area.  As mentioned above, Class I areas are under the jurisdiction of the 
Federal Land Management program.  When starting a PSD permitting 
process, it is wise to involve the applicable federal agency, which may be 
the National Forest Service, National Parks Department and/or Bureau 
of Land Management, as early as possible in the process.   This analysis 
is only required if the proposed project is within a specified distance of a 
Class I area. 

 
o Soils, Vegetation, Visibility Impact Analysis:  this analysis evaluates 

whether the project would impair visibility or adversely affect soils or 
vegetation.  

 

(Non-Attainment) NSR Program 

The purpose of the New Source Review program is to gradually decrease emissions in a 
non-attainment area, so that the area comes into attainment.  If it is determined that 
a project is subject to the NSR program, there are three (3) federal requirements: 

 

LAER – Lowest Achievable Emission Rate is similar to BACT, with the exception 
that cost is not considered. 

 

Offsets – When a new emitting source is installed, the applicant must provide 
offsets such that new project results in a net reduction of emissions.  ERCs (see 
below) are used to meet the offset requirement. 

 

Netting out – The applicant can credit the emissions from the new source 
with any contemporaneous reductions made at the same facility.  If the net 
change is a reduction, there are no offsets required.  If an increase exceeds 
the major modification threshold, the applicant must offset the increase with 
reductions at another facility at a ratio greater than 1 to 1.   

 

Offset Ratio – Title I of the CAAA (1990) specified minimum offset ratios 
based on the attainment status of the air basin.  These run from 1.2 for 
marginal non-attainment areas to 1.5 for extreme non-attainment.  
Local/state agencies may increase these ratios in their SIP.  Also, some 
local/state agencies apply higher ratios based on the distance between the 
reductions and the new source, whether the reductions are up wind or 
downwind from the source and whether the reductions are in the same air 
agency territory as the new source.   

 

ERCs – Emission Reduction Credits are the currency used to pay an offset 
obligation.  To be claimed as an ERC, emission reductions must be real, 
quantifiable, and permanent.  They must also be reductions that are not 
required by regulations, or if a certain reduction is required by regulation, 
an ERC may be generated by extending this reduction beyond the required 
level, with the ERC corresponding to the excess amount of reduction.  The 
baseline for determining ERCs reductions typically consists of the emissions 
occurring during a two year (or 2 of the last 3 years) period just prior to the 
implementation of the emission reduction (ERC) project.  Baseline emissions 
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may be determined  based on source tests, or using emission factors from a 
US EPA catalog of emission factors called AP 42.  ERCs can be credited to a 
new source at a different location or banked for future use or sale. 

 

The cost of ERCs is very dependent on location.  In a district where many 
industrial facilities have been closed in recent years and the owners have 
captured and banked the ERCs, the cost may be quite low.  In an area 
where industry is expanding, and there has been little industrial base, the 
cost can be quite high.  Today, NOx ERCs are trading as low as $1500 per 
ton and as high as $150,000 in the same state.  For example, in some areas, 
such as San Diego, it is almost impossible to construct new sources of NOx 
because of the unavailability of ERCs. 

 

Potential vs. Actual – In performing Netting and/or in generating ERCs, the 
allowed credit (netting) or emission baseline (ERCs) corresponds to actual 
historic emission levels, while the offset requirement is based on the 
Potential to Emit (PTE) for the new source.  If the applicant requests a permit 
with no limitations on fuel use, hours of operation etc. his PTE will be based 
on full load operation, 7/24/52.  As a result, an applicant wanting to 
replace an existing unit with a new one having the same emission rate may 
find that the PTE for the new unit is several times the actual historical 
emission level (tons/year) for the unit being replaced (assuming the unit 
being shut down has not been operating continuously at full load)  

 

NOx Drivers 

The reasons that the control of NOx emissions is a primary focus of the EPA and 
Congress included: 

 NOx is a pollutant in itself, although it is attainment in all areas at this time. 

 Ozone – NOx is the precursor that is usually limiting in ozone formation.  In 
most cases, if you reduce NOx you get a proportional reduction in Ozone. 

 PM2.5 – NOx can form nitrates that contribute to PM 2.5 

 Acid Deposition – NOx is a precursor to Acid Deposition. 

 Visibility – because of the particulate formation mentioned above and the fact 
that NO2 is visible, NOx also contributes to visibility degradation. 

 

Current NOx Programs 

As mentioned above, NOx is a major target of the NSPS and NSR programs.  In 
addition, there are other programs aimed at reducing NOx and in some cases other 
pollutants.  These include: 

– Ozone Non-attainment Status (NSR) 

– Acid Rain Program 

– NOx SIP Call  

 

http://www.epa.gov/ttn/chief/ap42/index.html
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Stationary diesel engines are usually used for emergency or temporary generation and 
accordingly are usually exempt for the federal programs.  Many state/local agencies 
have their own regulations.  Also, some other government agencies that have authority 
over some sources such as the Bureau of Land Management, Department of Interior 
for offshore activities, etc. have their own regulations.  There has been a recent trend 
to impose vehicular regulations on stationary diesels because almost all of the engines 
used in these applications are manufactured primarily for vehicle service.  The best 
resource for regulatory information for vehicle programs is  www.dieselnet.com.   

 

Ozone Non-attainment Status – As mentioned above, since NOx is a precursor to ozone, 
the CAAA of 1990 indicates that NOx must be treated as a non-attainment pollutant in 
ozone non-attainment areas.  In 1997, the Administration signed an order changing 
the ozone NAAQS.  The old standard (pre 1997) is referred to as the One Hour Ozone 
Standard, and the new standard is called the Eight Hour Ozone Standard.  There are 3 
differences between the 2 standards: 

 

 

 

 

 

 

 

The increase in allowable exceedences (one per year instead of one in 3 years) and the 
increased averaging time both act to make made the new standard slightly less 
stringent, however the reduction in the allowable ozone level had far more impact than 
the other 2 changes combined.   

 

Under the old 1 Hour standard, compliance had gotten to the point where 40% of the 
population lived in non-attainment areas.  The first action under the new 8 Hour 
standard was for the EPA to determine if any existing ozone attainment designations 
were affected by the revised standard.  When the determinations were complete, 
almost 85% of the population was found to live in areas that are non-attainment 
under the new ozone standard.  There are some areas that had been non-attainment 
under the 1 Hour standard that were attainment under the 8 Hour standard, but, far 
more areas that were attainment were now non-attainment. 

 

And, since NOx is the primary target to control ozone, this has required many states to 
revise their SIPs to reduce NOx emissions. 

 

Acid Rain Program (Title IV) – Title IV of the CAAA of 1990 was based on the 
determination that both SO2 and NOx contribute to acid deposition (acid rain).   The 
major focus of the Title IV Program is the reduction of SO2 using a Cap and Trade 
approach (see below).  But the Act also contained provisions for reducing NOx 
emissions.  It set a goal of reducing NOx by 2 million tons from 1980 levels. The Acid 
Rain program focuses on one set of sources that emit NOx: older coal-fired electric 
utility boilers. As with the SO2 emission reduction requirements, the NOx program was 
implemented in two phases: for NOx the phases began in 1996 and 2000.  

                           One Hour Std.       8 Hour Std. 

Allowable level                     0.12 ppm    0.08 ppm 

Allowable exceedances         1 every 3 years           1 every year 

Averaging Time                           one hour     8 hours 
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The NOx program embodies many of the same principles of the SO2 trading program, 
in that it also has a results-oriented approach, flexibility in the method to achieve 
emission reductions, and program integrity through measurement of the emissions. 
However, it does not "cap" NOx emissions as the SO2 program does, nor does it use an 
allowance trading system.  Instead it sets NOx emission limits for the boilers.  

NOx SIP Call – As mentioned above, a number of states in the Northeast were non-
attainment for ozone.  These states were referred to as the Ozone Transport Corridor 
(OCT).  They sued the EPA, claiming that their ambient ozone was, in part, caused by 
emissions of NOx in up-wind states.  They were trying to force the EPA to initiate 
programs to reduce NOx emissions in those upwind areas. 

 

The Lake Michigan States (IL, IN, MI and WI) countersued the EPA, claiming that 
tighter NOx limits would create ozone compliance problems for them, due to the loss of 
the ozone scavenging effect of the NO emissions. 

 

In an attempt to resolve the dispute, a group of 35 states formed the Ozone Transport 
Assessment Group (OTAG).  OTAG did considerable atmospheric modeling and 
developed 3 alternative programs based on the best case, most probable and worst 
case.  They recommended the most probable, but the EPA adopted a program based 
on the worst case analysis. They implemented the program by issuing the NOx SIP 
Call (requiring each state to revise their SIP to meet the new NOx limitations) for the 
states that were believed to be contributing significantly to the OTC problem.  That 
included approximately 22 states including most of the OTC states.  The SIP call set a 
summertime (May – September) NOx Budget for each state.  The state program 
allocations can be found in 40 CFR 96.  The SIP Call was implemented as a Cap and 
Trade Program based on the Acid Rain model – see below. 

 

 
 

States and territories originally subject to the NOx SIP Call 
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Cap and Trade 

Until 1990, all federal regulations were “command and control” in that they set limits 
that must be met individually by each emission unit or facility.  The 1990 CAAA, Title 
IV (the Acid Rain Program) introduced a Cap and Trade compliance approach.  The 
EPA set a nationwide annual cap for the emissions of SO2 from fossil fuel fired utility 
boilers.  An amount of SO2 emissions equal to the Cap was then allocated among the 
existing Acid Rain utilities based on their historical usage in 1985 in the form of 
allowances (an SO2 Allowance is a credit to emit 1 ton of SO2).   This annual allowance 
allocation is basically fixed (i.e. new sources receive no allocation).   

 

At the end of the calendar year, each utility must hold sufficient allowances to cover 
all of their actual SO2 emissions.  If their annual SO2 emissions exceed the number of 
allowances they hold, then additional allowances must be purchased to cover the extra 
emissions.   Any unused allowances from one year can be carried over into future 
years.  Allowances can be bought and sold. 

 

A utility can keep its SO2 emissions within its allowances by using low sulfur coal, 
installing stack gas scrubbing equipment, or purchasing allowances from a utility 
whose emissions are less than the allowances they hold.   

 

Allocation of the allowances was based on the SO2 emissions totals in 1985 before the 
Title IV program went into effect.  The goal of the Acid Rain Program was to achieve a 
60% reduction in nationwide SO2 emissions relative to these pre-program levels, 
consequently the allowances totaled only 40% of the emissions before the program 
went into effect. 

 

Other federal and state/local programs, such as the NOx SIP Call, have adopted this 
Cap and Trade type of compliance approach.  It allows industry to achieve the required 
reductions by the most cost effective means. 

 

Title V 

As mentioned above, Title V is a federal operating permit which is intended to bring all 
federal requirements for a facility under a single federally enforceable permit.  With its 
introduction, the EPA now has a mandatory permit that they can revoke “for any 
reason, at any time”.  Before Title V, since all permits were issued by the state/local 
agencies, only the issuing agency had the authority to revoke a permit. 

 

Also, as mentioned above, it was intended that the Title V permit would not add any 

new requirements, just put all federal requirements under a federally enforceable 
permit.  In fact, Title V did add a few new requirements.  One was the designation of a 
Responsible Individual.  This individual must annually sign a document that they are 
responsible for compliance with the Title V permit and that the facility is in 
compliance.  Title V also addresses the issue of stationary sources that pass their 
initial compliance test, but may, through deterioration or lack of maintenance, 
eventually go out of compliance, and never be detected.   
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A primary goal of the Title V Program, then, is to ensure on-going compliance with 
permit requirements.  To support this goal, a key focus of the Title V Operating Permit 
program is monitoring.   However, older air quality permits do not always contain 
sufficient monitoring to properly verify whether a source is in compliance.  The 
Compliance Assurance Monitoring (CAM) rule, which implements the Enhanced 
Monitoring Provisions of Title VII, helps to improve monitoring for larger emitting 
units.  In addition, the Operating Permit rule allows for a limited amount of new gap 
filling monitoring to be required for older permit conditions that do include monitoring 
provisions.  

 CAM – Title V permit holders must develop a Compliance Assurance Monitoring 
(CAM) plan for each emitting unit that has potential emissions that exceed 
major source thresholds before controls (i.e. emission reductions achieved by 
add-on controls are ignored in this major source determination).   CAM 
monitoring is primarily designed to verify that emission control equipment is 

operating properly. The program accommodates a range of monitoring 
approaches, as discussed below, providing that the approach selected is judged 
to provide a “reasonable assurance of compliance”: 

o Continuous Monitoring – Using a continuous emission monitoring system 
(CEMS) complying with either 40 CFR 60 Appendix B and maintained in 
compliance with Appendix F, or complying with 40 CFR 75.  This 
approach will detect any exceedence of permit emission limits at any 
time. 

o Parametric Emission Monitoring System (PEMS) – Two different types of 
PEMS are used.  The predictive PEMS is intended to be a substitute for a 
CEMS, however emissions are not measured directly.  Instead process 
parameters are measured from which estimated emissions are 
calculated (predicted) in real time.  Some predictive PEMS have proven 
to be very accurate and reliable, but the feasibility of these systems 
depends on the process to be monitored.  A second category of PEMS 
identifies operational parameters which can be used to indicate that 
control equipment is operating properly.   For each indicator parameter 
a threshold range is established corresponding to proper operation of the 
associated control equipment; so long as the indicator parameter values 
remain within this threshold range, it is assumed that control 
equipment is operating properly with a reasonable assurance of 
compliance. 

o Periodic Measurement – This approach is often the least expensive, but 
may be the least comprehensive.  If the time between measurements is 
small in comparison to the rate at which a process deteriorates (e.g. 
aging of catalyst), and the compliance margin is great enough, this 
approach may provide high confidence. 

 Periodic Monitoring/Gap Filling under Title V - The Title V rule and subsequent 
guidance specifies that gap filling periodic monitoring may be required by the 
Operating Permit for permit conditions that do not include any monitoring.  
The content and extent of such Periodic Monitoring has been a controversial 
issue that has not been fully resolved.  However, it is expected that such 
periodic monitoring will generally follow the CAM approach.   
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New Programs 

New revisions and programs are continually being introduced and adopted.  There are 
several programs that have recently been adopted, some of which are still under 
review or challenge.  These include: 

 NSR Reform 

 Clean Air Interstate Rule (CAIR) 

 Clean Air Mercury Rule (CAMR) 

 Regional Haze Rule 

 

NSR Reform – The effort to reform NSR started in the early 1990’s, and drafts were 
published in the Federal Register for public comment in 1994 and 1996, but these 

were never adopted.  In 2002, the EPA published a new draft with no similarity to the 
earlier drafts.  When it appeared it was published as “direct and final”.  What that 
really means is that, if no one objects, it is final.  People objected. 

 

Much of this reform package was an attempt to codify existing practice, but there were 
two significant new policy issues: 

 Actual-to-Projected-Actual Applicability Test (ATPA) – Under previous NSR 
regulations, in determining whether an alteration or upgrade project for an 
existing unit at a major source facility was subject to NSR as a “major 
modification”, post-project emissions were always assumed equal to the units 
potential to emit, irrespective of its operating history.   This “actual past to 
future potential” methodology was based on the expectation that the planned 
improvements would make the unit much more cost/effective to operate, and 
therefore past operating history would not serve as a reliable indicator of future 
usage (sometimes referred to as the “de-bottlenecking” concept).   However, thru 
the WEPCO decision, EPA revised this policy to allow future emissions to be 
projected from past emissions for certain types of projects at electrical 
generating units.  This Past Actual to Projected Future Actual methodology was 
included in the NSR Reforms.    

 Routine Maintenance, Repair and Replacement (RMR&R) – In determining 
whether work on an existing emission unit at a major source facility is 
considered a “major modification”, RMR&R activities are exempted.  For 
example, if an engine needs a routine tune-up or new spark plugs or a new air 
filter, the source does not need to evaluate whether such a project triggers NSR 
major modification emission thresholds.  On the other hand, a large 
reconstruction project would require a major modification determination.   
Unfortunately, there are many types of activities for which it is unclear whether 
they qualify as RMRR (e.g. replacement of boiler tube sections).   

 

Several landmark cases raised the question of “When does maintenance and 
repair become reconstruction?”  This new section attempted to define the point 
at which a maintenance project needed a new permit.  A new permit not would 
be required if: 
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o The project cost is less than 20% of a replacement Unit 

o The project results in a de minimus Change in Emissions 

o There is no exceedence of existing permit 

 

In October 2003, EPA issued a rule providing procedures to allow determination 
of whether an activity qualifies as RMRR, however this rule was challenged and 
subsequently rejected by the court and it is now being re-considered by EPA. 

 

Clean Air Interstate Rule (CAIR) – This program essentially places the Clear Skies 
Initiative (CSI, see below) objectives for NOx and SO2 in regulation without new 
legislation.  It was published in the FR in March 2005.  It establishes regional caps for 
NOx and SO2 at the CSI levels and applies to all electric generating units > 25 Mw in 
28 eastern states.  In July 2008, the courts vacated the rule.  The EPA is currently 
working on the deficiencies identified in the court decision.  For updated information, 
see www.epa.gov/cair/. 

 

Clean Air Mercury Rule (CAMR) – This program places the CSI objectives for mercury in 
regulation.  It was published at the same time as CAIR and caps mercury emissions 
from coal fired plants nationwide.  The courts vacated this rule also in July 2008.  The 
CAMR will not be resurrected.  Instead, the EPA is back to work on the Utility Boiler 
MACT.  Progress on the MACT and the draft language can be found at 
www.epa.gov/ttn/atw/boiler/boilerpg.html 

 

Regional Haze Rule and BART:  The purpose of the Regional Haze Rule (7/1/99) is to 
improve visibility in Class I areas by controlling NOx, SO2 and PM emissions from 
nearby sources that have impacts in these areas.  The complementary Best Available 
Retrofit Technology (BART) rule segregates out certain types of units, i.e. those that 
were constructed between 1962 and 1977, are in one of the 28 special PSD categories 
[40 CFR 166 (b)(1)(i)(c)(iii)], and have a potential to emit > 250 tpy for SO2, NOx or PM-
10, and requires visibility modeling and an engineering evaluation be conducted for 
these sources.  Emission controls may be required, on a case-by-case basis, if shown 
by the engineering/modeling evaluation to be a cost effective means of significantly 
improving visibility in the impacted Class I areas 

 

Regulatory Trends 

Multi Pollutant Legislation 

Clear Skies Initiative (CSI) – In 2003, the administration introduced legislation to 
reduce SO2, NOx and mercury from coal fired power plants.  Senator Jeffords 

introduced the Clean Power Act calling for deeper cuts in SO2, NOx and mercury plus 
major reduction in CO2 emissions.  Neither bill passed.  The following table is a 
comparison of the measures. 
  

http://www.epa.gov/cair/
http://www.epa.gov/ttn/atw/boiler/boilerpg.html
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Actual 

Emissions 

CSI Caps S.366 

(Jeffords) 

Pollutant 2000 Phase I Phase II Caps 

SO2 

MM Tons 

11.2 4.5 

by 2010 

3 

by 2018 

2.2 

by 2009 

NOx 

MM Tons 

5.1 2.1 

by 2010 

1.7 

by 2018 

1.5 

by 2009 

Hg 

Tons 

48 26 

by 2010 

15 

by 2018 

5 

by 2009 

CO2 

B Tons 

2.4 N/A N/A 2.1 

by 2009 

 

 

Regulate Precursors to Reduce Pollutant Formation – Many new regulations are focused 
on reducing precursor emissions for pollutants that are formed in the atmosphere 
rather than being emitted from a process.  These include: 

Ozone 

Particulate (2.5) 

Acid Deposition 

Regional Haze 

 

Global Warming – Global Warming is thought to be caused by Greenhouse Gases 
(GHG) which reduce radiation of heat from the earth into space, and warm the planet.  
The most significant GHG is CO2, the product of combusting any hydrocarbon.  There 
are currently no federal regulations on the emission of GHG, but that is likely to 
change.  Techniques for reducing the net emissions of CO2 include: 

o Reduce energy consumption  

o Switch fuels to those that produce less CO2 (e.g. natural gas)  

o Increase the amount of forests on the earth  

o Replace fossil fuel sources with renewable energy sources that do not 
change the net carbon/CO2  

o Stop clearing of rain forests 

 

In 1997, a world gathering in Kyoto developed a plan called the Kyoto Accord which 
laid out a plan for all participants to reduce emissions over the next 15 years.  The 
target was to reach reduce GHG emission 7% below 1990 levels.  The US did not ratify 
the plan but there are a variety of moves by individual states, cities and corporations 
to reduce GHG emissions. 

 

Comparison of Clear Skies Initiative and Clean power Act 
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Guidance Documents (GD) – The CAA calls for BACT/LAER determinations to be made 
on a case-by-case basis.  Many agencies prefer to have a standard that sets a specific 
emission limit for each type of equipment.  Guidance Documents are a means by 
which agencies can encourage uniformity in BACT/LAER determinations.  

 

An example is the California GD for gas turbines under 50 Megawatts. It suggests new 
gas turbine generators be permitted at: 

NOx – 2.5 ppm with 1-Hour rolling average or 

  2.0 ppm with 3-Hour rolling average  

  (the level and averaging period are the Air District’s prerogative)  

CO – 6 ppm 

VOC – 2 ppm 

 

Output Based Standards – In the past, emission limits were on the basis on exhaust 
stack concentration, typically expressed in parts per million, volumetric (ppmv) 
corrected to a common oxygen or carbon dioxide base.  For example the limit may be 
expressed as 25 ppmv at 15 % O2.  Since it is on a corrected basis, it can also be 
expressed as mass of pollutant per unit of fuel consumed, e.g. 0.1 lb/MMBtu.  In the 
last few years, many agencies have been moving to Output Based Standards where the 
limits are expressed as units of mass per unit of output, e.g. 0.07 lb/MW-Hr.   

 

In principle, this sounds like a good idea.  It rewards users who make more efficient 
use of fuel, or conversely, it encourages the more efficient use of fuel.  But in practice, 
some have serious concerns.   

 

For example, let us consider a distributed generation unit with and without combined 
heat and power.  Without CHP, the efficiency would be 30%, while with CHP it could 
be as high as 75%.  This means that the emission from the CHP unit could be 2.5 
times greater than for the unit without CHP.  If the engine in question is an IC engine 
operating at 30% efficiency that can achieve 0.6 g/HP-Hr, and the level for 30% 
efficiency is set at 0.6 g/HP-Hr, the same engine in a CHP application could be 
permitted at 1.8 g/HP-Hr.  That would be allowing unnecessary pollution.  If the limit 
were based on 75% efficiency at 0.6 g/HP-Hr, the same engine operating without CHP 
would have to achieve 0.24 g/HP-Hr, - impossible without back end controls.  
Generally, any applicant will use waste heat from an engine if he has use for it, but if 
there is no use for the heat, the project becomes impractical.   

 

Some examples of output-based standards for NOx emissions already in use include: 
• NSPS Subpart Da for utility boilers, and Subpart KKKK for combustion turbines 

(optional) 

• TNRCC Standard DG Permit 
– East Texas, 0.14 lb/MW-Hr 

• California SB 1298 

Reciprocating engines 
– 2003, 0.5 lb/MW-Hr 
– 2007, 0.07 lb/MW-Hr 

• RAP Group – 0.07 to 0.15 lb/MW-Hr  
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Other regulatory trends – Include: 

• Establish Regulations on a Regional Basis for Compliance Flexibility 

• Tightening of Standards   

• Continuous Compliance through monitoring of sources which did not 
previously require monitoring 

• Single Limit for all Sources (Bubble)  

• States are developing New and Revised RACT regulations to meet SIP 
requirements 

 

International 

With all of the countries around the world, it may seem an impossible task for 
manufacturers of combustion equipment to determine what emission limitations must 
be met by the products they develop.  It is not sufficient to say “Make all emissions as 
low as possible.”  The cost eventually becomes prohibitive, and as mentioned above, 
some pollutants present design tradeoffs.  Particularly in combustion processes, NOx 
control technologies often increase VOC and/or CO emissions.   

 

There are some regulations that cover most of the world: 

 European Union – The EU has developed emission standards for many 
combustion sources.  They are currently working on a comprehensive 
combustion emission standard.  It has been in work for several years, and may 
still be some time in coming.  The EU standards can be found at 
ec.europa.eu/environment/index_en.htm (no www).    

 World Bank – Any projects funded by the World Bank must meet their emission 
standards.  Those standards can be found at 
http://www.epa.gov/air/aqmportal/management/links/goalsetting_resources_
pub.htm#4 (no www). 

 US Export Import Bank – Generally, projects funded by Ex-Im will also be 
required to meet the World Bank standards. 

 International Network for Environmental Compliance and Enforcement (INECE) – 
maintains a site with a listing of Environmental Agencies of the World.  It can 
be found at: 
www.inece.org/links_pages/onlineresourcesEnvironmentalagencies.html 

  

http://ec.europa.eu/environment/index_en.htm
http://www.inece.org/links_pages/onlineresourcesEnvironmentalagencies.html
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Review Exercises 

1. Which of the following is not a combustion pollutant?  
a. NOx. 

b. CO. 

c. SO2. 

d. Ozone. 

e. Particulate Matter (PM). 

 

2. Which Federal programs relate to stationary combustion sources? (Select all 
that apply.) 
a. New Source Review (NSR). 
b. Tier 4. 

c. New Source Performance Standards (NSPS). 
d. Prevention of Significant Deviation. 
e. Acid Deposition (Title IV) 

 

3. What is CAM? 

a. Clean Air Management 

b. Carbon Accounting Measures 

c. Critical Assessment Mandate 

d. Compliance Assurance Monitoring 

e. None of the above 

 

4. What pollutants are addressed under the Acid Deposition program (Title IV)? 

a. NOx 

b. PM 

c. Ozone 

d. Sulfur Dioxide 

e. Carbon Dioxide 

 

5. Prevention of Significant Deterioration (PSD) is addressed in 40 CFR 51.166.  
What is the major source threshold for a gas turbine generating unit? 

a. 8,000 hours per year 

b. 50 Megawatts 

c. 100 tons per year 

d. 250 tons per year 

e. 10 cubic feet per hour 

 

6. What is usually the easiest way to determine the attainment status for NOx for 
an application?  

a. Check with the US Weather Service. 
b. Look it up in the CFR. 
c. Call the local air agency. 
d. Look it up on the EPA web site. 
e. Ask the Bureau of Land Management. 
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7. In an attainment area, an air permit applicant must: (Select all that apply) 

a. Determine the applicable LAER technology.  

b. Offset the net increase in emissions. 

c. Determine if the Increment will accommodate the project. 

d. Secure Emission Reduction Credits (ERCs) equal to the projected emissions. 

e. Determine the applicable BACT technology. 
 

8. Why is NOx the primary target of most current air regulations? (Select all that 
apply). 

a. Most areas are non-attainment for NOx. 

b. It is a precursor for Ozone. 

c. It is a contributor to Acid Deposition. 

d. It contributes to regional haze. 

e. None of the above 

 

9. Some state, local and other air agencies are adopting vehicular standards for 
stationary liquid fueled engines.  If such a standard calls for compliance with 
the Tier 4 standard, what would be the NOx limit? 

a. 100 ppm at 15% O2. 

b. 0.4 g/BHp-Hr. 

c. 1 pound per Kilowatt-hour 

d. 30 ppm at 3% O2. 

e. None of the above. 

 

10. Emission test methods are specified in 40 CFR 60 Appendix A.  What of the 
following is a test method for NOx?  

a. Method 19 

b. Method 10 

c. Method 25 

d. Method 7 

e. None of the above 
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Answer Key 

1. d 

 

2. a, c, d, e 

 

3. d. (At one time it might also have been Clean Air Mercury rule) 

 

4. a and d 

 

5. c 

 

6. c. 

 

7. c and e 

 

8. b 

 

9. xx 

 

10. a and d 
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3 COMBUSTION SYSTEMS & NOx 

 

 

 NOx emissions can be controlled either by reducing its formation during combustion or 

by combining reduced formation with post combustion control - such as SCR.  In order to 

discuss reduced formation, we need to understand some basic aspects of combustion as well as 

the types of combustion systems in common use.  Students familiar with specific types of 

combustion hardware may chose to skip portions of this chapter.  However, the discussion of 

premixed flames is critical to understanding how some low NOx combustion systems work. 

 

Diffusion and Premixed Flames  
 

 Combustion involves two distinct processes - (1) mixing of the fuel and air, and (2) 

chemical reactions that release heat while converting fuel into CO2 and H2O.  In most types of 

combustors, mixing and chemical reactions occur simultaneously - the fuel is sprayed into the 

flame.  But there are a few burners where mixing and chemical reactions occur in sequence - in 

an automobile engine gasoline vapor is mixed with air, then ignited with a spark.  In the 

following discussion we divide the world of combustion devices into two groups: 

 

(a) Diffusion flames are those where air-fuel mixing is simultaneous with combustion.  

Most common burners uses diffusion combustion.  Examples are flames formed by a 

spray of liquid oil, or a jet of gas, or by pulverized coal blown into the combustion 

zone.  This includes all systems that burn oil or solid fuel as well as many natural gas 

burners.  It includes most furnaces and nearly all boilers. 

 

(b) If the air and gaseous fuel is completely premixed, blown into a combustion 

chamber, then ignited, it creates a premixed flame.  Combustion then occurs in a 

homogeneous gas mixture.  A high gas velocity or valves are used keep the flame from 

flashing back into the mixing zone. Spark ignition engines are an example - a 

homogeneous mixture of air and natural gas (or evaporated gasoline) is drawn into a 

closed cylinder and ignited by a spark.  Since liquids (or solids) cannot be mixed with 

air at a molecular level, all premixed flame burners must use gas phase fuel such as 

natural gas, propane or a vaporized liquid.   

 

Since about 1990 the difference between the diffusion and premixed combustion has been 

highlighted by the evolution of low NOx combustion systems that rely on the use of premixed 

combustor designs in applications once dominated by diffusion flames. 

 

 Premixed flame burners are generally more challenging to operate than diffusion flame 

burners because they can only be ignited and flame can only be maintained when the air/fuel 

ratio is kept within a relatively narrow range close to stoichiometric.  The flame goes out if the 

ratio deviates from the idea range and flame-outs can be very dangerous.  Diffusion flames are 

quite different.  They can maintain stable combustion over a wide range of air/fuel ratios.  
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Diffusion burners can 

operate at very high air/fuel 

ratios, e.g. where a small 

flame exists in a large air 

flow.  They provide an 

inherent protection against 

flame-out that is not 

possible with a premixed 

flame. 

 

Temperatures  

 

 Average flame 

temperature is generally not 

a critical parameter except 

in the extreme case where 

the flame starts to go out or 

in high temperature 

furnaces (such as cement 

kilns) where very high 

temperatures are essential 

to production.  NOx 

formation is driven by temperature - so local hot spots in the flame can cause high emissions 

even when the overall flame temperature isn’t very high.  Figure 3-1 shows  the theoretical 

maximum temperature for a generic fuel as a function of  

excess air.  It’s derived by setting the amount of energy released by burning the fuel equal to 

the amount of energy absorbed by the gas in the combustion zone.  Peak temperature occurs 

with zero excess air (where amounts of fuel and air are chemically balanced).  Left of that point 

combustion is incomplete - not all the fuel energy is released and temperature drops.  To the 

right of the peak there is excess air in the combustion zone that absorbs some energy and the 

temperature drops in proportion to the amount of extra gas present.  So, for example, the 

maximum flame temperature at 100% excess air - corresponding to double the amount required 

for combustion (equivalence ratio = 2.0) - is about half the temperature at 0% excess air.  A 

conceptual way to understand this curve is that it’s the temperature of the exhaust of an 

insulated furnace - specify the excess air and the curve gives the temperature (actually the 

increase above the inlet air temperature).  But the curve also shows the maximum possible 

temperature at any point in the flame for the air-fuel ratio at that point. 

 

 In actual combustors, temperatures are lower than the theoretical maximum, because heat 

is continuously lost by radiation to the furnace walls.  However, the relationship between 

excess air and maximum possible temperature - as shown in Figure 3.1 - prevails in all 

combustion systems.  In a premixed burner, the curve shows the maximum temperature 

everywhere in the flame which is the exhaust temperature of an adiabatic furnace.  Except for 

the effect of radiative heat loss, premixed combustion is isothermal. 

 

Figure 3-1  - Adiabatic Temperature versus Excess Air 
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 But with a diffusion flame the picture changes.  Consider a typical boiler or industrial 

furnace with one or more burners.  If the furnace is operating at a high excess air level, the 

exhaust might be 2000°F or less.  But the actual burner flame temperature are much higher - 

the average furnace exit conditions aren’t the same as conditions in the flame.  This is because 

fuel-air mixing occurs in the flame, making rich and lean areas that are hotter and cooler than 

the final average exit temperature.  Consider a small particle of fuel (oil droplet or tiny puff of 

gas) as it moves into the furnace.  As it mixes with air and burns, its air/fuel mixture ratio goes 

from zero (pure fuel), through one (stoichiometric air), to the final average value.  In so doing, 

it passes through the zero excess air point and through a peak temperature that could be close to 

4000°F. Hence, as a consequence of  mixing fuel and air in the combustion zone, all the fuel 

must pass through the point where equivalence ratio equals one and hence through the peak 

temperature region - even though the  average exhaust temperature is much lower. 

 

 The down side of diffusion combustion, as we will see later, is that NOx emissions are 

difficult to control because all of the fuel goes through a high temperature region at some point 

during combustion.  On the up side, high local temperatures make it possible to have complete 

combustion and stable fires in a system that operates at fairly low exit temperatures.  As an 

example, combustion turbines typically operate with very hot primary zones, but with 

combustor exit (turbine inlet) temperatures in the range of 1200°F to 2400°F. 

 

 Before leaving Figure 3.1, remember that the curve was derived using air that is about 

79% inert nitrogen that absorbs most of the combustion energy.  The height of the theoretical 

peak depends on the oxygen content (normally 20.9%) of the combustion air.  A higher or 

lower peak will be generated if the air is oxygen enriched or vitiated.  An increased percentage 

of inert gas will reduce the flame temperature.  We will discuss vitiated combustion in the 

context of flue gas recirculation used to reduce NOx emissions in Chapter 4.. 

 

 

Solid & Liquid Fuels  

 

 Most burners use diffusion combustion in which case the flame, size, shape and several 

emission species are substantially governed by the exact manner in which fuel and air are 

mixed together in the combustion zone.  Air constitutes 90-95% of the mass of flame, so the 

overall flow pattern is controlled by the air flow hardware.  Fuel is injected into this flow 

pattern - with jets of gas, a conical oil spray, etc - resulting in a flame pattern.  Adjusting the 

fuel injection or the air flow pattern can change the stoichiometry and temperature patterns and 

hence the emissions.  On a microscopic scale, the mixing of gas fuel with air is quite rapid as 

are the chemical reactions of combustion - generally milliseconds or less.  Liquid fuel must 

evaporate before it can mix with air, so liquids burn slower than gas fuels - tens of milliseconds 

- and the atomizer design becomes important.  Both #6 oil and bituminous coal evaporate only 

partially, leaving a residue of solid carbon (coke).  Solid carbon doesn’t evaporate at all so 

combustion must occur on the surface the fuel particles - meaning that the combustion rate is 

relatively slow - and it is proportional to the amount of exposed surface area.  If solid fuel is 

converted to a powder - as with pulverized coal and sander dust, it can burn almost as fast as 

atomized oil - hundreds of milliseconds - because the tiny particles have so much surface area.  
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But non-powdered solid fuels (wood chips or crushed coal) burn very slowly - minutes to 

hours.  Combustion times shorter or longer than about 1 second leads to the distinction between 

systems that burn fuel in suspension (gas, oil, pulverized coal) compared to stokers that burn 

solid fuel on a grate.  The vast majority of large coal fired boilers are suspension fired.  

However, we still have stokers, because that’s almost the only way to burn wood chips, solid 

waste or any fuel that cannot be converted to a powder. 

 

Types of Combustion Systems  
 

 Until about 1990 most of the NOx control efforts on stationary sources involved changes 

to combustion systems to reduce NOx formation.  Although back-end NOx controls are 

becoming increasingly important, the design of low NOx combustion systems will continue to 

be important element in NOx control.  There are many types and configurations of combustion 

systems and low NOx systems are site specific.  In this section we provide a very general 

introduction to combustion systems and their NOx emission characteristics. 

 

 First we will divide combustors into three general categories: 

 

  1.  Furnaces & boilers 

  2.  Reciprocating engines 

  3.  Combustion turbines 

 

These combustion systems are all very different as are the NOx control strategies.  In all cases 

NOx is formed in the combustion zone, then emitted to atmosphere through a stack or exhaust 

pipe.  All the NOx formation is in the combustion zone - there is almost no formation or 

destruction after the gases leave the hottest parts of the flame. 

 

 All these systems operate continuously over some load range and most have continuous 

operator supervision.  Regulated stationary sources are not “off-on” devices like a residential 

furnace or water heater.  This means that emissions may be an issue not just at full load, but 

over the load range.  In some systems the emissions during start-up or shut-down, which can be 

a lengthy time period, can constitute a majority of the emissions. 

 

 

Boiler Characteristics  

 

 Boilers produce steam or hot water and they can be designed to burn virtually any fuel.  In 

practice, they burn a wide variety of fuels and nearly all operate at atmospheric pressure.  They 

range in size from a home furnaces that would fit in the back of a small van to electric utility 

boilers that stand 200' high and burn pulverized coal at a rate of 400 tons/hr.  A boiler consists 

of a firebox where the fuel is burned followed by banks of tubes where heat from the 

combustion gases is transferred to water or steam.  Combustion temperatures are in the range of 

3500°F and the flue gases are cooled to about 300°F at the stack. 
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Best
Operating
Range

CO & Smoke

Excess Air or O2  
 Boilers have feed systems to supply fuel and combustion air and automatic controls for 

these systems.  Fuel is supplied at a sufficient rate to satisfy boiler load demand.  Air is 

supplied at a rate that matches the fuel flow.  If the controls supply insufficient air, combustion 

will be incomplete and the boiler will smoke.  So as the boiler controls always supply a bit 

more air than the minimum needed for complete combustion.  Air flow to the boiler is 

generally characterized by the amount of excess air - which is the amount above and beyond 

that which is theoretically required for complete combustion.  It is measured by the amount of 

O2 in the flue gas.  This O2 is the air which wasn’t consumed during combustion - so by 

definition it is “excess”.  Figure 3-2 shows the general relationship between excess air (or stack 

O2) and emissions of NOx and CO.  This shows the general form of the data if one were to 

systematically vary the excess air while measuring NOx, CO and O2 in the flue gas.  This is 

characteristic of diffusion flame emissions and will be observed on all boilers and furnaces.  It 

would also hold true for combustion turbines and diesel engines, except that it is not practical 

to systematically vary the excess air levels on those sources. 

 

 Figure 3-2 illustrates several important points.  First note that CO and smoke emissions 

are negligible at high excess air levels.  As excess air is reduced, CO and/or smoke appears 

abruptly and increases rapidly - this is commonly referred to as the knee in the curve.  NOx on 

the other hand decreases almost linearly as excess air is reduced.  One can see that there is an 

optimum excess air operating point near the knee in the curve where NOx is minimized, but 

CO (and/or smoke) is not excessive.  Any reduction in excess air would reduce NOx at the 

expense of significantly increased CO, smoke and/or carbon in the fly ash.  In general on nearly 

all combustion systems, emissions control will be a compromise between NOx and CO or 

smoke emissions.  To some degree we almost always trade decreased NOx emissions for 

increased emissions of CO, smoke and sometimes organic species. 

 

 This highlights the need to control air flow precisely on any combustion system, 

Figure 3.2. Trade-off of NOx vs. CO & Smoke 
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particularly one that is attempting to minimize NOx.  With diffusion burners air flow needs to 

be maintained near the minimum practical (not quite smoking) level.  The automatic air flow 

control system needs to do this continuously as load and fuel flow vary.  Precise control of 

excess air is the first and most important step in controlling emissions from boilers and 

furnaces.  This can only be achieved by using an exhaust O2 monitor tied into an intelligent 

(microprocessor based) control system. 

 

 

Fuel Effects on Boiler Emissions  

 

 It is useful, from a NOx perspective, to characterize boilers and furnaces by fuel type: 

 

  1.  Clean fuels (natural gas and distillate oils) 

  2.  Residual oil, pulverized (powder) coal, and sander dust 

  3.  Solid fuels. 

 

Clean fuels contain very little nitrogen, which means that NOx from these sources is generated 

only by the heat of combustion (thermal NOx).  NOx can be reduced by simply lowering the 

flame temperature.  Note that nearly all engines and combustion turbines only burn clean fuels, 

so they are in category #1.  Fuels in categories #2 and #3 contain enough nitrogen that it 

accounts for much or most of the NOx emissions from these sources.  Flame temperature based 

NOx controls are much less effective with these fuels, so effective NOx reduction requires 

some form of staged combustion (low NOx burners) or back end controls. 

 

 We have separated solid fuels (coal, wood, etc) into two categories because there are two 

very different types of combustor.  When fuel is divided into fine particles - a powder or 

atomized spray - it burns very rapidly; typical times are less than ½ second.  By contrast a lump 

of coal, a wood chip, or the material in solid waste may take several minutes to burn.  Category 

#2 fuels are sprayed into the combustion chamber and burn in suspension with no significant 

settling of fuel particles.  Category #3 fuels take more than a couple of seconds to burn, so the 

fuel settles to the floor of the furnace where it burns on a grate - similar to the fire in a home 

fireplace. 

 

 Suspension fired boilers all operate similarly regardless of whether the fuel is gas, oil or 

pulverized coal.  The burners look quite similar except for the fuel injection hardware, and in 

many cases a single burner is capable of firing two or three different fuels - sometimes 

simultaneously.  The main differences between boilers designed for different fuels lie in 

provisions for handling the large amount of ash present in coal and hence their physical size.  

Coal fired boilers need to be about 50% larger than gas fired boilers for the same steam 

capacity. 

 

 From the perspective of NOx control, suspension burning (category #1 or #2) offers the 

opportunity to control the fuel and air mixing in the flame in a way that affects NOx formation.  

Grate burning (category #3) offers very little ability to control the combustion.  Hence stoker 

furnaces (stoker coal, wood chips & solid waste) offer very limited opportunity tominimize 
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NOx formation.  They may be amenable to reburning with supplemental suspension 

burning(discussed later) but for the most part NOx reduction from these units is achieved by 

back end controls. 

 

 Although boilers come in all sizes, many of the basic features are common to all of them  

Size does have some influence on NOx emissions and NOx controls.  First, small boilers 

usually burn clean fuels, while larger boilers burn the least expensive fuel available - which 

usually means high fuel nitrogen content and higher NOx emissions.  Second, while industrial 

boilers generally have only a single burner, large utility boilers have multiple burners - up to 

several dozen.  This has both advantages and disadvantages when in comes to NOx control.  

The advantage is that low NOx staged combustion firing can frequently be achieved by taking 

one or more burners out of 

service - which doesn’t 

reduce the full load 

capability.  The disadvantage is that low NOx operation requires that each burner get the same 

amount of fuel and air - each one needs to operate at the same air/fuel ratio.  While this seems 

like a straightforward requirement, it can prove very difficult to achieve in practice.   

 

Reciprocating Engines  

 

 Reciprocating engines, similar to a car or truck engine, are used for small to medium size 

stationary power sources.  Generally the largest size is 15-20 MW, but a few much larger 

engines have been built.  Most reciprocating engines fire natural gas as the primary fuel, but 

many are equipped to fire liquid fuel, #2 or diesel oil, as an alternative.  Combustion in 

reciprocating engines is not steady state.  Typically each cylinder fires once for each two 

revolutions of the crankshaft.  Figure 3-3 shows a piston and cylinder cross section and the 

typical sequence of events. 

 
 (1) As the piston moves down it draws in an air-fuel mixture; (2) the mixture is compressed on 

the up stroke and ignition occurs when the piston is near the top; (3) the power stroke follows 

Figure 3-3.  Reciprocating Engine Operating Cycle 
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as combustion drives the piston down; (4) exhaust gases are pushed out on the final up stroke.  

Combustion occurs at very high pressure (over one hundred psi) and at relatively high 

temperature.  As a consequence of the high temperatures, NOx emissions are high - roughly 

10x the emissions from a boiler burning the same amount of fuel.  (Note that transportation 

vehicles generate more NOx in this country than do large stationary sources.) 

 

 Spark Ignition versus Compression Ignition 

 

 There are basically two ways to get fuel into the cylinder of a reciprocating engine.  (1) 

Spark ignition means that air and fuel gas are premixed, drawn into the cylinder on the 

downstroke and ignited with an electric spark - premixed combustion.  (2) Compression 

ignition (Diesel) means that pure air is drawn into the cylinder and fuel oil is injected as the 

piston approaches the top - diffusion combustion.   Diesel engine compression (typically above 

12:1) is high enough that the fuel auto-ignites as it is sprayed into the chamber.  The auto-

ignition point of diesel fuel in the cylinder is approximately 1300F at 44 atm.  The critical 

difference from a combustion and NOx control perspective is that natural gas (or gasoline) 

burns in a premixed mode, while diesel fuel burns in a diffusion mode.  As a result, diesel peak 

combustion temperatures cannot be controlled as effectively as they can be for gas fired 

engines, so the options for reduced NOx formation are more limited. 

  

 We noted in the discussion of diffusion and premixed combustion that premixed 

combustion only occurs over a limited range of air-fuel ratios.  This means that gas (or 

gasoline) fired engines all operate with a air-fuel ratio near stoichiometric.  How lean the air-

fuel ratio can be depends on several factors including spark intensity, type of fuel and 

combustion chamber design.  The higher the spark intensity the leaner the air/fuel ratio that can 

be ignited.  Chapter 6 explores these factors in more detail.  
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 Ignition Timing 

 

 One of the variables for either gas or diesel engines is ignition timing.  Injection is 

normally timed for maximum power which means shortly before the piston reaches the top of 

its stroke - typically up to 20° of crankshaft rotation.  Delaying (retarding) the timing reduces 

both power and NOx emissions.  This method of reducing NOx formation will be discussed in 

Chapter 6. 

 

 Air/Fuel Ratio 
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 Spark ignited engines are characterized as lean burn or rich burn depending on whether 

the exhaust O2 level is more or less than 1% (corresponding to about 5% excess air).  Figure 3-

4 shows the theoretical relationship between air/fuel ratio and emissions for a gas fired engine.   

Rich burning (low excess air) invariably generates a certain amount of CO, hydrocarbons and 

smoke.  Figure 3-4 suggests that a gas fired engine could operate very lean (high excess air) 

with low emissions of all pollutants.  This is discussed later, but conventional engines can’t run 

very lean because very lean mixtures won’t ignite with a conventional spark ignition system.  

So operation is limited to air/fuel ratios where either NOx or CO is relatively high. 

  

 Since a diesel engine operates with diffusion combustion there isn’t a  limit on the fuel air 

ratio and Figure 3-4 does not apply.  Air flow depends on engine speed while fuel flow depends 

on power level.  At low power, with minimum fuel flow, the excess air and exhaust O2 are very 

high.  At full power the fuel air ratio is close to stoichiometric, the exhaust O2 is close to zero, 

and the engine is beginning to smoke. 

 

 Compression Ratio 

Figure 3-4.  Gas Fired Engine - Theoretical Emissions  
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 As the piston moves from the bottom of the cylinder to the top it compresses the air and 

the ratio of cylinder volume at the bottom of the stroke to the volume at the top of the stroke is 

called the compression ratio.  Increasing an engine’s compression ratio increases its efficiency 

as well as the power available from a given engine size.  Maximum compression ratio in a 

spark ignition engine is generally less than 9:1 and is limited by fuel “knock”.  If the heat of 

compression reaches the auto-ignition 

temperature of the fuel-air mixture, it 

explodes rather than burning smoothly.  

In automobile engines high octane fuel allows a higher compression ratio (up to 12:1), giving 

more power.  In stationary engines, where the fuel is natural gas, the compression ratio can be 

raised by raising the air/fuel ratio - leaner operation.  While this approach potentially improves 

engine efficiency and lowers NOx simultaneously, it is limited by the ability to ignite the fuel - 

as discussed above.  In Chapter 6 we look at low NOx concepts based on lean operation. 

 

 Reciprocating engines are factory built as opposed to many boilers which are built on site.  

In contrast to boilers, their combustion systems and operating controls are built-in and not 

amenable to simple adjustment or alteration.  Thus, when properly maintained, they tend to 

have more predictable NOx emissions than does a boiler.   

 

Combustion Turbines  

 

 Combustion turbines are basically aircraft “jet” engines adapted for stationary power 

sources.  These engines are physically small, but power levels range up to about 250 MW 

(330,000 HP).  Combustion in  turbines is steady state - starting the engine corresponds to 

establishing a stable fire in the combustor.   Figure 3-5 is a schematic diagram of the turbine 

operation.  Air is drawn in and compressed to 10 or 20 atmospheres in an axial flow 

compressor (like a  turbine operating in reverse).  Fuel is added in a combustor to raise the 

temperature to anywhere from 1500°F to 2400°F.  This increases the gas volume which is then 

expanded through a turbine.  Part of the power from the turbine runs the compressor and the 

remainder is the output shaft power. 

 

 

 Combustion turbines can, in concept, burn any liquid or gaseous fuel.   In practice they 

only burn clean fuels - the cleaner the better.  Any contaminants in the fuel tend to deposit on 

the turbine blades leading to frequent expensive maintenance.  The availability of cheap natural 

gas in the late 1900's is part of the reason for the proliferation of these units in power plants.  

 

 Originally all turbine combustors used diffusion combustion.  About 1990 low NOx 

combustors began to appear that operated with premixed combustion when firing natural gas at 

high loads.  This will be discussed further in Chapter 7. 

 

 Uncontrolled NOx emissions from turbines are higher than from boilers, but as discussed 

in Chapter 7, water injection has kept NOx emissions relatively low since the mid 1970's.  Low 

NOx combustors have lowered CT emissions even further and the technology continues to 

Figure 3-5 Combustion Turbine Schematic 
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evolve. 
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Catalytic Combustion  

 

 Combustion invokes a mental image of flames and intense temperatures.  However, the 

oxidation of organic material occurs over a broad range of temperatures - for example,  rotting 

vegetation yields the same end products as combustion, but it goes on slowly at ambient 

temperature.  Catalysts allow combustion reactions to occur at temperatures much lower than 

typical flames.  So passing organic vapor over a platinum surface at 500°F will result in 

combustion of the vapor.  Essentially the chemical reaction occurs on the surface of the 

catalyst.  Catalytic combustion is attractive in regard to NOx control because thermal NOx 

formation can be suppressed by reducing the flame temperature.  There are a number of 

limitations or conditions on where and how catalytic combustion can be used. 

 

 First, the fuel must be a gas premixed with air so that individual molecules of fuel and 

oxygen can react on the catalyst surface.  Some liquid fuels, gasoline is an example, can be 

vaporized, but for the most part catalytic combustion is limited to natural gas or propane.  

Combustors designed to  vaporize kerosene or diesel fuel have generally encountered durability 

problems. 

 

 Second, the fuel-air mixture must be preheated to the active range of the catalyst.  There 

are various ways to achieve this preheat, but unlike flame combustion, you can’t just light it 

and expect it to sustain itself.  

 

 Third, while the catalyst entry temperature must be above a minimum level, the 

temperature coming out of the catalyst needs to be below a level that would destroy the 

catalyst.  This can put an upper limit the fuel-air ratio of the catalytic burner - typically a 

stoichiometric ratio less than 0.5.  This makes catalytic burners well suited to vapor 

incinerators, but challenges the design of systems intended for commercial burners or 

combustion turbines.  

 

 We will look at some catalytic combustors in Chapter 4 - NOx Control by Reducing 

Temperature. 
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Review Exercises  

 

1. What is the basic difference between diffusion and premixed combustion? 

 

2. Can liquid fuels burn in a premixed combustor? 

 

3. What is the approximate maximum flame temperature of hydrocarbon fuels burning in air? 

 

4. Will average flame temperature increase or decrease as excess air is increased? 

 

5. Which will have higher local flame temperatures: diffusion or premixed burners? 

 

6. When operating a typical boiler, increased excess air will: increase or decrease NOx 

emissions? 

 

7. What is the effect on CO emissions of reducing excess air to near zero? 

 

8. What is the difference between suspension and grate firing?  What types of fuel can be fired 

by each method? 

 

9. Why is it easier to control NOx formation in a suspension fired boiler than in a stoker boiler? 

 

10. Do spark ignition engines use diffusion or premixed combustion?  Same question for 

compression ignition (diesel) engines? 

 

11. Typical spark ignition engines operate over a wide or narrow range of air-fuel ratios? 

 

12. Does the fuel-air ratio in a diesel engine vary significantly as the load changes? 

 

13. In a combustion turbine how does the primary zone temperature compare to the turbine 

inlet temperature? 

 

14. Describe the key elements of catalytic combustion. 
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Answer Key – Review Exercises – Chapter 3  
 

1. With diffusion combustion fuel and air mix simultaneously with combustion.  With premix, 

combustion starts only after the fuel and air are completely mixed. 

 

2. No – unless the fuel is vaporized completely to a gas during or before premixing. 

 

3. 4000°F. 

    

4. The average will decrease.  Local temperatures in a diffusion flame might increase or 

decrease. 

 

5. Diffusion flame burner. 

 

6. NOx always increases with excess air in a diffusion flame. 

 

7. Reducing excess air beyond some critical point will create smoke, CO and maybe 

hydrocarbons. 

 

8. Grate combustion burns solid fuel in pieces larger than about 1 mm with residence times 

measured in minutes.  Suspension firing applies to fuel particles smaller than 1 mm including 

solids, liquid sprays and gases.  Combustion times are two seconds or less. 

 

9. In suspension firing the design of air and fuel jets gives much more control of the 

combustion process than is available with air feeding through a bed of solid fuel resting on a 

grate. 

 

10. Spark ignited engines, by definition, use premixed fuel and air.  Diesel engines spray a 

liquid into the combustion zone – mixing and combustion are simultaneous – the definition of 

diffusion combustion.  

 

11. Fuel-air mixtures (for most fuels) can only be ignited when the mixture is somewhere near 

stoichiometric, so SI engines operate in a narrow range of air-fuel ratios.  

 

12. Air flow to a diesel engine depends mostly on engine speed, while fuel flow depends on 

load.  Since speed and load are more or less independent, the fuel-air ratio varies widely. 

 

13. The primary zone must stay hot enough to keep stable combustion – typically above 3000° , 

while the turbine inlet must be cool enough to avoid damage to the nozzle and turbine blades. 

So there is a lot of cooling dilution air introduced between the primary zone and the turbine.  

 

14. A catalyst allows ignition and combustion at temperatures as low as 700°F.  An air-gas 

mixture must be preheated to the catalyst activation temperature and the final catalyst 

temperature cannot exceed 1800°F.  Part of the fuel may burn after the catalyst if an exhaust 
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temperature above 1800°F is required. 



 

 

 

 

Chapter 4 
NOx Control by Reducing Temperature  
 

 

 

 

 

 

 

 

 

Editor’s Note: 

 

Chapter 4 is written by Dr.  Brian Doyle and is drawn primarily from material developed for the 

NOx Emissions course offered by the Rutgers Air Compliance Center from 2000 to 2008. 

 

Brian W.  Doyle, PhD 

Feb 2014 
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NOx Control - Reduced Flame Temperature  
 

 

 NOx is formed during combustion because the high temperatures break apart a few N2 

molecules making N atoms available to react with oxygen.  N2 is very stable and only 

decomposes at very high temperatures, so NOx is formed primarily in the hottest regions of the 

flame - at temperatures above 3000°F.  Any change in combustion that reduces peak flame 

temperature will reduce the formation of thermal NOx.  It should be noted that NO is quite stable 

and once formed in the combustion zone, it does not decompose as the flue gases cool off.  But, 

if NOx formation can be suppressed in the flame zone, it will not be formed by secondary 

reactions downstream.  So the primary methods of suppressing NOx formation are:  

 

 (1) reducing peak flame temperature and 

 (2) reducing the amount of oxygen present in the peak temperature zones.   

 

In this chapter we explore the common approaches to reducing flame temperature.  Note that 

reducing flame temperature will only reduce the thermal NOx.  It has no effect on fuel NOx.  

Therefor flame temperature reduction techniques are most effective on sources where there is 

little fuel NOx present - those fired on natural gas or distillate oil.  That being said, thermal NOx 

is always present, so flame temperature reduction is almost always part of any NOx reduction 

effort - including coal fired boilers 

where most of the NOx comes from fuel 

nitrogen. 

 

 

NOx vs Temperature  
 

 Our atmosphere is very stable - 

there is no tendency for oxygen and 

nitrogen molecules to react or combine - 

at ambient temperature.  However, at 

combustion temperatures above 3000°F 

the N2 molecule can break apart so 

nitrogen atoms can react with oxygen 

atoms to form NOx in the flame.  In 

simple terms, the hotter the flame, the 

more NOx is created and the faster it 

does so.  Figure 4.1 shows the results of 

an early chemical modeling of NOx 

formation in a typical diffusion burner.  

Note that the ordinate (vertical axis) is 

logarithmic.  There are two observations 

to take away from this example. 
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   Figure 4.1 NOx Dependence on Temperature 
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1.  High flame temperatures create large amounts of NOx and, although it’s not 

shown, the formation rate at high temperature is much faster.  So high temperature 

combustors create a lot of thermal NOx - provided there is some oxygen present. 

 

2.  A flame temperature drop of less than 200°F results in a 50% NOx reduction.  

A 500°F drop reduces NOx by an order of magnitude.  So NOx reduction 

concepts that reduce flame temperature are very effective at reducing thermal 

NOx. 

 

 There are many ways to reduce peak flame temperatures.  We will look at the three most 

common methods: water injection, flue gas recirculation and lean premixed combustion.  Note at 

the outset that cooling the flame makes it less stable.  As the temperature drops into the range of 

2500°F to 3000°F, maintaining stable combustion becomes a challenge. 

 

 

Reducing NOx with Water Injection  
 

 There are a number of methods of cooling the flame, but three methods are most 

commonly used - water injection, flue gas recirculation and lean premix combustion.  The 

cooling effect of spraying water in with the fuel is obvious.  Water injection was the most 

common method to reduce emissions from combustion turbines from 1970 until the 1990's.  

Figure 3.2 is an example of the effect of water or steam injection on turbine emissions.  Water 

injection is not commonly used in other types of combustion sources. 
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 Water injection in a turbine 

requires very clean water, but there is only a small penalty to engine efficiency.  Water provides 

cooling that would otherwise have to be provided with air - because the maximum allowable 

turbine inlet temperature is far below the peak flame temperature in the primary zone.  Any 

reduction in the amount of air pumped through the engine improves efficiency.   Injected water 

turns to steam which 
Figure 4.2 Effect of Water/Steam Injection on Turbine NOx 
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provides added mass flow through the turbine, thus adding power that partially compensates for 

the energy lost to evaporating water.  Water flow rate can be almost as high as the fuel flow rate 

and NOx emissions can be reduced by 70-80%.   

 

 Water quality is critical, because any contaminants in the water will tend to plate out on 

the turbine blades, degrading turbine performance.  Thus a substantial water purification system 

is part of injection system for any turbine.  The cost of installing and maintaining this system is a 

drawback to the use of water injection to reduce turbine NOx. 

 

 Water injection is not commonly used on boilers because it is hard to make it work well 

and there are usually other less expensive alternatives for reducing NOx.  Water injection has 

been tried on reciprocating engines, but it reduces engine efficiency and tends to cause operating 

problems. 

 

 

Flue Gas Recirculation  

 

 Flue gas recirculation (FGR), also called exhaust gas recirculation (EGR), works by 

mixing some flue gas with the incoming combustion air.  This increases the mass flow through 

the combustion zone and decreases the concentration of O2 available for combustion.  Increasing 

the gas flow in the combustion zone decreases the temperature, because the same amount of 

energy is distributed to a larger amount of gas. 
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 Two versions of the concept of drawing gas from the exhaust ducts and mixing it with 

combustion air are shown in Figure 4-3.  The upper path, sometimes called “induced FGR” or “ 

passive FGR” uses the ID fan inlet suction to draw gas from the stack.  This increases the flow 

through the fan, but otherwise there is no energy penalty. The lower path, “active FGR” requires 

a dedicated fan and pumps relatively hot gas across is significant pressure differential into 

preheated combustion air - which means that the FGR fan is fairly large.  Active FGR systems 

use a significant amount of fan power.   

 

 

 Passive FGR is simple, but it cannot be used if there is sulfur in the fuel because acid in 

the flue gas will condense and corrode the metal in the air supply system.  Active FGR systems 

avoid condensation by keeping the acid above the condensation temperature of about 280°F.  So 

passive FGR can be used on a  

            Figure 4-3.  Glue Gas Recirculation (FGR) System 
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natural gas fired boiler because 

there is no sulfur, but most other 

fuels require an active FGR in conjunction with an air heater. 

 

 Flue gas recirculation has been used both on boilers and on reciprocating engines.  The 

penalty on boiler efficiency and performance is almost negligible with recirculation rates up to 

20-25%.  When there is no fuel nitrogen present, NOx can be reduced by 75% or more as 

indicated in Figure 4-4.  The NOx reduction varies from one system to another depending on 

how the exhaust gas is introduced to the flame.  FGR is typically a part of any effort to 

substantially reduce NOx emissions from a boiler.  Exhaust gas recirculation on RICE requires 

considerable development and tuning to avoid significant degradation of performance and 

efficiency.  On stationary engines the NOx reduction is frequently not substantial. 

 

 FGR is hidden, but significant, in another application – cogeneration systems that use a 

duct burner.  A cogeneration system is an engine or turbine with its exhaust fed to a boiler that 

captures most of the energy that would otherwise be lost up the stack.  Steam (or hot water) from 

the boiler is used for building or process heat.  To help balance the amount of electric power 

generated by the turbine with the amount of steam produced by the boiler, some cogen systems 

insert a duct burner between the turbine and the boiler.  The purpose of adding fuel at this point 

is to increase the boiler’s steam output without changing the electric power output from the 

turbine.  But since the turbine exhaust has a reduced oxygen content, 14% - 17% O2, the duct 
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burner is operating in essentially the same mode as a boiler burner with FGR.  So the duct burner 

in a cogen system adds heat but little or no NOx to the exhaust.  If the amount of NOx remains 

steady while the heat input increases, it means that the emissions, when measured as lb/mmBtu, 

go down when the duct burner operates – the denominator (mmBtu) increases while the 

numerator (lb) holds steady. 

 

 

Lean Premixed Combustion  

 

 One of the most significant developments in low NOx combustion is the development of 

burners that reduce peak combustion temperature by premixing the fuel and operating 

sufficiently lean (excess air) that flame temperatures don’t reach NOx formation temperatures.  

Figure 4-5 is a repeated of Figure 3-1 with a combustion zone shaded to show the range of 

diffusion combustion temperatures.  Diffusion temperatures span the shaded range because 

mixing occurs during combustion and at some point the fuel passes through the stoichiometric 

point (equivalence ratio = 1) where very high temperature is possible.  Premixed combustion 

occurs at a single air/fuel ratio equal to the exhaust air/fuel ratio.  So premixed combustion 

temperatures can never exceed a 

level shown as point “A” on the 

graph.   If you can achieve stable combustion and control the A/F ratio to relatively lean value,  

perhaps a level near 1.5, then the maximum possible flame temperature can be held to moderate 

levels - 3000°F or less. 

 

 The problems with premixed lean combustion are: 

 

1.  A lean mixture is hard to ignite - it takes a high energy ignition source, and 

 

2.  A small deviation to the right - leaner operation - is likely to extinguish the flame.  Any flame 

cooler than about 2500°F tends to be very tenuous.    

 

So most of the premixed lean combustors are new on the scene (1990+) in response to NOx 

requirements.  The main exception is the gasoline engine.  It’s been around a long time, but even 

here, the advent of low NOx engines with very precise air/fuel ratio control is quite recent.  

Suffice it to say, most of the traditional burner designs used diffusion combustion because they 

are relatively easy to design and operate.  Until there were low NOx emission requirements, there 

was no need for the complexity of a very lean premix design.  We will look at these in more 

detail in Chapters 6&7.  

 

 

Figure 4-5  - Diffusion & Premixed Temperatures 
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Catalytic Combustion  
 

 Catalytic combustion is a branch of premixed combustion - it requires a gas fuel that can 

be premixed with air.  As discussed in Chapter 3 catalysts allow combustion to occur at very low 

temperature with the result that thermal NOx is virtually eliminated. Low temperature 

combustion is achieved by operating at very lean air/fuel ratios where normal combustion isn’t 

practical, or even possible.  Air pollution engineers are familiar with catalytic combustion when 

it is used in thermal oxidizers to destroy low concentrations of volatile organic compounds 

(VOC).  In those applications the temperature rise in the catalyst is a few hundred degrees, at 

most, because not much VOC (fuel) is being burned.  But when the catalyst is the main burner, 

the fuel concentration is much higher and the potential temperature rise can be more than a 

thousand degrees.  If the exhaust temperature from the catalyst is higher than the catalyst 

destruction temperature, the combustion device will have a short life.  Hence two of the 

challenges in designing catalytic burners are (1) make sure the inlet temperature is maintained 

high enough to activate the catalyst, but (2) keep the outlet temperature below the destruction 

point.  So the combustion system must be designed with sufficient preheat or initial small burner 

before the catalyst.  And if the desired operating temperature is over about 1800°F, there must be 

secondary combustion after the catalyst.  So catalytic combustors are potentially more complex 

than standard burners and can require large expenditures for design and development. 

 

 Catalytica developed the XONON gas turbine combustor based on catalytic combustion 

with NOx emissions of only 1-2 ppm (corrected to 15%) O2.   

The company developed a combustor for one of the smaller GE engines and it’s been running 

successfully for several years.  Given this success, the question is why isn’t the technology more 

widely applied?  The answer lies is the cost of development and market demand.  Turbine engine 

combustor development is very expensive and the cost would be incurred for each engine line.  

The engine manufacturers know that once the demonstrated a catalytic combustor for one of their 

larger engines, then they would be pressured into developing the technology for all their engines.  

Meanwhile, engine emissions using lean premixed (dry low NOx) combustors and SCR are 

approaching the level that can be achieved with catalytic combustion. 

 

 Alzeta has produced burners under a cleaver concept that addresses both the preheat and 

peak catalyst temperature rise by passing the premixed fuel and air through a porous ceramic can 

or thimble.   

Combustion is initiated as the mixture passes through the wall of the can, but it’s complete 

outside of the can.  The cool air fuel mixture flowing into the inside surface prevents the walls 

from overheating, but combustion heat, in and beyond the catalyst is sufficient to maintain the 

reaction.  Since the catalyst has significant thermal mass, the Alzeta “flame” won’t blow out if 

there is a momentary loss of fuel flow.  This gives it more stability than straight premixed 

combustion.  A turbine application has been demonstrated, but adoption by the gas turbine 

industry is likely to be limited for reasons noted above.  Application in boiler burners is possible, 

but there is a thermal efficiency penalty whenever a boiler is operated fuel lean - more than a few 

percent excess air. 
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Other Temperature Approaches  
 

 One other approach to reducing flame temperature has been tried but is much less 

common.  If the combustion air temperature is cooled, the flame temperature will be cooler.  

Flame temperature is (approximately) the sum of initial temperature plus flame temperature rise.   

The fuel provides the same energy input regardless of air temperature, so a cooler input gives a 

slightly cooler flame.  In boilers, cooler combustion air is achieved by bypassing the air heater, 

which raises the stack temperature meaning the boiler loses more heat - it’s less efficient.  FGR 

has a relatively small efficiency penalty and it’s more effective at reducing NOx, so an air heater 

bypass is not attractive. 

 

 Cooler air fed to a combustion turbine generally doesn’t reduce NOx emissions because 

the combustion temperature is maintained by increasing the fuel flow.  Cooler inlet air does 

allow the turbine to produce more power - the larger the air mass flow through a turbine, the 

higher the power output.  This is the reason for installing a chiller or evaporative cooler (fogging 

system) on the turbine inlet.  NOx is modestly reduced by the presence of water vapor during 

combustion. 

 

 In most combustion systems, there are NOx reduction technologies that are cheaper and 

more effective than cooling the combustion air, so cooling the combustion air hasn’t seen many 

applications. 
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Review Exercises  
 

1.  Name two fundamental approaches to reducing combustion NOx formation. 

 

2.  How does flame temperature affect the conversion of fuel nitrogen to NOx? 

 

3.  Water injection is primarily used on what type of combustion systems? 

 

4.  Passive flue gas recirculation can be used on boilers firing what type of fuel? 

 

5.  In a premixed flame is NOx reduced by increasing or decreasing the excess air level? 

 

6.  Are catalytic combustors used with oil fuel? 

 

7.  List a technical problem associated with catalytic combustor design/operation. 
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Review Question Answers 

 

1.  a) Reduce peak flame temperatures, b) Reduce flame zone oxygen level. 

 

2.  Flame temperature does not affect fuel NOx formation. 

 

3. Combustion turbines. 

 

4.  Passive FGR is only used on gas fired boilers.  If there is any sulfur in the fuel (oil or coal) 

condensed acid will damage the combustion air system. 

 

5.  In a premixed combustor NOx is reduced by increasing the excess air (air/fuel ratio) - that 

reduces flame temperature, see Figure 4-5. 

 

6.  No.  Oil cannot be premixed, so a catalyst cannot be used. 

 

7. Catalytic combustor issues: 

 Only applicable to gas fired systems. 

Preheating is required to activate the catalytic reaction. 

 Overheating can occur if there is too much fuel - excessive exhaust temperature. 
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Review Exercises – Answer Key  
  

1.  See Figure 5-1.  Decreasing excess air decreases NOx.  Decreasing air beyond a critical 

point causes CO emissions 

 

2.  In the primary zone there is insufficient oxygen, which suppresses NOx formation by both 

thermal and fuel NOx mechanisms.  The short residence time in the first zone is long enough for 

the gases to cool off.  When the gases enter the secondary zone, they are cool enough to suppress 

thermal NOx formation.  and most of the fuel N has been converted to N2.  

 

3.  Shutting off the fuel, but not the air, in selected burners in the top row. 

 

4.  Low NOx emissions in practice is the only practical definition of a low NOx burner. 

 

5.  Testing to prove low NOx capability is critical because the boiler specific tuning is just as 

important as the burner design. 

 

6.  Reburning adds fuel, usually gas, above the main combustion zone followed by more air.  The 

additional fuel gets some the oxygen it needs for combustion from NOx formed in the main zone.  

Temperatures are low enough in the reburn zone that no additional NOx is formed.  Reburning 

replaces some of the coal with natural gas, which has not been economic compared with other 

NOx control methods. 
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Oxygen Based NOx Controls 

 

 

Staging Concepts  
 

 When boilers fire coal or #6 oil, more than half of the total NOx comes from fuel 

nitrogen, so thermal approaches like flue gas recirculation are much less effective than when 

firing gas or #2 oil.  When firing nitrogen bearing fuels, reduced oxygen concentration in the 

primary combustion zone is an effective way to reduce both fuel NOx and thermal NOx.  The 

most basic approach is to reduce the combustion air flow - reduced excess air.  Another 

approach is some form of staged combustion that limits the oxygen concentration in some 

region of the flame.  Most staged combustion concepts fall into a category we will call 

stratified combustion, but there are others - one of which is reburning 
 

1.  Reduced excess air.  This is the most basic way to reduce NOx in most combustors.  
With diffusion combustion (most burners) the first step to control NOx emissions is to 
minimize the excess air level.  Here the key word is “minimize” because as soon as the 
excess air is reduced to near stoichiometric, all the pollutants associated with 
incomplete combustion begin to increase.  At this point there is a trade off between 
NOx and products of incomplete combustion (PIC)  

 
2.  Stratified combustion.  The general concept is to burn the fuel with an insufficient 
amount of air in a primary combustion zone.  With insufficient oxygen available for 
complete combustion, most of the O2 is consumed by carbon and hydrogen, leaving less 
available to form NOx.  As a result the fuel nitrogen combines to form N2 (N + N = N2)  
During the few hundredths of a second it takes for combustion to occur, the flame cools 
slightly.  Once this cooling has occurred, the rest of the air is added to complete 
combustion.  Since the fuel nitrogen radicals have disappeared, and the flame is too 
cool to generate a lot of thermal NOx, relatively little NOx will be formed in the 
secondary combustion zone.  This is the conceptual basis for low NOx burners and for 
burners-out-of-service applied to a large furnace.  The trick has been to get this concept 
to actually work consistently in real furnaces.  To be successful it requires precise 
control of air-fuel mixing throughout the combustion zone.  Stratified combustion is 
being used successfully on boilers as well as in combustion turbines and gas fired 
reciprocating engines.  An inevitable side affect of staged combustion is longer less 
brilliant fires. 

 
3.  Reburning creates two separate combustion zones.  Conceptually this starts with a 
normal boiler combustion zone operated with minimum practical NOx emissions.  Then 
a second combustion zone is created downstream (after the flue gases have cooled a bit) 
injecting additional fuel - usually natural gas - with no additional air.  With insufficient 
oxygen, this forms a chemically reducing zone that actually consumes NOx formed in 
the initial combustion zone.  Still further downstream additional air is injected to 
complete combustion.  Little or no additional NOx is formed after the first combustion 
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zone because the temperature is too low. While this approach can work (conceptually) 
on any furnace with sufficient space, it is most attractive on systems like stoker boilers 
where no other practical way to reduce NOx formation. 

 

 With this introduction, let’s discuss each of the 

oxygen control concepts in more detail. 

Reduced Excess Air  
 

 

 Varying the combustion zone excess air causes emission changes that are illustrated in 

Figure 5.1 - similar to Figure 3.1, but with more features.  First note that CO and smoke 

emissions are negligible at high excess air levels.  As excess air is reduced, CO and/or smoke 

appears abruptly and increases rapidly - this is commonly referred to as the knee in the curve.  

So no burner can be operated at very low excess air unless there is a back end control device to 

get rid of the products of incomplete combustion.   

 

 The behavior of NOx depends on the type of flame.  For a diffusion flame (most 

traditional burners) NOx decreases almost linearly as excess air is reduced - until you get to 

very low excess air, where NOx drops off precipitously.  So we can minimize diffusion flame 

NOx by reducing the excess air as far as possible without excessive CO or smoke.  For a 

premix flame NOx behavior is more complex.  With very low excess air NOx is suppressed by 

lack of oxygen.  It peaks on the lean side of stoichometric where there is adequate oxygen and 

high temperature.  Then as excess air is increased, it drops rapidly because the flame 

temperature drops.  The best operating point for the premix flame appears to be on the right 

side (high excess air level) side of the graph.  But this is impossible without some special 

techniques because the mixture is too lean to ignite or burn in a stable fashion.  So traditional 

premix flames operate at fairly high NOx levels with some limited flexibility to trade NOx for 

smoke and CO. 

 

 This highlights the need to control air flow precisely on any combustion system that is 

attempting to minimize NOx.  Air flow needs to be maintained near the minimum practical (not 

quite smoking) level.  The automatic air flow control system needs to do this continuously as 

the boiler load changes.  Precise control of excess air is the first and most important step in 

controlling emissions from boilers and furnaces.  This can only be achieved by using an O2 

monitor tied into an intelligent (microprocessor based) control system.  

 

 

Figure 5.1 NOx versus CO & Smoke 
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Stratified Combustion in Large Furnaces  
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 Early efforts to reduce NOx from utility boilers in Southern California paved the way for 

technologies still used today.  Utility boilers have multiple burner levels and the fuel can be 

shut off from a few of the burners without affecting the boiler load.  The remaining burners 

pick up the slack.  If fuel is shut off from a few 

of the top level burners without shutting the 

burner air dampers, the bottom of the furnace 

will be fuel rich.  Air flow through the burners out of service (BOOS) will make up the air 

deficit without generating much additional NOx.  Figure 5-2 illustrates the concept.  Typically 

this approach can achieve a 15% to 30% NOx reduction without seriously affecting boiler 

performance or generating excessive smoke.  This is not always as simple as it sounds and 

there will be one or more particular combinations of burners-out-of-service which are most 

effective.  The BOOS approach is still used on some boilers. 

 

 Removing burners from service frequently incurs some sort of operating restriction on a 

large boiler.  To get around this, utilities began installing over-fired air  (OFA) ports above the 

top row of burners as shown in Figure 5-2.  This leaves all the burners in service - consistent 

with the original design and operation. OFA ports have become a fairly standard component of 

a low NOx system on large utility boilers. 

 

 One consequence of staged combustion in any form is that flames are longer and 

generally less brilliant.  In fact some low NOx fires have an alarmingly dark and dirty 

appearance - which is counter to the traditional operating philosophy of optimizing 

performance with short bright flames. Operators who try to “optimize” the combustion by 

getting brighter flames, will almost invariably increase the NOx emissions 

 

 

Low NOx Burners  

 

 Once the success of BOOS and OFA in large furnaces was demonstrated, it was natural 

Figure 5-2.  Staged Combustion in a Large 
Boiler 
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to try to extend the concept to individual burners.  The BOOS concept cannot be used on 

smaller boilers with only one or two burners and these boilers frequently lacked any location 

for installation of OFA ports.  And if low NOx burners could be combined with OFA in large 

boilers, there should be additional NOx reduction.  All the companies that manufacture boiler 

burners have developed low NOx burners - with varying degrees of success.   

 

 Figure 5-3 attempts to illustrate the low NOx burner concept.  The burner creates a 

primary zone in which all the fuel burns without quite enough air.  Then, a few feet further into 

the furnace, additional air is added to complete combustion.  The concept is much easier to 

illustrate than it is to execute in practice. 

 

 The first challenge is to design a burner which will actually  create two mixing zones - 

one following the other.  A number of vendors with combustion laboratories have been able to 

develop and demonstrate full scale burners - a significant accomplishment.  But the hardest 

challenge has been to get these burners to perform as well in the field as they do in the 

laboratory.  Several  

Primary
Swirl
Vanes

Combustion Zone

Wind Box

Secondary
Swirl
Vanes

Fuel Rich
Primary
Zone

Sliding Air Damper

•  Low Emissions
•  Air Shut Off Damper
•  Fixed Swirl Vanes
•  Fixed Burner Geometry

Basic Features

 
problems arise in practice, particularly on multiple burner boilers.  First, air flow and fuel flow 

may not be identical to all burners.  If one burner operates with lower excess air that the rest, 

then the whole furnace has to be fired with enough air to keep the one rich burner from 

smoking.  An uneven air and fuel distribution to each burner can be caused by either air or fuel 

system design.  Another potential problem is that air velocity in the windbox upstream of the 

burner may cause more air to enter one side of a burner than the other.  A similar problem can 

appear in a pulverized coal burner.  The powdered coal is transported pneumatically and it may 

not enter the combustion zone in a circumferentially uniform pattern A critical element of 

combustion NOx control on large boilers is to get all the burners to behave in exactly the same 

manner.  This has frequently taken a great deal of tuning and trouble shooting. 

 

 A question that is frequently asked is, “What is a low NOx burner?”  The best answer 

appears to be: “A burner with low NOx emissions”.  In general low NOx burners have several 

design features worth noting: 

 

1.  All adjustable features are configured so they are not easily altered by 

Figure 5-3 Low NOx Burner Concept 
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the boiler operators.  Adjustments should be made when the system is 

initially tuned, and then left alone.  Boiler operators are accustomed to 

adjusting burners to get a nice looking fire, and this kind of tinkering 

will defeat low NOx performance. 

 

2.  Air registers that control swirl must be separate from those than 

control flow.  Older burners have dampers that combine swirl and air 

flow control.  With a low NOx burner you need to be able to shut off the 

burner and its air flow without adjusting the swirl (flow pattern). 

 

3.  The system will have air flow controls that can maintain the air flow 

at the minimum level practical without generating excess CO or smoke. 

 

Note, as discussed above, that low NOx burners will only give low NOx performance if the 

whole furnace installation works as intended.  Simply installing low NOx burners alone won’t 

necessarily give low NOx performance.    

 

 

Reburning  

 

 Reburning is a NOx reduction technique demonstrated around 1990 that can be attractive 

on existing boilers when traditional combustion control technologies are not applicable.  It is 

not restricted to large utility boilers, but there are geometric limitations.  Figure 5-4 is a general 

schematic of reburning in a large utility boiler.  The reburning section is installed just 

downstream of the main combustion zone where the amount of NOx present will be typical of 

uncontrolled emission levels.  So it can be used on stoker furnaces and cyclone fired boilers. 

 

 Reburning seeks to reduce (literally and chemically) the NOx by injecting more fuel with 

no accompanying air.  This creates a fuel rich zone where no additional NOx will be formed 

because  of (1) the lack of oxygen and (2) temperatures are below that required for NOx 

formation but are still hot enough to ignite the supplemental fuel.  In this fuel rich zone, hungry 

fuel species take oxygen away from the NOx, reducing it to N2..  Of course the gases leaving 

this reducing zone are full of PICs, so additional air is now required to complete combustion.  

Over-fired air can be added without creating much NOx because the gases outside the primary 

flame zone have lost heat to the furnace walls and temperatures are too low to generate thermal 

NOx.   
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 NOx reduction levels using reburning depend on how much fuel is burned in the reburn 

zone.  Full scale demonstration projects firing up to 25% of the total heat input have reduced 

NOx by about 50%.  Since this scheme works by creating a fuel rich zone, the amount of 

reburn fuel must, in 

theory, be more than 

enough to consume all 

the excess air present in the original combustion zone.  In practice, NOx emissions drop as 

reburn fuel flow increases, but maximum reduction is limited by nonuniform excess air 

distribution and nonuniform mixing.  

 

 Typically the injected fuel is natural gas because it is relatively easy to inject and mix.  

At least one demonstration project has shown that “micronized” (very finely pulverized) coal 

will also work.  Although any fuel that can be throughly mixed with the flue gases should 

work, reburning fuel will probably be limited to natural gas for practical reasons.  There were 

very few operational reburn systems when natural gas was cheap, so wide spread application of 

this technology is unlikely unless a very cheap gas fuel becomes available.  Landfill gas comes 

to mind, but it would need to be located close to a large boiler or furnace where reburning 

would be appropriate. 

Figure 5-4.  Reburning in a Utility Boiler 
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Review Exercises  

 

1. In a boiler or other diffusion combustion system, how does changing the excess air level 

affect the emissions of NOx?  and of CO? 

 

2. Stratified combustion implies at least two combustion zones.  How is NOx formation 

suppressed in each zone? 

 

3. In a large furnace with multiple burners what sort of burner firing pattern would 

probably reduce the NOx emissions. 

 

4. Describe a key element that defines a “low NOx” burner. 

 

5. Would you describe the in place testing of a low NOx burner retrofit as desirable or 

absolutely critical?  Why? 

 

6.  How does “reburning” work to reduce NOx and why is it not in common use? 



 

Chapter 6 

NOx Formation and Reduction in Reciprocating Internal 

Combustion Engines (RICE) 

 
 

 

 

 

Editor’s Note: 
Chapter 6 – NOx Formation and Reduction in Reciprocating Internal Combustion Engines (RICE) – was 

written by Brian Doyle and Chuck Solt. 

 

Brian W. Doyle, PhD  

September 2009,  revised January 2012 
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Reciprocating IC Engines 

 

 In engineering terms both gas turbines and reciprocating engines are internal combustion 

(IC) engines.  In keeping with US EPA terminology this manual uses the terms reciprocating 

internal combustion engine (RICE) and combustion turbine (CT) to distinguish between the two 

types of IC engine.   

 

 While this course focuses on relatively large stationary engines, much of the engine and 

NOx control technology is applicable to any size engine.  Large spark ignition engines use natural 

gas or bio-gas instead of gasoline - used in small and mobile engines.  While marine diesels 

frequently use residual #6 oil, both stationary and mobile compression ignition engines in this 

country are pretty much restricted to distillate fuels: #2 oil, diesel fuel or kerosene.  Mobile diesel 

engines increasingly use ultra-low sulfur (15 ppm maximum) fuel, while stationary diesels may, 

depending on permit conditions, use #2 oil with up to 0.5% sulfur. 

 

 NOx is the major pollutant from any RICE.  CO, hydrocarbons and particulate matter can 

be emitted in relatively small amounts that may, or may not, be significant.  Since some of the 

organic components of diesel exhaust are carcinogenic, diesel engine permits frequently limit 

multiple pollutants in addition to NOx. 

 

Controls Common to SI and Diesel Engines 

 

 Spark ignition and diesel engines have fundamentally different combustion (premixed 

versus diffusion).  The most recent methods for limiting NOx formation are  quite different for 

the two types of engines.  Some earlier approaches, while still applicable, are common to both 

types of engine.  In most cases the basic approach is to reduce the peak flame temperature – none 

of the fuels in common use contain much organic nitrogen, so virtually all the NOx is of thermal 

origin. 

 

Ignition Timing 

 
 Adjusting the ignition timing adjustment can provide a nominal NOX reduction. The best 

engine performance is obtained by timing the spark up to 20 (of crankshaft rotation) prior 

to top dead center. Retarding the ignition will reduce residence time, lower peak temperature and 

delay peak pressure during the engine cycle. Of course this reduces efficiency or power.  For 

comparable reductions in NOX emissions, engine performance is affected less by spark timing 

retardation than by reduced compression ratios. A NOX reduction of up to 50% can be obtained 

by firing the spark at TDC for mobile spark ignition IC engines.
1
  Somewhat less NOx reduction 

can be expected for slower turning stationary engines. 
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Exhaust Gas Recirculation 

 

 EGR (same concept as flue gas recirculation) can reduce NOX emissions by 10% to 20%  

in any RICE.   EGR systems recirculate as much as 15% to 20% of the exhaust flow.  The amount 

of exhaust mixed with the combustion air is controlled with a valve or damper.  The addition of 

inert exhaust gases to the air dilutes and cools the combustion. The penalty for EGR includes the 

possibility of slight reduction of engine efficiency, significant loss of power, engine misfiring and 

increased carbon monoxide and hydrocarbon emissions.  EGR has seen fairly limited application 

to date.  It is a key element in virtual lean burn combustion discussed later in this chapter. 

 

Combustion Chamber Design 

 

 Combustion chamber design can have a major effect on NOx formation, particularly 

when combined with other technologies.  Until the 1990's, chamber design was more art than 

science.  The only way to develop a concept was to build it and run the engine.  Figure 6-1 

illustrates several designs developed this way.  The wedge chamber is designed to control 

detonation, the hemispherical chamber is designed to provide greater power, and the stratified 

charge chamber is designed to lower emissions with a combination of rich and lean combustion.  

The stratified design ignites a fuel-rich (low NOx) mixture in a separate chamber. The resulting 

flame  has sufficient energy to ignite lean fuel mixture in the main chamber.  This approach can 

reduce NOx by 90% with minimal penalty on engine performance or on CO emissions. 

 

 With advent of powerful fluid modeling programs, combustion chamber design moved 

from the machine shop to the computer.  This has greatly accelerated the development of novel 

NOx reduction concepts in both gas fired and diesel engines. 

 

Figure 6-1. Various Combustion Chamber Designs 
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Spark Ignition Engine Concepts 

Air-to-Fuel Equivalence Ratio 

 

 In Chapter 3 we showed that all emissions are highly dependent on air-fuel ratio.  Rich 

burning reduces NOx formation at the expense of greatly increased CO, smoke and hydrocarbons.  

Lean burning can reduce all pollutants, but traditional engine designs will not operate very far 

from an air-fuel equivalence ratio of 1.0 – the mixture is too lean to ignite with standard spark 

ignition systems.  Substantial progress has been made since the late 1980’s in the development of 

engines that operate lean or very lean (high air/fuel ratio).  The pre-chamber design is one of the 

earliest examples of lean burn engines.  A more recent concept is based on the use of a high 

energy spark that can ignite a relatively lean mixture.  Within the past few years engines with 

very high compression ratios (>15:1) and very lean air-fuel mixtures have become available.  

They have both higher efficiency and lower NOx emissions than previous designs and appear 

likely to dominate the market. Two more engine developments are discussed under the heading of 

Emerging Technologies at the end of this Chapter. 

 

 

Diesel Engine Controls 

 

 NOx reduction on diesel engines is more challenging than in SI engines because diffusion 

combustion of liquid fuel generates higher temperatures and the air-fuel ratio is harder to control.  

However, the technology continues to evolve. 

 

Water Injection/Emulsified Fuel 

 

 Water injection/emulsified fuel techniques can be effective for reducing NOx from diesel 

engines. Adding a heat sink in the form of water reduces combustion temperature. However, the 

enthalpy required to heat the water reduces engine efficiency.  Water injection is usually done by 

emulsifying the fuel with water and increasing the size of the injection system enough to handle 

the mixture.  The water needs to be clean to avoid deposits and corrosion in the engine.  Although 

CO is not substantially affected by the addition of water, increased hydrocarbon emissions are 

possible.  

 

Pre-Chamber Designs/Indirect Injection 

 

 Pre-chamber designs, indirect injection, improved nozzle design, and higher injection 

rates are often used in combination for controlling emissions. These design features increase the 

mixing of air and fuel by increasing turbulence and producing finer fuel droplets.  Improved 

nozzle designs and increased injection pressure produce finer fuel droplets that vaporize quickly.  

Similarly, hot surfaces are also used to evaporate injected fuel.  While these approaches improve 

combustion and may reduce NOx, none of them constitutes premixing that could support lean low 

temperature combustion. 

 



NOx Reduction for RICE  6-4 

 Table 6-1 displays the fuel consumption necessary to maintain a rated power output, 

which serves as a direct indication of engine efficiency change. The associated changes in NOX 

emissions are also shown. 

 
Table 6-1 

Compression Ignition NOx Control Methods 

 

NOX Control Technique 

Fuel Consumption 

(Change) 

NOX Emissions 

(Reduction) 

Prechamber Designs 8% to 15% 50% 

Indirect Injection 3% 40% to 50% 

Exhaust Gas Recirculation 4% 45% to 55% 

Injection Retardation 2% to 5% 15% to 35% 

Water Injection -2% to 0% 35% 

Inlet Air Temperature Reduction -2% 12% 

 

 

Emerging RICE NOx Control Technologies 

 There are a number of new exhaust cleanup technologies being demonstrated for 

Reciprocating Internal Combustion Engines that will be discussed in Chapter 8, but a few 

combustion control technologies specific to RICE warrant comment: 

Hydrogen Injection for ultra-lean burn 

Homogeneous Charge Compression Ignition 

Exhaust Gas Recirculation with NSCR 

 

Hydrogen Injection for Ultra-Lean Burn 

 

 This section contains a discussion of Lean-Burn technology which allows operation of SI 

engines at higher pressure ratios.  Lean combustion lowers peak flame temperature, which 

substantially lowers NOx emissions.  The higher pressure ratio results in substantially improved 

engine thermal efficiency. 

 

 Several companies have been doing lab tests, pilot projects and demonstration projects on 

a technology where hydrogen is added to the fuel.  This allows operating the engine at a leaner 

level and the NOx emissions and efficiency both benefit. 

 

 The typical arrangement is to pass a portion of the fuel gas through a reformer to produce 

hydrogen.  The reformate is then blended back into the primary fuel gas stream so that the 

hydrogen content of the resulting fuel is between 5 and 10% hydrogen.  Since the hydrogen can 

be ignited more easily than the methane, the mixture can be ignited at a higher air/fuel ratio, 

which reduces the flame temperature and resulting NOx.  Referring to Figure 3-4, the exhaust 

oxygen approaches 10% (A/F ratio of 30) compared to typical lean-burn of 7% O2 (A/F ratio of 

24).  Tests have shown a NOx reduction of 75 to 80% may be achievable.  
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 It appears that the technology can be retrofitted to most standard engines without major 

modifications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6-2. Ultra-Lean Hydrogen Enriched Engine. 

 The major addition to a generation system will be the reformer.  There are a number of 

reformer technologies available, and some can be quite expensive.  Steam reformers are the most 

common, but if steam is not available, the reformer system will need an electric boiler.  This not 

only is a significant capital cost, but it will impose a substantial parasitic electric load.  The boiler 

will require a supply of highly deionized water which will also be an operating cost burden.  

Many of the steam and plasma reformers use a catalyst.  If the system is applied to a bio-gas 

project, the fuel will have a substantial amount of H2S  which will have to be scrubbed before 

entering the reformer. 

 The other new reformer system is a plasma reformer.  The technology is much newer and 

the cost can vary dramatically.   
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 Most of the work to date has been done on diesel vehicular engines.  They have been able 

to meet the Tier 3 standard with hydrogen only and Tier 4 with hydrogen and a three-way 

catalyst.  Work is presently being done on a demonstration project for a bio-gas generator set 

which should be operating before the end of 2009. 

Homogeneous Charge Compression Ignition (HCCI) 

 

 Operationally, this technology has many of the same characteristics as the Ultra-Lean 

Hydrogen Enriched system discussed above.  It has lower emissions, higher efficiency, and 

development thus far has been primarily for the automotive industry.  It operates much leaner 

than the conventional lean-burn engine and at a higher pressure ratio.  But, the technology is very 

different. 

 It is a compression ignition engine like a diesel, but it is used for methane based fuels like 

natural gas or bio-gas.  Unlike a diesel, the fuel is not injected, it is carbonated into the inlet air 

and goes into the combustion cylinder as a homogeneous mixture (premixed).  Ignition results 

when the temperature resulting from the compression reaches the auto-ignition temperature of the 

air/gas mixture.  The temperature rise form compression in a 20 to 1 diesel engine is not sufficient 

to reach the required temperature, but this is resolved by heating the air/fuel mixture before it 

enters the cylinder.  The heating typically is achieved with an inlet/exhaust heat exchanger. 

 

 

 The engine has no spark plug and no fuel injector, so one would ask “How do they 

control the ignition timing?”  This is done primarily by temperature control – the concept is that 

the autoignition temperature is reached shortly before the piston hits top dead center.  Depending 

on the temperature control method, there might not be a very fast response to a quick load 

change.  A slow temperature response would make the engine more suitable to operation in a true 

Comparison of Compression Ignition, Spark Ignition and HCCI 
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hybrid car or a generator unit with a utility inter-tie where load changes are infrequent and can 

probably be gradual.   

 Work has been progressing on the HCCI for over 30 years and there is a bio-gas project 

due for startup in mid 2010. 

 

Attainment Technologies 

 

There are 2 features to this technology.  First the engine operates as a virtual lean-burn 

engine.  The combustion process is completed with no excess oxygen.  A portion of the exhaust 

stream is cooled and a precisely controlled portion is mixed with the inlet air such that after 

combustion of the fuel, the oxygen content of the exhaust stream is zero.  The oxygen content of 

the exhaust is monitored and the signal is used to control of the exhaust mixing.  This allows 

operation at a high compression ratio, similar to conventional lean-burn engines.  The result is 

low NOx without exhaust gas clean-up.  For all process purposes, the engine is operating as a 

lean-burn engine except that the exhaust has no oxygen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Since there is no oxygen in the exhaust, a non-selective catalytic reduction (NSCR) 

system can be used to further substantially reduce the NOx emissions.  (NSCR is discussed in 

Chapter 8, but at this point it is relevant to mention that it is a well proven, very effective, low 

maintenance, and inexpensive NOx control technology.  NSCR does not require a reagent such as 

Ammonia or Urea.).  AT systems have demonstrated NOx emissions below 0.1 g/bhp-hr. 

 

 As of mid 2009, AT has about 25 systems in operation.  Six of these systems are in 

continuous operation and have accumulated over 15,000 hours of operation each without 

emission permit violations.  The technology is available on a wide variety of engines for 

operation on either natural gas or bio-gas. 

 

Attainment Technologies ERU 1001 
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Review Exercises 

 

1. Why do CI engines typically emit higher NOX emissions than spark ignition engines? 

a. CI fuels (diesel) have higher N content than SI fuels (gasoline). 

 b. CI Diffusion burning generates higher temperatures than typical premixed air-fuel ratios. 

 c. CI engines operate at higher pressures than SI engines. 

 d. All of the above 

 

2. Diesel engines generally operate with air/fuel ratios in which of the following ranges?  

 

 

 

d.  None of the above 

 

3. When the air-fuel ratio for an SI engine is increased beyond ideal stoichiometric conditions, 

which of the following is likely to occur?  

(Select all that apply.) 

a.  NOX emissions will increase 

b.  CO emissions will increase 

c.  Hydrocarbons will increase 

d.  Catalytic control efficiency will increase 

e.  None of the above 

 

4. Which methods will reduce NOX formation in RICE?  

(Select all that apply.) 

a.  CI fuels contain less nitrogen 

b.  Running a leaner mixture in a SI engine 

c.  Advancing the spark or injector timing 

d.  Recirculating exhaust into the air intake 

e.  All of the above 

 

5. Advanced NOx controls on SI engines generally rely on: 

a. Modifications that allow operation at a very lean fuel-air ratio. 

b. Larger combustion chambers with lower compression ratios. 

c. Low speed operation 

d. Use of special additives to the fuel 

 

6. Reducing NOx formation in diesel engines is impaired by: 

a. Lower sulfur content in highway diesel fuel 

b. Electronic injection systems 

c. Diffusion combustion that creates relatively high temperatures. 

d. The need to increase the thermal efficiency of diesel engines. 
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Answer Key – Exercises Chapter 6 

 

1. e.  All of the above 

(a) is true, but fuel nitrogen is usually a very small contributor to diesel engine 

emissions.  

 

2. b.  1 and widely varying 

 

3. e.  None of the above 

As air/fuel ratio increases above an equivalence ratio of 1.0, CO and HC will decrease.  

NOx increases initially then drops sharply. 

 

4. e.  All of the above 

Fuel nitrogen (a) is normally very low, so further reduction is not a meaningful option. 

 

5. a.  Modifications that allow operation at a very lean fuel-air ratio. 
 

6. c.  Diffusion combustion that creates relatively high temperatures. 

Lean mixture operation used on spark ignition engines isn’t applicable to combustion of 

a liquid fuel.  (Note that gasoline burns in the vapor phase, not as a liquid spray.) 
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Chapter 7 

Controlling NOx Formation in Gas Turbines 
 

 

 

 

 

Editor’s Note: 

 

Chapter 7 – Gas Turbines –  Parts of Chapter 10 from the 2000 version of APTI 418 written by 

Sims Roy were edited and are included here and in Chapter 3.  Substantial material on the 

current status of turbine technology and emerging technologies was supplied by Chuck Solt.   

 

Brian W. Doyle, PhD  

September 2009,  minor editing January 2012 
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Introduction to Combustion Turbine NOx Control 

 

  Combustion turbines are restricted to distillate oil or clean gas fuels because of their 

sensitivity to fuel contaminants.  Hence SO2 and particulate emissions are low or negligible.  NOx 

emissions are the main concern.  The nitrogen levels in the fuels appropriate for gas turbines are too low 

to contribute substantially to fuel NOX formation.  Therefore virtually all the NOx is of thermal origin and 

control technologies that focus on reducing flame temperature are quite effective. 

Development of Control Strategies 

 The first major gas turbine regulations were included in the Clean Air Act Amendments (CAAA) 

of 1977.  Non-attainment areas for CO and NOX in 1977 were supposed to achieve attainment by 1987.  

Gas turbines were required to meet the New Source Performance Standard (NSPS) of 75 ppm for utility 

sources and 150 ppm for industrial sources (with adjustments for heat rates).  The NSPS was based on 

steam injection and water injection controls, termed wet controls.  Wet controls are combustion 

modifications that reduce the peak gas temperature in the combustor, thereby reducing NOX formation. 

 

 EPA considered water or steam injection to be the best achievable control technology (BACT) 

during the late 1970s and early 1980s. However, by the end of 1987, EPA promulgated the top-down 

approach to determining BACT, and NOX emissions from gas turbines began decreasing.  The trend has 

been a steady decrease in NOX emissions from gas turbines since the NSPS was originally promulgated in 

1980. 

 

 Uncontrolled NOX emissions from gas turbines range from 150 to 250 ppm (corrected to 15% 

O2).   The use of steam and water injection reduced these levels to the 75 ppm level required by the 

NSPS.  By the mid-1980s,  combustor development reduced demonstrated NOX emissions for gas-fired 

units to approximately 25 ppm for gas-fired and 42 ppm for oil-fired units.  

 

 In the mid-1980s selective catalytic reduction (SCR) technology was first applied to gas turbines 

in the U.S. .  SCR systems are add-on control systems capable reducing NOX emissions by 75% to 90% or 

more.  With the demonstration of this technology, the State of California began requiring gas turbines to 

meet a 10 ppm emissions limit. 

 

 In the late 1980s and early 1990s, lean pre-mix designs and staged lean pre-mix designs (termed 

dry controls) became available on new large gas turbines.  These combustion modification techniques 

reduced NOX emissions from 25 ppm to less than 10 ppm for gas-fired turbines without back end 

controls.  The availability of systems with emissions much less than NSPS means that permitted emission 

levels are now case specific - driven by BACT, LAER and offsets.  Although newer technologies are 

becoming available, as discussed later in this section, most new turbine installations today use a 

combination of dry low NOx combustors and SCR controls. 

Control Technologies  

The basic techniques for controlling NOX emissions from gas turbines are: steam or water 

injection, dry low NOX (also called lean pre-mix combustion) combined with SCR.  Catalytic combustion 

and SCONOx have been available for a number of years and have been applied in a few installations. 

When back end controls are used, it is always in combination with combustors that minimize NOx 

formation.  Table 7-1 provides typical emission levels accomplished with NOX control techniques. 

 



7-2 GAS TURBINES  

 These control technologies can be categorized as either add-on control technologies or 

combustion modification technologies.   

 

Table 7-1 
Achievable Emission Levels with NOx Control Techniques 

Control Technique 
NOX Emissions, gas-fired 

turbines (ppm) 

NOX Emissions,  oil-fired 

turbines (ppm) 

Uncontrolled Emissions 155 240 

Steam/Water Injection (Wet Controls) 25 42 

Lean Pre-Mix Design (Dry Controls) 9 42* 

Selective Catalytic Reduction (SCR) 2-5 4-10 

Catalytic Combustion (without SCR) 3 Not applicable 

SCONOX 1-3 Not applicable 

* Note: Combustor fires oil in a diffusion flame. 

Fuel Types 

  The firing and flame temperatures are directly related to the type of fuel-fired in the 

combustor.  Gas turbines are fundamentally able to fire either natural gas or distillate fuel such as 

kerosene (No. 1 oil) or diesel oil (No. 2. oil). Figure 7-1 shows the relationship between temperature and 

NOX emissions for diffusion firing of gas and oil.    Fuel oil has a higher flame temperature and produces 

more NOX than natural gas. Other types of gas have NOx emission levels that can be higher or lower than 

for natural gas.  Low-Btu gases, such as landfill gas, have lower flame temperatures and produce less 

NOX than burning natural gas.  Most gas turbine installations today are designed around natural gas fuel 

and some can fire oil as a back up or emergency.  

 

 Fuel oils are defined as grades No. 1 through No. 6.  Lighter fuel oils, called distillate oils, are 

assigned low numbers and have undergone a more extensive refining process.  No. 1 oil and No. 2 oils 

have low levels of impurities and suitable for gas turbines. 

 

 Aircraft engines, referred to as aero-derivative gas turbines, have been adapted to stationary 

power generation.  In aircraft operation they required light distillate fuel with low viscosity at sub zero 

temperatures such as JP4 or kerosene (#1 oil). Depending on the location of the installation the fuel 

flexibility can be increased to any fuel that is free of sulfur, ash or other contaminants.   

 



GAS TURBINES 7-3 

 

 

 

NOx Reduction by Combustion Modification 

Wet Control 

The injection of water or steam into the combustor is commonly termed wet control for gas 

turbines.  Steam or water injection reduces NOX emissions by decreasing the peak flame temperature.  

Wet control has been successively applied to all types of turbines, except regenerative cycle combustors, 

for the reduction of thermal NOX 

. 

 Evaporation of the water reduces the cycle efficiency by 2% to 3%, while power output is 

increased by 5% to 6%.
i
  Steam formed or injected in the combustor raises the mass flow rate through the 

turbine, increasing the power. 

 

 NOx reduction efficiencies of 70% to more than 85% can be achieved with wet control.
ii
  

However, in practice, operating parameters and other emissions must be balanced and 60% to 70% 

reduction is more typical. Higher reduction efficiencies are experienced with fuel oil-fired combustors 

than with gas-fired combustors. 

 

 Either steam or water is injected with the fuel at typical water-to-fuel ratios of 0.2:1 to 1:1.  Steam 

injection can be used where a boiler is already part of the system It is essential that the water or steam 

used for wet control be free of contaminants, so a water treatment system is a necessary component of a 

wet control system.   

Fig.7-1. Temperature vs. NOx for diffusion firing gas or oil 
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Mechanical Limits 

 The evolution of gas turbines with lower NOx emission rates has been slowed by various 

mechanical issues.  The following parameters are some of the mechanical limits encountered during low 

NOx combustor development: 

 

Combustion dynamic pressure oscillations (screech) 

Combustion operating instabilities (rumble) 

Increased CO 

Heat rate penalty  

Combustion flame blow-off and/or flame-out 

Pressure Oscillations - Combustion Noise 

 Pulsing of the combustor can occur due to pressure oscillations and can damage the combustor 

and accelerate metal fatigue.  Pulsing is a result of high water-to-fuel injection or poor mixing.  To help 

correct for combustion dynamic pressure oscillations and operating instabilities, a multi-nozzle quiet 

nozzle design was applied to cannular combustors.  The multi-nozzle cannular configuration produces 

better mixing within the combustor.  The homogeneous mixture lessens pressure oscillations and results 

in smoother combustion.  Installation of a six-nozzle quiet design can reduce NOX emissions from 42 ppm 

to 25 ppm for gas-fired units without dynamic pressure disturbances. 

 

 Combustion noise is also reduced with the use of steam, as opposed to water injection.  Steam 

injection produces a more thorough mixing of water with the combustion gases and fuel.  This allows for 

fewer disturbances in the burners and is the generally preferable method of wet control. 

Increased CO 

 As with most combustion based NOX control techniques, use of wet control will increase CO and 

hydrocarbon emissions.  CO emissions are increased considerably while the hydrocarbon emission 

increase is more moderate.  Water-to-fuel ratios of 1:1 will result in a five-fold increase of CO emissions 

to approximately 300 ppm.
iii
 

Heat Rate Penalty 

 The need to add more energy to heat the steam or water that is added to the system is called the 

heat rate penalty.  Steam has twice the specific heat of the other combustion gases, so additional fuel is 

needed to create the same combustor exit temperature and generate the same amount of power.  Heat loss 

with the injection of water is higher than steam injection due to the enthalpy of vaporization. 

Flame Blow-Off and Flame-Out 

 Flame blow-off and flame-out are possible with wet injection.  During engine deceleration cycles 

the combustor is especially susceptible to this problem.  Wet injection is often reduced or suspended 

during these periods. 

Dry Control 

 NOX emission control requirements stimulated research of combustion modification techniques to 

reduce NOX emissions below levels achievable by wet techniques. Dry controls are performed without the 

use of water or steam by reducing the peak flame temperature . 
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Lean Combustion 

 The average air-fuel ratio of a gas turbine combustor is extremely lean – typically three times as 

much air as is needed for complete combustion.  However, the normal combustor primary zone, where 

NOx is formed, operates closer to stoichiometric (equivalence ratio = 1.0) in order to prevent flame out. 

Reduced flame temperatures can be achieved by premixing and carefully controlling the air/fuel ratio to 

prevent excursions that would cause a flame out.  Properly executed, a combustor flame can be 

maintained at an air/fuel equivalence ratio up to about 2. 

 

 Development of lean premix combustors that are commercially acceptable took many years.  Part 

of the challenge is starting the engine and bringing it up to its normal load range.  This typically requires 

the combustor to operate in a diffusion flame mode for light off and low load operation followed by a 

programmed transition into the premix mode.  As a result, the NOx emissions are much higher at idle and 

low load than they are at full load. 

Staged Combustion 

 Gas turbine combustors normally stage the air injection.  Enough air is supplied to the primary 

zone to operate near stoichiometric and maintain stable combustion.  Additional air is injected in the 

dilution zone to bring the gas temperature down to the design turbine inlet temperature.  Even the lean 

premix combustor, described above, uses some level of air staging.  Another type of staging is to inject 

fuel at a second location, creating a secondary combustion zone.  The primary zone can operate either rich 

or lean, but the secondary zone is always lean. 

 

 A portion of the fuel is used in the primary zone that can be either a fuel rich diffusion flame or a 

fuel lean premixed flame.  In a fuel rich flame NOx is suppressed by a lack of oxygen, but combustion is 

incomplete leaving CO, carbon and hydrocarbons.  These products of incomplete combustion are 

consumed in the secondary zone where lean combustion prevents substantial additional NOx formation.  

Premixed staged combustion is often referred to as Dry-Low NOx (DLN) or Dry-Low Emissions (DLE).  

 

 Staged combustion could, conceptually, be used in oil firing – the same is it is in boilers. 

However, there is very little demand for oil fired low NOx turbines except as a back up fuel.  

 

 

Catalytic Combustion 

 

 Catalytic Combustion Systems, Incorporated (CESI) has developed a combustion system for gas 

turbines called XONON (NoNOx spelled backward).  This system combusts the fuel catalytically so 

there is no visible flame.  As a result, high flame temperatures are avoided and NOx formation is 

dramatically reduced.  NOx emissions are typically guaranteed at 2.5 ppmvd at 15% O2 and CO and 

VOCs are guaranteed at less than 10 ppm. 
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 Since the fuel and combustion air must be homogeneously mixed, XONON is only applicable to 

gaseous fuels such as natural gas or bio-gas. 

 

 Combustion is accomplished in two steps.  Partial combustion takes place within the catalyst at a 

controlled temperature during which virtually no NOX formation takes place.  Completion of the 

combustion process is accomplished downstream with a flameless homogeneous reaction.  A preburner 

which consumes only a small fraction of the fuel is used to raise the fuel/air mixture to the temperature 

required for catalyst activity.  An insignificant amount of NOX is produced in the first and second 

combustion step. All of the NOx is produced in the pre-burner.  

 

Both GE and Solar Turbines have successfully operated on a 7.5 MW and a 10 MW engine using 

the XONON combustion system.  Both engines demonstrated performance at less-than 2.5 ppmvd at 15% 

O2, but neither has yet made them commercially available, and it is not likely that they will.   

 

Figure 7-5 is a rendering of an actual combustor used on a 1.5 MW Kawasaki gas turbine.  There 

are currently (2009) over 40 of these engines in commercial service.  Some have been operating 

continuously for over 7 years.  XONON is currently available only on the Kawasaki 1.5 MW gas turbine. 

Fig. 7-4. Comparison of Conventional and Catalytic 
Combustors
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 The US Department of Energy commissioned a cost comparison study to determine the economic 

feasibility of this technology.  The results of the study are shown in the table below: 

 

Net Present Value ($,000) 
 

Figure 7-5. XONON Combustor for 1.5 MW Turbine 

63,3197,8573,921SCONOx + LPM

30,5434,5762,454SCR + LPM

29,3972,5871,326Xonon

Comb CyPeakingCogen
Application

Technology

150 MW25 MW5 MW

63,3197,8573,921SCONOx + LPM

30,5434,5762,454SCR + LPM

29,3972,5871,326Xonon

Comb CyPeakingCogen
Application

Technology

150 MW25 MW5 MW

Based on data from DOE study: contract # DE-FC02-97CHIO87 
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Ultra-Lean Combustion 

 

 There are at lease 2 companies working on technologies that will allow gas turbines to operate at 

extremely lean pre-mix conditions and achieve very low NOx emissions.   

 

Alzeta Corporation  

 This company has a number of combustion burners that provide stable combustion at extremely 

lean conditions and accordingly very low NOx emissions.  One of these products called Nano-Star is 

designed for use in gas turbine engines.   

 

 The basis of most of their technologies is a diffusion burner.  An air/fuel mixture enters the center 

of a porous cylinder.  As the mixture diffuses through the cylinder wall, it burns on the outside.  The hot 

outer surface stabilizes the combustion.  In this manner, the burner can operate at very lean conditions and 

the NOx will be very low - in the range of 3 ppmvd at 15% O2.  Early burners made of porous ceramic 

were used in boilers and have operated satisfactorily for over 15 years. 

 

 
Figure  7-5. Alzeta Diffusion Burner 

 

 

 The heat flux in this configuration was low and burners of this design would be far to large to use 

in a gas turbine.   

 

 Alzeta worked on several development contracts to design a burner that could fit into existing 

turbines.  The result was their NanoStar design shown in Figure 7-5.  It uses a metal cylinger with a very 

large number of very small holes to serve the diffusion burner principle.  In addition, there are 

longitudinal rows of larger holes.  A small percentage of the air/fuel diffuses through the small holes and 

burns on the outer surfact which stablizes the combustion of the jets of air/fuel coming through the larger 

holes.  The result is an increase of about 10 times the heat flux per unit of surface compared to the older 

designs.  This configuration can be used in gas turbines without changing the casing design. 
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Figure 7-6. Alzeta NanoStar Burner  
 

 
 

 

Power Systems Manufacturing 

One interesting product is offered by Power Systems Manufacturing or Jupiter, FL.  Their 

primary business is offering replacement parts for large frame size gas turbines.   

 

About 2000, PSM introduced a combustor to replace the DLN combustors on large GE frame 

machines which had lower emissions than the OEM combustors.  They now have standard offerings for a 

number of over 50 MW engines and guarantee NOx emissions at less than 5 ppmvd at 15% O2, compared 

to the 9to 25 ppm guaranteed by the OEM.  

Figure 7-7. Gas Turbine with nanoStar catalytic combustor 
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 The combustor shown in Figure 7-8 is similar in size and function to the OEM unit it replaces, 

however, it may be longer and require replacement of other engine parts to accommodate the 

modification.  Figure 7-9 is a section of a retrofit where the combustor case had to be replaced. 

 

 

 

Figure 7-9 LEC Combustor by PSI Corp 1 

 

 

Figure 7-8 LEC-III Combustor with Engine Adaptation 

 

Figure 7-8. LEC COmbustor by PSI Corp. 1 

 

 

 

Figure 7-8. LEC COmbustor by PSI Corp. 2 

               Figure 7-7. LEC Combustor by PSI Corp. 
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Advantages and Disadvantages of CC and UL 

 Advantages – CC and UL can meet the BACT/LAER emission limits established by SCR, but 

without the toxic reagents and without the cost.  For peaking applications, the units can be permitted 

allowing continuous operation and allow the systems to be operated for economic dispatch.  These 

systems have a lower profile, a smaller footprint and do not require the reagents.  In most cases, 

community concern is mitigated. 

 

 Another possible advantage is the applicability of parametric emission monitoring systems 

(PEMS) monitoring systems.   These systems are far less expensive than CEMS instrument systems, and 

the CC and UL have unique adaptability for the PEMS with very good accuracy and availability.  

 

 Disadvantages – Back-end-controls do not impact the combustion process, except for a slight 

increase in back-pressure.   This means that they can be applied to almost any combustion process without 

the engine manufacturers involvement.  CC & UL, on the other hand require modification to the 

combustion process, so the manufacturer will usually have to provide process information, investment of 

capital and assumption of warranty risk.  In the face of these costs which can be in the range of $10 

million to $100 million, many engine manufacturers are reluctant to commercialize these technologies 

without competitive pressure, particularly if there is no assurance that the air agencies will not simply 

require back-end-controls in addition to the CC or UL technology. 

 
 

Post-Combustion Controls 

 

 The dominant post-combustion control system for gas turbines has been selective catalytic 

reduction (SCR) – see Chapter 8. 
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Review Exercises 

1. Why is natural gas beneficial over distillate oils for gas turbine applications? (Select all that apply.) 

a. Natural gas is lower in sulfur content and other damaging impurities. 

b. Natural gas is a less expensive fuel. 

c. Natural gas is less explosive and easier to store. 

d. Natural gas burns at a lower temperature than fuel oils reducing thermal NOX. 

e. None of the above 

 

2. What are the benefits of the lean pre-mix combustion?   (Select all that apply.) 

a. It is a cost-efficient NOX control option. 

b. Can be applied in conjunction with post combustion control techniques. 

c. Produces stable combustion operation compared with diffusion combustion. 

d. Reduces CO and unburned hydrocarbons compared with diffusion combustion. 

e. None of the above 

 

3. What are the benefits of water injection?   (Select all that apply.) 

a. The cycle efficiency is increased. 

b. The power output is increased. 

c. Applicable to all gas turbine designs. 

d. Carbon monoxide emissions are decreased. 

e. None of the above. 

 

4. Lean/lean staged combustion limits NOX emission by the following?   (Select all that apply.) 

a. Limiting the available oxygen during combustion. 

b. Limiting the fuel bound nitrogen content. 

c. Limiting the flame temperature. 

d. Limiting the residence time. 

e. None of the above 

 

5.  What are the benefits of SCR systems?    (Select all that apply.) 

a. Low operating and maintenance costs. 

b. No increase in other emissions. 

c. Applicable to all gas turbine designs. 

d. Simple to install and operate. 

e. None of the above 

 

6.  What are the benefits of the multi-nozzle, quiet-nozzle design?   (Select all that apply.) 

a. Provide better combustion stability. 

b. Reduces pressure oscillations. 

c. Increases the life span of turbine components. 

d. Reduces NOX emissions. 

e. None of the above. 
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7.  When were SCR systems first applied to gas turbines in the U.S.? 

a. Mid 1970s 

b. Mid 1980s 

c. Mid 1990s 

d. 1995 

e. None of the above 

 

8. What is the approximate maximum pressure inside a turbine combustor?  

 (ambient pressure = 1 ATM) 

a. 0.033 ATM 

b. 0.5 ATM 

c. 3 to 30 ATM  

d. 100 ATM 

e. None of the above 

 

9.  SCR works best in which temperature range? 

a. 600F to 800F 

b. 850F to 1000F 

c. 1000F to 1100F 

d. 2300F to 2400F 

 

10.  Which of the following control techniques utilizes a catalyst?   (Select all that apply.) 

a. Lean Pre-Mix 

b. SCR 

c. XONON™ 

d. SCONOx™ 

e. None of the above 
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Review Excercises – Answer Key 

 

1.. a.  Natural gas is lower in sulfur content and other damaging impurities. 

 b.  Natural gas is a less expensive fuel. 
(a) Is the only answer that’s unequivocally true.  (b) Is currently true and is the overriding 

consideration.  Answer (d) is true for a lean pre-mix combustor 

 

2. a.  It is a cost-efficient NOx control option. 

 b.  Can be applied in conjunction with post combustion control techniques. 
Answer (c) is false and (d) is generally false depending on the combustor.  

 

3. b.  The power output is increased. 

 c.  Applicable to all gas turbine designs. 
There is a small loss in engine efficiency (a), and CO (d) usually increases.  Wet injection is 

applicable to most, but not all designs, answer (c).  

 

4. c.  Limiting the flame temperature. 

 

5. b.  No increase in other emissions. 

 c.  Applicable to all gas turbine designs. 

 

6. a.  Provide better combustion stability. 

 b.  Reduces pressure oscillations. 

 c.  Increases the life span of turbine components. 

 d.  Reduces NOx emissions. 
 

7. b.  Mid 1980s 

 

8. c.  3 to 30 Atm 

(Answer (d) is generic.  The larger and newer the engine, the higher the pressure – 40 Atm in 

2011.) 

 

9. a.  600 F to 800 F 

Answer (b) would be a simple cycle gas turbine installation using a zeolite catalyst – more 

expensive than base metal catalysts.  The durability of catalysts at temperatures above 1050  F 

hasn’t been demonstrated.   

 

10. b.  SCR 

 c.  XONON™ 

 d.  SCONOx™ 
Answer (d) uses a catalyst, but the primary NOx collector is an absorption process. 
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NOx Removal Technology 

 

 
 

Editor’s Note: 

Chapter 8 – Back End NOx Controls –  This section was written by Chuck Solt, edited by Brian 

Doyle and is updated from material in the NOx Emissions course presented by Rutgers University 

from 2001 to 2007. 

 

Brian W. Doyle, PhD  

September 2009, revised: January 2012 
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Introduction to NOx Removal Technologies 

 

If NOx formation cannot be suppressed sufficiently in the combustion process, the only 

alternative is to remove it from the exhaust stream.  NOx removal technologies were developed as 

early as the mid-1950s, and have been in common use since the mid 1980s.  Some of these 

technologies have gained wide acceptance, while others are just emerging. 

 

The Existing Technologies include: 

• SNCR - Selective Non-catalytic Reduction 

• NSCR - Non-selective Catalytic Reduction 

• SCR - Selective Catalytic Reduction 

 

Emerging Technologies (some of which may never emerge) Include: 

• RAPER-NOx 

• SCONOX 

• LoTOx 

• Activated Carbon Absorption 

 

We will look at each of these technologies individually, first at the technologies that have wide 

usage and then at the emerging technologies. 

Selective Non-catalytic Reduction (SNCR) 

 

 As noted in Chapter 1, NOx emissions consist of both NO and NO2.  Accordingly, the 

NOx control technology must address the NOx compound emitted by the source, or if (as in most 

cases), the source emits both, it must either reduce both compounds or convert one into the other 

before reducing it to N2 and water.  Several of the existing technologies we will discuss are based 

on using ammonia or urea: 

 

For NO removal:  4 NO + 4 NH3 + O2    4 N2 + 6 H2O 

 

For NO2 removal:  4 NO2 + 8 NH3 + 2 O2    6 N2 + 12 H2O 

 

This reaction is called “selective reduction” because it uses a reagent (ammonia) to react with the 

NOx.   

 

 In the SNCR process, a reagent is sprayed into the exhaust stream.  Under the right 

temperature conditions, the NOx will react with it, eliminating the NOx without producing other 

pollutants.  The first application of this technology was Thermal DeNOx. – developed by Exxon 

in about 1956.  In this technology, ammonia is sprayed into the post-combustion area of a boiler 

or furnace when the temperature is 1650°F – 1700°F.  At this temperature, a 50% reduction of 
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NOx can be achieved.  The reaction is temperature sensitive, and the window is small.  If the 

temperature is to high, ammonia will convert to NOx, increasing emissions.  If the temperature is 

to low, the reaction with the NOx is too slow, resulting in emissions of both NOx and ammonia.  

The application of Thermal DeNOx is limited to new boilers because the space required to 

completely mix ammonia with exhaust gas needs to be part of the boiler design.  So the main 

application has been new waste-to-energy boilers where there are limited options to significantly 

reduce NOx formation and further back end cleanup is problematic. 

 

 In a different version of SNCR Fuel Tech Inc. of Stamford CT did development work on 

the basic concept through part of the 1970s and 1980s and commercialized a technology they 

called NOxOUT.  While this technology is similar to Thermal DeNOx, it uses urea as a reagent 

instead of ammonia.  Urea gives the technology a broader and slightly lower temperature 

window.  A significant advantage is that urea can be handled either as a solid or dissolved in 

water – a non toxic liquid.   

 

 The biggest advantage of NOxOUT is that it doesn’t require injection/mixing hardware 

installed in a large physical space in the middle of the convective section of the boiler.  Instead a 

water solution of urea is sprayed in key locations around the top of the firebox.  As the spray is 

carried with the exhaust gases, the water evaporates leaving just the urea.  With proper planning 

evaporation is completed just as the gas cools to the right temperature, allowing the urea to react 

with the NOx.  Thus NOxOUT can be retrofitted to existing boilers., NOxOUT still has some of 

the same application limitations, as Thermal DeNOx but as result of the RACT requirements in 

the Clean Air Act Amendments of 1990, many existing boilers were retrofitted with NOxOUT.  It 

is still the technology of choice for some boilers where NOx formation cannot be controlled. 

 

Selective Catalytic Reduction (SCR) 

Principle 
 

 Catalysts can be used to change the temperature range in which a chemical reaction 

occurs.  With a SCR system the reaction between ammonia and NOx occurs at much lower 

temperatures than with SNCR.  As a result, SCR can be applied to many (or most) types of 

combustion source. 

 

The first applications of SCR were in coal fired generating plants in Germany, followed 

shortly thereafter by Gas turbines in Japan.  In the mid 1980s, the South Coast AQMD (LA 

Basin) made a BACT determination that SCR performance should be the permit basis for several 

gas turbine permits.  This determination was based primarily on the Japanese experience.  At that 

time, the permitted levels were based on water injected turbines operating at 42 ppm and SCR at a 

guaranteed effectivity of 80% -- yeilding a permit level of 9 ppm corrected to 15% O2 (turbine 

emissions are regulated and reported at a dilution level of 15% O2).  By the late 1990s, permits 

for gas turbines were based on lean-premix combustion at 25 ppm and SCR effectivity of 90% 

yielding a permit level of 2.5 ppmvd. 

 

Alternative Catalysts 
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 The chemical reactions are the same as SNCR, but the reactions are enabled by a catalyt.  

The temperature range depends on the type of catalyst used.  There are three commonly used 

types of SCR catalyst. 

• Conventional SCR, called base metal systems, usually use a vanadium pentoxide (V2O5) 

catalyst, but tungsten (W) and titanium dioxide are also used.  The best performance is in 

the range of 650° to 750°F – a temperature range accessible in most boilers. 

• For low temperature applications, a precious metal is used –  usually platinum (Pt).  

These systems can be used at temperatures as low as 350°F, and as high as 550°F. 

• High Temperature applications usually use a zeolite catalysts and have been used 

successfully at temperatures as high as 1050°F – typical of simple cycle gas turbines.  

 

Figure 8-1 is a general illustration of catalyst reactivity versus temperature. 

 

 
Figure 1.1 

 

NOx Reduction vs. Ammonia Slip 

 

As can be seen in the chemical reactions shown above, in a system emitting primarily 

NO, the reaction ratio of NOx to ammonia will be nearly 1:1.  If less ammonia is injected, some 

of the NOx will pass into the atmosphere.  If a higher ratio is used, some of the ammonia will go 

unreacted and pass into the atmosphere.  It’s impossible to completely destroy all of both species 

– typically there will be some amount of both NOx and ammonia (ammonia slip) in the exhaust.  

By increasing the ammonia/NOx ratio beyond stoichiometric (the theoretically perfect ratio to 

balance the amounts of NOx and ammonia), NOx emissions can be reduced.  So there is a 

tradeoff between NOx reduction and ammonia slip. 

 

There is also an economic tradeoff – the  longer the catalyst path, the more NOx 

molecules will find ammonia and react on the catalyst surface.  So, the larger (and more 

expensive) the catalyst, the better the NOx reduction.  Figure 8-2 plots the tradeoffs of NOx 

reduction versus catalyst size and relative amounts of ammonia. 
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Figure 8- 1.  SCR Temperature versus Catalyst Activity 
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 Most permits today require NOx in the range of 2 to 3.5 ppm (at 15% O2, dry) and 

ammonia slip of 6 to 10 ppm.  Even at 10 ppm, catalyst life factors into the cost of NOx 

reduction,  Ammonia has been recognized by the US EPA as an adverse environmental impact 

that should be considered in a BACT determination.  Unfortunately, the EPA stopped short of 

recommending a means of making the determination, so the permitting agency usually selects the 

lower NOx level and determines the ammonia slip on an economic basis. 

 
Figure 8-2. Ammonia Feed Effects on Emissions 

 

Catalyst Performance Over Time 

Catalyst performance deteriorates with time due to a number of operating factors, including: 

• Sintering: Pores are blocked and fused at high temperatures 

• Poisoning: Foreign molecules bind to the catalyst 

• Pore blockage: fine particles become imbedded in the pores 

•  

Most SCR systems install the catalyst in 2 or more beds or layers.  These can be replaced 

individually.  Figure 8-3 is an example of a catalyst replacement scenario.  In the system 

depicted, the system was initially installed with two catalyst beds, but with space to add a third 

bed.  If initial performance did not meet permit requirements, the third bed could have been 

installed immediately to improve performance.  If the system met initial performance, the plan 

calls for addition of the third bed at the end of the second year operation, when NOx and 

ammonia levels were both projected to reach the permitted level.  In subsequent years, the 

catalyst beds would be replaced one at a time as either the NOx or ammonia level reached the 

permit level. 



Back End Controls Page 5 
 

Reagent Alternatives 

So far, we have been limiting our discussion of reagents to ammonia, but in fact, ammonia 

can be used in different forms, and there are other chemical reagents that will also reduce NOx 

into nitrogen and water.  We mentioned urea in the discussion of NOxOut, but urea can also be 

used in SCR, in different forms.  Each of these reagents has its own advantages and 

disadvantages.  The most commonly used reagents are  anhydrous ammonia, aqueous ammonia 

and urea. 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.3 Catalyst Performance Over Time 

 

 

Anhydrous Ammonia (liquefied ammonia without water) 

Advantages: 

• The cost of the ammonia and the ammonia storage and handling system make this the 

most economic alternative. 

• The volume of the reagent is small, saving on transport, storage and handling. 

• It is easy to vaporize, reducing the complexity, cost and maintenance of the reagent 

handling system.  

Disadvantages 

• Ammonia is regulated as a toxic substance 36 states. 
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• Storage of the quantities of ammonia required for SCR triggers the requirement for a Risk 

Management Plan (RMP). 

• Ammonia slip is a precursor to PM2.5. 

 

In the anhydrous ammonia system shown in figure 8-4, the ammonia is delivered by rail car, 

and transferred to an on-site storage tank.  It is then sent to an evaporator where process heat is 

used to vaporize the liquid before it is mixed with dilution air and injected into the exhaust 

stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8-4. Anhydrous Ammonia Flow Diagram 

 

Aqueous Ammonia – ammonia absorbed into water, as compared to anhydrous ammonia. 

 

Advantages: 

• It’s perceived as low toxic risk 

Disadvantages: 

• The mass and volume of reagent to be transported, stored and handled is far greater. 

• The capital and operating costs are both higher. 

• Far more process heat is required to vaporize the water/ammonia solution. 

 

Urea  In most systems, the urea is converted on site to ammonia at the required rate with little or 

no ammonia storage. 

Advantages: 

• Urea can be shipped and stored as a solid. 

• The toxic and hazard risk is much lower since ammonia is not transported or stored in 

significant quantities. 

Disadvantages: 

• This is the most costly system on both a first cost and operating cost basis. 
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• The handling system for the solid urea is far more complex and requires more 

maintenance. 

• The Urea-to-ammonia processing facility is costly, complex and requires more energy. 

The urea to ammonia system shown in figure 8-5 dissolves the solid urea into water.  The solution 

is evaporated and passed through a decomposition catalyst where the urea is converted into 

ammonia.  

H2NCONH2 + H2O  2NH3 + CO2 

There are no pressure vessels to pose a risk of hazardous or toxic release. 
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Figure 8-5. Urea to Ammonia "On Demand" System 

 

Ammonium Bisulfate Formation 

In any system where ammonia and sulfur trioxide is present there is the potential 

formation of ammonium bisulfate.  This substance is a liquid or sticky solid at typical exhaust 

temperatures, causing fouling or plugging of a catalyst, air heater or other hardware..  Some of the 

catalysts used in SCR will oxidize SO2 into SO3.  A CO oxidizing catalyst will do the same.  If 

there is excess ammonia, it will react with the SO3 to form ammonium bisulfate.   

NH3(g) + SO3(g) + H2O(g)  NH4HSO4(l) 

The bisulfate will deposit in the cold end of the boiler and economizer and plug the 

spaces between the heat exchanger fins.  This chokes off the air flow and reduces the 

effectiveness of the heat recovery.  There are several design consideration that will minimize the 

risk, including: 

• What is the maximum permitted ammonia slip (emissions), 

• Designing the catalyst for low SO2 to SO3 oxidatioin 

• Installing an economizer bypass system to raise exhaust temperature and/or 
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• Installing an air heater to assure that the temperature in the cold end does not drop to the 

point were the bisulfate will precipitate. 

Gas Turbine Applications 

Because of the temperature windows associated with SCR, the system is usually installed in 

the heat recovery steam generator (HRSG).  The system selected depends on the design of the 

HRSG.  A turbine exhaust is typically 900°F or above, while the HRSG exhaust can be 300°F.  

Both high and low temperature catalysts are expensive, so the optimum configuration puts the 

catalyst somewhere in the middle of the HRSG.  Here are three common scenarios. 

 

 New HRSG – If the application is a new cogeneration system, the HRSG will be 

designed to accommodate the SCR.  Usually the evaporator section will be split, and the 

SCR will be located between evaporator sections where the temperature range will allow 

the use of a base metal catalyst system.  These systems are commonly permitted at 3.5 

ppm or less. 

 

 Retrofit Existing Cogeneration – In an existing system, it is usually impossible to split the 

evaporator section of the HRSG.  In this case, a base metal system can not be used 

because the temperature before the evaporator is too high, and after is too low.  The most 

common option is to locate the SCR between the evaporator and the economizer.  The 

temperature range in this area will accommodate a precious metal SCR system.  These 

systems can also achieve 3.5 ppm or less. 

 

 Peaking Generator – In a peaking generation application or any other application where 

there is no heat recovery, the only alternative is usually a zeolite catalyst system.  

Experience on these systems is more limited.  The first system was a demonstration 

project with limited success.  The second system, consisting of 4 gas turbine 5000 HP 

natural gas compression units, was permitted at 8 ppm for operation in California.  The 

initial SCR system failed in that it had numerous exceedences.  At the insistence of EPA 

Region IX, the operator installed a second SCR system from a different supplier.  That 

system has been operating successfully at less than 8 ppm for about 4,000 hours per year 

each since installation (about 2000).  Several other units have been installed on 25 MW 

peaking turbines in California, permitted at 5 ppm.  These have not had consistent results, 

and, since they are peaking units, they do not accumulate many hours of operation.  In 

making a BACT/LAER determination, at the time this was written, 8 ppm can clearly be 

justified, but 5 ppm is marginal and although suppliers may guarantee as low as 2.5 ppm, 

there is not operating experience to support a permit at this level. 

Considerations 

When applying SCR to a gas turbine application there are several design constraints that must be 

considered: 

• Turndown – As the load on the gas turbine decreases, the exhaust temperature will also 

decrease.  The decreasing temperature in the SCR will affect its performance.  It is 

important to assure that the temperature will support the effectivity necessary to meet 

NOx limits throughout the design load range. 

• Duct Burners – Gas turbine exhaust still contains about 13% to 16% oxygen, enough to 

support the combustion of a lot more fuel.  In many cogeneration applications, a “duct 
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burner” will be inserted into the exhaust between the turbine and the HRSG.  This can be 

used to increase the temperature of the exhaust from 900°F to as much as 2300°F.  The 

temperature variation in the SCR resulting from the duct burner must also be considered 

to assure compliant operation over the duct burner range as well as the gas turbine 

turndown. 

 

Boiler and Heater Applications 

When an SCR system is installed on a utility boiler, it will likely be one of several pollution 

control devices.  There can be a scrubber for acid gases and, on a coal fired boiler, there will be a 

dust collector.  The design of an SCR system is greatly influenced by whether it is placed 

upstream or downstream of other pollution control equipment.  Here are some of the 

considerations in designing the configuration for boiler or heater applications.  

• The SCR catalyst must be located at a point where it will see the necessary temperature 

range.  The temperature range for the least expensive catalyst is usually upstream of other 

equipment where dust and other pollutants are present.  

• Catalyst life will be longer the other pollutants have been removed 

• On coal fired boilers, ash is a major consideration in the system design.  If the SCR 

system is upstream of the dust collector, the catalyst must have very large passages to 

avoid plugging.  This makes the catalyst extremely large. 
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Figure 1.6 Typical SCR Configuration for a Large Boiler  
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• If the catalyst is after the dust collector, where there is very little ash, it can have very 

small passages, which keeps the size and cost of the system down.  But in most 

applications the temperature after the dust collector is too low and the exhaust will need 

to be reheated to be viable for the SCR.  Reheating the exhaust is expensive.  

• SO2 to SO3 oxidation is a concern because of the ammonium bisulfate formation, but the 

low temperature will incur a heavy cost to reheat the exhaust gas. 

• Turndown can be a consideration for boiler applications, although the turndown 

temperature range doesn’t usually fall outside the catalyst operating range. 

 

Reciprocating Internal Combustion Engine (RICE) Applications 

There are several limiting characteristics in applying exhaust clean-up systems to 

reciprocating engines. If the engine is compression ignition (diesel fuel), NOx control technology 

has been developing slowly.  The reason is that diesel engines are usually used for emergency 

service or portable equipment and have not been required to limit NOx emissions.  Back end 

diesel engine NOx technology has been developing for mobile sources and this technology will 

likely be applied to stationary sources as the need arises.  The preferred technology appears to be 

SCR with a system to convert urea to ammonia.   

Most of the stationary RICE are spark ignition burning natural gas.  There has been 

considerable progress in reducing NOx formation in these engines. (as noted in Chapter 6) and 

back end control, when needed, is usually SCR.  This technology is well established and 90% (or 

greater) emission reduction is possible. 

While NSCR is used on all gasoline automobiles in this country, it is not clear whether 

the technology will spread to other types of combustion sources.  It is not immediately applicable 

to diesel engines, because diesel exhaust oxygen levels vary widely depending on engine load.  

NSCR might be applicable to boilers, but implementation will depend on how it compares with 

other NOx control technologies available to stationary sources. 

 

SCR Summary 

Process Design Issues 

• Required NOx removal efficiency (impacts costs and ammonia slip) 

• Permitted ammonia emissions (tradeoff of catalyst life vs. ammonia slip) 

• SO2 Oxidation to SO3 (problems with acid corrosion or ammonium bisulfate) 

• System Draft Loss (imposing backpressure on the combustion device) 

• Catalyst Life Expectancy 

• Ammonium Bisulfate Formation 

• Application Specific Issues (physical space, existing hardware, etc) 

 

Factors to Consider 
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• SCR has little impact on the existing process 

• Proven technology, well supported 

• Permitting impacts 

• Risk management planning required by ammonia storage 

• Real-estate available 

• Visibility & community impacts 

 

SCR Experience 

• 80 to 90%  reduction has been achieved with up to 20 years of operation. 

• Catalyst lifetimes generally good, but are traded against ammonia slip limits 

• Widely applicable to many types of sources 

• Low technical and economic risk – SCR is a mature technology 

• Often, some real cost factors are not identified and considered when permitting and 

budgeting. 

 

 

Non Selective Catalytic Reduction (NSCR) 

 This technology uses a catalyst without the need for a reagent.  The catalyst causes the 

NOx to give up its oxygen to products of incomplete combustion (PICs) – CO and hydrocarbons.  

The general form of the chemical equations are: 

CO + NO → CO2 + N2  

HC + NO → CO2 + H2O + N2  

In effect the two types of pollutants destroy each other.  Aside from the catalyst, the key to this 

reaction is the absence of oxygen.  Any oxygen present will allow the PICs to burn up without 

destroying the NOx.  So the combustion system must be operated with zero excess air.  Note that 

operating the combustor with zero excess air assures there will be some PICs present as well as 

somewhat suppressing NOx formation – see Figure 3-4.  

To date the main application of this technology has been gasoline fueled automobiles.  

Probably the key piece of technology is the control device that keeps the excess air at exactly 

zero.  It uses an oxygen sensor, but that device alone only gives a reading when the oxygen 

concentration is above zero.  When there insufficient air flow, the oxygen sensor reads zero 

regardless of whether the excess air level is zero or negative.  The solution is a fuel flow 

oscillator that causes the fuel flow to fluctuate very slightly but very rapidly (60 cycles per 

second).  When the average excess air is zero, the oxygen sensor picks up a small reading half the 

time.  The control system operates to maintain the oxygen sensor reading at this level. 
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Emerging Technologies 

 

 Since the mid 1990’s, a number of new technologies have been shown to have potential.  

This section reviews several of them.  It is not necessarily a complete list, and some of these 

technologies have achieved more commercialization than others.  The technologies that are 

included are: 

• SCONOX 

• Raper-NOx 

• LoTOx 

• Activated Carbon Adsorption 

 

SCONOx 

 In this document, the technology is referred to by the name most commonly used.  In 

fact, both the name of the company and the technology were changed recently.  The name of the 

company was Goal Line Environmental Technologies, and is now EmeraChem.  The technology 

which was SCONOX is now EMX
GT 

where the GT stands for the application of the product, in 

this case, gas turbines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  Fig. 8-7 SCONOX Chamber Configuration for Regeneration 
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 In application, SCONOX has some similarities to SCR with four significant exceptions: 

• It does not require a reducing agent 

• It reduces the emissions of CO as well as NOx 

• It is usually significantly more expensive, both first and operating cost. 

 

SCR becomes less effective as exhaust concentrations get very low, but Sconox will still perform 

effectively with very low inlet NOx concentrations. 

 

 Like SCR, SCONOX is an exhaust gas cleanup technology using a catalytic reactor.  

Accordingly, it also has little impact on the process, is applicable to almost any combustion 

source, and is commercially available.  However, SCONOX has significant limitations and 

limited field experience. 

 

 SCONOX uses a regenerated catalytic system.  They catalytic bed has 2 materials 

together.  A precious metal oxidizing catalyst (usually platinum) and potassium carbonate.  The 

platinum oxidizes the NO into NO2.  The NO2 can then be adsorbed onto the potassium 

carbonate.  Once the potassium carbonate is saturated with NO2, it mst be regenerated with a high 

hydrogen gas.  The hydrogen react with the NO2 to form water and N2.  The oxidizing catalyst, in 

addition to oxidizing NO into NO2, also oxidizes CO into CO2.  The system can reduce both NOx 

and CO by up to 90%. 

 

 The regeneration is part of the operation cycle.  The catalyst is contained in separate 

chambers, usually 4 or groups of 4.  Each of these chambers or groups of chambers will be 

exposed to the exhaust stream for about 15 minutes.  At that time, the potassium carbonate 

becomes saturated with NOx.  That chamber or group of chambers is them isolated from the 

exhaust stream by air tight doors, and the high hydrogen regeneration gas is circulated through 

the chamber (s).  The regeneration usually takes about 5 minutes.  The first chamber or group is 

then opened to the ehaust stream, and the second chamber or group of chambers begins 

regeneration.  When the 4
th
 chamber or group has completed regeneration, the process is repeated. 

 The high hydrogen regeneration gas is manufactured at the unit from natural gas using a 

steam reformer or a natural gas fired reformer. 

 SCONOX has been demonstrated to reduce NOx to less than 2.5 ppmvd (15% O2).  To 

achieve these levels, the NOx in the engine exhaust cannot be to high, typically less than 25 ppm.  

It has been successfully applied to: 

• Gas Turbines 

• Boilers 

• Reciprocating Engines 

 

There are several limitations to the application of SCONOX.  These include: 

o The technology is so intolerant of sulfur that it’s impractical on oil fired sources.  A 

typical installation on natural gas will include a sulfur removal section before the NOx 

catalyst section.  The sulfur removal bed is regenerated at the same time and in the same 

way as the NOx section, with the liberated SO2 being returned to the exhaust.  There is no 

net change in the SO2 in the stack. 

o The temperature range for this technology is 450 to 700°F. 

o As discussed above, the exhaust NOx concentration must be low for the unit to achieve 

2.5 ppm. 
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SCONOX Summary 
Advantages: 

• Does not use reactant (e.g. ammonia or urea) 

• Effectivity does not tail off at low NOx levels 

• Demonstrated at less than 2.5 ppm NOx 

• Scalable to any size 

 

Disadvantages: 

• First cost is higher than SCR 

• Operating Cost is higher than SCR 

• Catalyst wash every 90 days 

• Distillate fuels still a problem 

• Can’t be used without heat recovery 

 

Operating Experience: 

• LM2500 gas turbine – 25 MW over 30,000 Hours  

– Confirmed by EPA and SCAQMD at less than 2.5 ppm on 1 hour rolling average 

basis 

– Now out of service, not due to SCONOX problems. 

• Taurus 60 – 5 MW over 20,000 Hours 

– Liquid fuel operating problems 

• 2 – Titans – 13 MW each over 5,000 Hours 

– Operating satisfactorily  

 

Raper-NOx 

 

 In the mid-eighties, the US DOE’s Sandia Labs in Livermore CA patented a new back-

end NOx control technology.  It was purported to not be catalytic.  The process consisted of 

passing the hot exhaust through crystals of cyanic acid, an inexpensive chemical commonly used 

to treat swimming pools.  In the hot exhaust, the cyanic acid crystals break down to form iso-

cyanic acid (C2H5NCO) which reacts with the NOx to form CO2, N2 and water. 

 

 The technology has had several owners over the last 20 years, but has never been offered 

commercially.  In this discussion the process would be classified as SNCR, but at one time, there 

was a question whether the stainless steel tubing used in the initial development was acting as a 

catalyst to bring about the reaction.  In that case, this technology would have been another form 

of SCR .   
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LoTOx (Ozone Injection) 

 

 In looking at this technology, it is interesting to note that NOx is now attainment in 

almost all areas of the country, so the primary reason for controlling NOx is that it is a precursor 

to ozone.  This technology starts by injecting ozone into the exhaust stream! 

 

 The principle is to further oxidize NO and NO2 into NO3 which is very soluble in water.  

The exhaust is then scrubbed to remove the NO3 and the remaining ozone.  Some other benefits 

are the oxidation of Carbon Monoxide hydrocarbons and organic toxics.  The scrubbing process 

also removed SO2 and particulate emissions.  When it was first introduced, the combustion group 

of the US EPA was very excited.  Here was a technology that removes all of the combustion 

pollutants at once. 

 

 The primary problem associated with the technology is the costs (both initial and 

operating costs) associated with the scrubbing operation.  The only other costs are the ozone 

generator and controls & monitoring.  But, in many applications, the scrubbing process is not cost 

effective when compared to other NOx control technologies. 

 

 The technology has found application in processes that require wet scrubbing for reasons 

other than NOx control.  In those cases, the incremental cost of adding LoTOx is often cost 

effective in those applications. 

 

 This process was developed by several suppliers, but is currently marketed under the 

LoTOx name by BOC, a supplier of industrial gasses including span gasses. 

 

Activated Carbon Absorption with Microwave Regeneration 

 

 Chang Y. Cha of the University of Wyoming has completed several demonstration 

projects using this technology.  It appears to be successful in reducing NOx form a diesel engine, 

but it has not been progressing toward commercialization. 

 

 It consists of alternating beds of activated carbon.  The exhaust flows through one while 

the other is regenerated with microwaves. 
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Summary of Significant Back End and Emerging 

Controls 

 

SNCR  Selective Non-Catalytic Reduction:  Inject ammonia or urea into a hot (1650°F) 

gas stream to react/destroy NOx.  Thermal DeNOx uses ammonia and is only 

feasible on new boilers.  NOxOut uses urea dissolved in water which is sprayed 

into the gas stream -- it’s been retrofitted on existing boilers.  50% to 70% 

effective.   

SCR Selective Catalytic Reduction: Same chemistry as SNCR, but at temperatures of 

550°F to 1050°F depending on catalyst.  Applicable to most combustion 

sources.  It can be over 90% effective depending on catalyst size & ammonia 

injection rate. 

NSCR  Non-Selective Catalytic Reduction:  A catalyst causes NOx and CO to react – 

destroying both species.  Reaction requires the absence of oxygen – hence 

precise combustion air control is required.   It’s the basis of automobile 

emission control.  

SCONOX  

(EMX
GT

) 

This technology absorbs NOx on coated panels that must be regenerated with 

hydrogen  every 15 minutes.  Applicable to low NOx sources  fired with natural 

gas.  Proven technology, but it’s expensive and it’s only been applied a few 

times. 

XONON  (NoNOx)  Catalytic combustion reduces NOx formation gas fired turbines.  It’s 

simple, has very low emissions, has been demonstrated on a few turbines, but is 

not widely adopted.  
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Review Exercises  

 

1.  What is SNCR? 

 

2.  SCR requires: (select all that apply) 

 a.  catalyst selected to match the gas temperature. 

 b.  ammonia reagent 

 c.  low oxygen content in the exhaust 

 d.  a system (usually CEM) to match the reagent flow to the NOx emissions. 

 e.  low sulfur fuel 

 

3.  Describe the relationship(s) between catalyst size and life expectancy, permitted NOx 

emissions and permitted ammonia slip. 

 

4.  Which statements regarding SNCR systems are true? 

 a.  Thermal DeNOx using ammonia can be retorfitted to many existing boilers. 

 b.  NOxOut sprays an aqueous solution of urea into the boiler. 

 c.  SNCR systems can achieve up to 90% NOx removal. 

 d.  SNCR works in relatively narrow temperature windows above 1500  F 

 

5.  Which statement is true regarding SCONOX (EMXGT) 

 a.  The panels absorb a fixed quantity of NOx before it saturates and needs to be recycled 

 b.  It requires a reagent to destroy the NOx 

 c.  It will work in the exhaust of an oil fired boiler or engine 

 d.  It controls SO2 emissions as well as NOx and CO. 

 

6.  What is NSCR? 
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Review Exercises – Answer Key 

 
1.  Selective Non Catalytic Reduction injects ammonia or urea into the gas stream to 

destroy NOx.  The applicable temperature windows are about 100  F wide above 1500  F, 

so the main application is in boilers. 

 

2.   a.  catalyst selected to match the gas temperature. 

 b.  ammonia reagent 

 d.  a system (usually CEM) to match the reagent flow to the NOx emissions. 
 

3.  Increasing catalyst size will increase NOx destruction efficiency.  Since catalyst 

effectiveness deteriorates with time, a system with extra capacity will last longer.  

Increasing ammonia flow will increase both effectiveness and ammonia slip – so there is 

a trade off between NOx and ammonia emissions.  The tighter the NOx and ammonia 

emissions, the larger the catalyst and the shorter its life.   

 

4.   b.  NOxOut sprays an aqueous solution of urea into the boiler. 

 d.  SNCR works in relatively narrow temperature windows above 1500  F 
 

5.   a.  The panels absorb a fixed quantity of NOx before they saturate and needs 

to be regenerated 
 

6.  Non-Selective Catalytic Reduction uses a catalyst to make CO and NOx mutually self 

destruct – CO steals oxygen from the NOx.  It only works if the exhaust oxygen level is 

essentially zero.  It’s very effective and is the basic concept for automobiles catalytic 

emission controls..  
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Chapter 9  

Emission Measurement, Monitoring & Reporting 
 

 

 

 

Editor’s Note: 

Chapter 9 –  Emissions Measurement and Reporting - is most of Chapter 13 from the 2000 

version of APTI 418 written by James A. Jahnke.  .Brian Doyle provided some of the final 

section on Emission Calculations 

 

Brian W. Doyle, PhD  
February 2013 
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OVERVIEW 

Continuous emission monitoring (CEM) provides real-time immediate indication 
of emissions.  As discussed in earlier chapters, NO and NO2 are formed 
simultaneously in combustion processes and other high temperature operations.  NO 
typically represents 90% to 95% of NOX for sources with emissions higher than about 
25 ppm.  NO is insoluble while NO2 is moderately soluble.  Moisture in the flue gas 
can be removed with only a slight loss of NOX because NO2 represents a minor portion 
of the total NOX in a sampled stream and well designed condensers minimize the 
contact between gas and liquid water.  The ability to remove moisture from the sample 
gas prior to measurement opens many CEM system configuration options. 

NOX is determined with an assortment of measurement techniques.  NO 
absorbs light in portions of the ultraviolet (UV), visible, and infrared (IR) spectra 
bands.  These absorbent bands allow for a variety of spectroscopy measurement 
techniques.  Another measurement technique is based on the principle of 
chemiluminescence resulting from NO and ozone interaction. 

Continuous monitoring techniques are also used for measuring ammonia.  
These systems are relatively similar to those for measuring NOX, except that some 
newer techniques have recently (2001) developed for ammonia.   

Typical CEM systems are comprised of analyzers, a data acquisition system, a 
sample acquisition and conditioning system, and calibration equipment.  They 
typically include a system for injecting calibration gases for daily calibration and 
quarterly audits. 

 



CEM REGULATORY PROGRAM 

Regulations and monitoring are interrelated.  Regulatory requirements dictate 
the types of CEM systems that are to be installed and the manner in which they are to 
be operated.  Alternatively, the advancement and development of monitoring 
technologies can result in regulations specifying the use of such technologies.   

CEM regulatory programs have three distinct phases.  The first is the 
implementation.  This includes the regulations that require certain source categories to 
install CEM systems.  The next phase is certification where the source must 
demonstrate that the CEM system operates in a concise and accurate manner.  EPA, 
the International Standards Organization (ISO) and the American Society for Testing 
Materials (ASTM) have standards for conducting such certifications.  Finally, after the 

CEM system is installed and certified, it must operate for long periods of time. The 
typical lifetime of a CEM system can be five to ten years, depending on the type of 
system and how well it is maintained.  If a quality assurance plan is implemented, the 
CEM system can provide data availability for 95% to 99% of the time. 

 

Implementing Rules 

The regulations or rules that require the installation and use of CEM systems 
can be either federal or state/local.  The first programs to be established were the 
Federal New Source Performance Standards (NSPS) that are codified in 40 CFR Part 
60.  However, state and local agencies can also require CEMs through their permit 
programs.    

Through the NSPS program, EPA requires permanently installed CEM systems 
for NOX monitoring at fossil fuel-fired steam generators, electric utilities, industrial 
and commercial steam generating units, municipal waste combustion, and nitric acid 
plants.  More recently, the acid rain program in 40 CFR Parts 75 and 76 has required 
that NOX be continuously monitored as part of the emissions trading program.   

State/local air agencies are mandated by various federal programs to require 
sources to install (or allow as an option to install) a CEM system.  Some examples 
include the Prevention of Significant Deterioration (PSD) and the Compliance 
Assurance Monitoring (CAM) programs.  Another state/local program that requires 
NOX monitoring is the RECLAIM program in California, which is similar to the Acid 
Rain Program, but on a regional level instead of a national level.    

Other discretionary programs such variances, orders and court-ordered 
agreements can require the installation of a CEM system. 
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MEASUREMENT TECHNIQUES  

NOX Measurement Techniques 

Many commercial CEM NOX analyzers, based on a variety of measurement 
techniques, are available.  Most are based on optical absorption governed by the 
equation: 

)cl(

o

e  
I

I
 Tr   Equation 9-1 

 Where: 

 Tr = transmittance of light through the flue gas 
 Io = intensity of the light entering the gas per unit time 
 I = intensity of the light leaving the flue gas per unit time 

 () = molecular absorption coefficient 
 c = pollutant concentration 
 l = path length of light 

Methods of NOX measurement are chemiluminescence, infrared spectroscopy, 
ultraviolet spectroscopy, and electrochemical cells. 

The common types of monitors presently used for nitrogen oxides determination 
with extractive systems use the following techniques: 

• Chemiluminescence (NOX) 

• NDIR spectroscopy (NO) 

• Gas filter correlation spectroscopy (NO) 

• Nondispersive ultraviolet spectroscopy (NOX) 

• Polarography (NOX)   

In-situ monitors use the following methods:  

• Gas filter correlation spectroscopy (NO) 

• Differential absorption spectroscopy (NO) 

  Using diffraction grating 

  Using diode array detectors 

• Diode array detectors (NO) 

• Polarography (NO). 



Two types of extractive systems are the most commonly used.  Extractive and 
in-situ CEM systems are discussed later in this chapter. 

 

Chemiluminescence 

Chemiluminescence analyzers are the most common type of NOX emission 
monitors presently applied to CEM systems.  The principle of chemiluminescence 
involves the reaction of NO and instrument-generated ozone as shown in Figure 9-1. 

 

Figure 9- 1.  Chemiluminescent mothodology 

 

Before analysis, sampled gas is directed through a thermal converter to reduce 
any NO2 to NO.  The gas sample is then blended with instrument-generated ozone in a 
reaction chamber where the NO is converted to electronically excited NO2 molecules, 
as shown in Reaction 9-1. 

2

*

23 ONOONO   Reaction 9-1 

The excited NO2 molecules quickly release their excess energy by emitting a 
photon as they drop to a lower energy level (Reaction 9-2).  The photons, or light 
emissions, are directly proportion to the NO concentration in the sampled gas.  The 
light emissions for a narrow wavelength corresponding to the reaction are monitored 
by a photomultiplier tube. 

hvNONO 22   Reaction 9-2 

Ammonia can also be measured with this technique by first converting the 
ammonia to NO in a converter and then measuring the NO in the analyzer. 
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Spectroscopic Techniques 

 Since NOX absorbs both IR and UV light, spectroscopic techniques can use 
either region of the spectrum.  These techniques include:  differential absorption 
spectroscopy; gas filter correlation spectroscopy; Fourier transform infrared (FTIR) 
spectroscopy; and second derivative spectroscopy. Of these four methods, all but FTIR 
spectroscopy can be used in either extractive or in-situ systems. FTIR spectroscopy 
can only be used in extractive systems.   

  

Differential Optical Absorption Techniques 

 The basic technique of differential optical absorption includes a radiation 
source emitting light that is transmitted through the sample and then measured by a 

detector.  A detector measures the wavelength of light in the absorption band of the 
pollutant gas (i.e., NOX) and a wavelength not absorbed by the pollutant gas.  The 
Beer-Lambert Law states that the difference of the energy of the wavelengths is related 
to the gas concentration. The differential optical absorption technique is employed for 
extraction and in-situ systems.   

 The following section describes several specific differential optical absorption 
designs that are commercially available.  

Optical Filters - Two optical filters are mounted near the light source.  One 

filters light except for a wavelength, 0, not absorbed by NOX molecules.  The 

second filter allows only light of a wavelength specific to NOX, 1, to pass into 
the gas cell.  A detector measures both wavelengths of light after they pass 
through the gas cell (Figure 9-2). 

 

Figure 9- 2.  Differential optical absorption using optical filters 



Moving Slit - All of the light from a source passes through the gas sample 
and is reflected to a rotary disk containing two slits.  One slit allows light of 

a wavelength not specific to the pollutant gas, 0, to reach the detector.  The 

other slit allows light specific to the pollutant, 1, to reach the detector.  As 

the disk rotates, the detector measures the alternating 0 and 1 signals 
(Figure 9-3). 

 

Figure 9- 3. Differential optical absorption using a moving slit  
 

Diode Array Detector - A diode array detector, shown in Figure 9-4, is a 
common design for in-situ systems.  All of the light from a source passes 

through the gas sample.  The light wavelengths 0 and 1 are separated by a 
diffraction grating, and a diode array detector measures the amount of 
energy for the two. wavelengths. 

 

Figure 9- 4. Differential optical absorption using a diode array detector  
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Diode Laser - A diode laser, shown in Figure 9-5, is a recent design.  The 

light source is a diode laser that emits light of wavelengths 0 and 1.  The 
light passes through the gas sample and is measured by a detector. 
 

 

Figure 9- 5. Differential optical absorption using a diode laser 

Gas Filter Correlation (GFC) - GFC is applied not only to NO measurement, 
but also to measurement of CO2, CO, NH3, H2O, HCl, SO2 and hydrocarbons.  
GFC is applied to both extractive and in-situ monitors.  A GFC design is 
shown in Figure 9-6. 

 

Figure 9- 6. Gas filter correlation design 

 GFC differs from other NDIR spectroscopy in that all of the reference signal 
energy is absorbed for the target gas compound.  The infrared light emitted from a 
source passes through a rotating filter wheel.  Half of the filter contains a neutral gas 
that allows the light of interest to pass through.  The other half of the filter contains 
the target gas, which absorbs nearly all of the light at the wavelength specific to the 
target pollutant.  After exiting the filter wheel, the light passes through a modulator to 



create an alternating signal.  The alternating signal then enters the sample cell where 
it reflects through a series of mirrors to increase the path length and improve the 
sensitivity of the instrument.  The difference of the alternated light signals is measured 
to provide the gas concentration. 

 

Polarographic Techniques 

 Polarographic instruments (electrochemical transducers) utilize a transducer to 
measure the voltage drop produced from a chemical reaction involving the target 
pollutant. A chemical reaction current takes place in an electrochemical cell where a 
selective semi-permeable membrane causes the pollutant to diffuse to an electrolytic 
solution. The change in current is then measured as the oxidation or reduction 
reaction takes place. 

 

Ammonia Measurement Techniques 

 Ammonia monitoring methods include: chemiluminescence, IR spectroscopy, 
UV spectroscopy, electrochemical methods, and ion-mobility spectroscopy.  One of the 
chief difficulties for extractive systems that monitor ammonia is the loss of ammonia 
in the sample lines.  Ammonia is extremely soluble in any condensed water. 

 

CEM SYSTEMS 

 CEM systems are categorized in terms of the specific components and sampling 
techniques.  Types of CEM methods include extractive, in-situ, parametric, and remote 
sensing.  Source operating parameter monitoring is sometimes used as an alternative 
to an instrument-based monitoring system.  Extractive systems are most commonly 
employed.  Extractive systems remove a portion of the flue gas from the stack or duct 
for measurement of emissions.   

 An extractive CEM system consists of a sampling interface system, gas 
analyzer(s), and data acquisition/controller system.  The sample interface system 
comprises all components that transport and condition the sampled gas.   

 One problem with extractive systems is the potential for gas loss in the system 
components.  An option for minimizing the potential for these gas losses is the in-situ 
monitoring method.  In-situ monitoring eliminates the need for sampling interface 
equipment, because they measure emissions without removing or modifying the flue 
gas.  Measurement is made with a light source or electrochemical system (discussed in 

Section 9.2). 

 Remote sensing and parameter monitoring can eliminate the need for installed 
CEM systems. In parametric monitoring a parameter such as temperature, pressure 
drop, or fuel flow is correlated with emissions data based on a source test.  The 
emissions data is correlated with the parametric values, using models such as a least 
squares model.  This allows a program to be developed that can predict emissions 
based on the correlation and monitoring of the parametric values.   Each system has 
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unique advantages and disadvantages. The most appropriate CEM system is 
dependent on the site-specific application and regulatory requirements. 

 

Overview of Systems 

Extractive Systems 

 The sample interface system can either introduce gas to the analyzer(s) in flue 
gas concentrations (source level systems) or in a diluted form (dilution systems).  The 
source level system can be either wet or dry.  Depending on the specific requirements 
of the gas analyzer, the sample gas is introduced as either wet or dry.  Water is 
removed from the gas sample to provide a dry sample, and removed to a lesser extent 
in a wet sample.   

 The concentration levels of the flue gas must be within the range of the gas 
analyzer for source level systems.  Stack gas constituents, such as particulate matter 
or water vapor, will cause sampling or measurement problems if not removed. Water 
interferes with readings for certain measurement techniques and must be removed 
upstream of the analyzer. 

 Particulate matter can lead to solids buildup and plug sampling interface 
components or the analyzer itself.  All extractive CEM systems remove particulate 
matter prior to measurement.  If water vapor is allowed to condense on the particulate 
matter prior to filtering, an agglomerated material may form.  Particulate matter is 
often removed in the sampling probe to prevent water condensation.  Filtering is 
usually accomplished with a sintered stainless steel or ceramic filter.  Filters located 
in the stack or duct are typically shielded from the direct flow of the flue gas stream, 
which prevents coarse or super coarse particulate matter from contacting the filter. 

 In the dilution system, the flue gas is typically diluted to a ratio 100:1 to 300:1.  
The sample can then be analyzed in an ambient air analyzer that is sensitive in the 
parts-per-billion (ppb) range.  Dilution systems can be either in-stack or out-of-stack.  

 

In-Situ Systems 

 In-situ systems are either path-type systems or point-type systems.  In path-
type systems, a beam of light is transmitted across the stack to a detector.  These 
systems can be either single-pass or double-pass.  In a single pass system the light is 
beamed across the stack to the detector.  In a double pass system the light is beamed 
to a reflector that sends the beam back across the stack to the transceiver.  

 In point-type systems, the measurement is made within the stack over an area 
of about five to twelve or more inches.  The measurement can be made using a light, 
electrochemical, or electrocatalytical sensor.  The advantage of the point monitoring 
system is that calibration gases are readily available for daily span, zero checks, and 
quarterly cylinder gas audits.  

 



Parametric Systems 

 There are two types of parametric monitoring methods: using parameter 
surrogates or predictive methods.  Parameter surrogate systems do not use a 
lb/MMBtu or lb/hr emission limit to determine compliance, but rather a parameter 
(such as pressure drop across the scrubber bed) that is indicative of compliance with 
the emission limit.  Predictive monitoring involves the use of a range of parameters 
that are input into a model to predict emissions.  This approach can use either theory-
based models or empirical models.  

 

 

Extractive CEM Systems 

Cool-Dry Systems 

 Cool-dry systems are the most typical extractive systems.   

 For a source-level cool-dry extractive CEM system, the water vapor and 
particulate matter are removed prior to measurement, and readings are taken on a dry 
basis.  Although the configuration differs slightly from system to system, the sampling 
interface generally consists of a probe, filter, conditioning system, and pump. 

 Figure 9-7 shows an example of a cool-dry extractive system with the 
conditioning system located near the analyzer.  This configuration requires a heated 
sample line, which allows for greater accessibility to the conditioning system.  A pump 
is used to continuously extract flue gas from the stack at a constant flow rate by.  The 
flue gas enters a probe situated at an appropriate location inside the stack, passes 
through a filter, and remains heated until it reaches the conditioning system.  The 
conditioning system, consisting of either a condensation device or permeation tubes, 
removes the moisture and reduces the temperature of the sample prior to analysis.  It 
is critical to extract the water, because many analyzers have been designed for dry 
gases and because, as previously discussed, water can be an interferent.  
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Figure 9- 7. Cool-dry extractive system with conditioner 

 The condenser can be a mechanical refrigerator, an electric refrigerator, or a 
thermoelectric cooler.  Either of these devices keeps the temperature of the gas below 
the dew point and above the freezing point of water.  As liquid collects in the 
condenser, it must be manually or, preferably, automatically drained.  Water contact 
with the sample gas should always be kept at a minimum to reduce NO2 loss. 

 Permeation tubes contain an ion exchange membrane to remove condensed 
liquid from the gas.  Permeation tubes prevent gas-liquid contact; however, they may 
be susceptible to plugging.  It is beneficial to locate the conditioning system upstream 
of the sampling pump.  This will prevent water or acid gas condensation in the pump 
and lengthen its operating life. 

 The cool, dry, particulate-free sample is transported to the gas analyzer(s) for 
measurement.  The analyzer conveys analog or digital output signals to a DAS.  Gas 
cylinders with known gas concentrations are often used during calibration to prove the 
CEM system is devoid of leaks and the DAS is recording accurate values. 

 

 Calibrations for almost all NOX monitoring require the use of EPA Protocol 1 
gases.  These gases are certified the strict procedures outlined in the EPA document 
entitled Traceability Protocol for Establishing True Concentrations of Gases Used for 
Calibrations and Audits of Continuous Source Emission Monitors: Protocol 1.  EPA 
Protocol gases are within 1% of National Institute of Standards and Technology (NIST) 
Standard Reference Materials (SRMs).  

 NO and N2 blends of gases are required for calibrations.  Degradation of blended 
NOX EPA Protocol 1 gases will occur over time.  The certification period for NO/N2 

blends in aluminum cylinders is 18 months ( 10 ppm) from the last analysis. 
Therefore, special attention should be given to the expiration date of calibration gases. 



 Because NO is a mildly corrosive gas, all metal components in contact with it 
must be corrosion resistant.  Regulators should be of stainless steel material to 
minimize air diffusion and adsorption, desorption, and off-gassing. 

 

 RM testing is typically performed using a cold-dry extractive system.  Infrared-
based analyzers measure on a dry basis because water vapor absorbs light throughout 
most of the infrared spectrum.  These systems are simple in their design. Maintenance 
of the system consists of maintaining the heated sample lines and the plumbing to 
avoid leaks and corrosion problems.   

 Figure 9-8 shows another type of extractive system where the sampled gas is 
conditioned immediately upon exiting the stack or duct, making a heated line 
unnecessary. The conditioning system for this kind of arrangement is often less 
accessible for inspection and repairs.  This type of system is not typically installed in 

the field, but more likely to be used by a source testing company.  

 

 

Figure 9- 8. Cool-dry extractive system without conditioner 

 

Hot-Wet Systems 

 Hot-wet extraction systems send the sample gas to the analyzer(s) without 
removal of water vapor (Figure 9-9).  All components of the sample acquisition system 

that contact the sample must be sufficiently heated (248F  25F) to prevent 
condensation of water or acid gases.  The heated components require routine 
inspection and maintenance.  Components of hot-wet systems may have to be 
replaced periodically because heated components tend to degrade faster than 
unheated components. 
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Figure 9- 9. Hot-wet extractive system 

 Ammonia is an example of a gas that must be measured in a hot-wet manner.  
Ammonia will be absorbed in condensed water if the sample temperature is lowered to 
remove the water vapor. 

 

Dilution Systems 

 The main disadvantage of source-level systems is the continual conditioning of 
a large volume of stack gas required.  However, dilution systems require much less 
conditioning by sampling flue gas at a low flow rate.  Flue gas is diluted either inside 
or outside the stack or duct.  Dilution systems send either wet or dry gas containing 
low pollutant concentrations to the analyzer(s).  However, it is often not necessary to 
remove water vapor because of the high dilution ratios.  The analyzers generally used 
for these concentration levels are ambient air monitors, which are designed for lower 
concentrations. 

 

In-Stack Dilution – This system consists of a dilution probe situated inside the stack.  
Clean, dry air is sent to the probe at a specific rate and a critical orifice usually 
controls the source-level sample gas.  The use of the critical orifice with clean, dry air 
brings the temperature of the sample below the dew point so that it can be measured 
on a dry basis in the analyzer.  Dew points of –40oF are typical.  Dilution ratios are 
selected to accommodate the temperature.  Dilution ratios of 50:1 to 300:1 are 
generally achieved.1  A dilution probe is shown in Figure 9-10.  



 

Figure 9- 10. In-stack dilution probe1 

 One advantage of this system is that there is no need to remove the water from 
the sample prior to analyzing the gas.  As a result, this system could be used with an 
ammonia analyzer that is sensitive enough to use with a dilution system.  On the 
other hand, the in-stack dilution system does not work well with stack gas containing 
wet, sticky particulate matter or entrained water droplets that can plug the glass frit 
or orifice.  Out-of-stack dilution systems can provide a more accessible system for 
servicing. 

 

Out-of-Stack Dilution – This system dilutes the sampled gas outside the stack or 
duct.  Flue gas is diluted with a dilution orifice near the sampling location, at the CEM 
shelter, or at a location in between.  A heated sample line may be used from the 
sampling location to the dilution assembly depending on the proximity of the dilution 
system to the sample probe.  The dilution assembly should be located at an easily 
assessable location and it can be heated with a jacket to minimize condensation 
problems.  Condensed acid gases such as sulfuric acid may corrode components of the 
dilution assembly.  Water condensation can absorb soluble gases and create flow 
problems.  Out-of-stack systems have an advantage over in-stack systems, because a 
slipstream can be drawn from the heated sample line for oxygen determination.  After 
dilution, the oxygen levels are too close to ambient levels to allow accurate readings.   

 The disadvantages of the out-of-stack dilution system include the added 

expense, maintenance, and inspection required for the heated components of the 
sample interface system.  In addition, the response time for out-of-stack dilutions 
systems is slow because of the low flow rate of the sample through the sample line.  
However, the conditioning of only a small gas flow is attractive to many facilities. 
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Close-Coupled System 

 The close-coupled system is an extractive CEM design in which the gas analyzer 
is installed at the gas sampling location.  They consist of a sample probe with a pump 
to transport the sample to the analyzer.  A close-coupled CEM system eliminates the 
sampling line from the sampling interface for extractive source-level systems.  The 
removal of the sample line minimizes problems caused by reactive, condensing, or 
adsorbing gases.  A disadvantage of the close-coupled system is the location of the 
analyzer. The analyzer can be more susceptible to environmental factors and is less 
accessible for inspection or repair. 

 

In-Situ CEM Systems 

 In-situ CEM systems measure flue gas components in the stack without 
altering or removing flue gas.  Path or point in-situ sampling systems measure the flue 
gas either by using a light source or by an electrochemical technique.  

 

Point Systems 

 Point systems consist of a transceiver and probe.  The transceiver sends light to 
a retroreflector in the probe that reflects the light back to the detector.  Point systems 
measure the flue gas at a point or a path that is short, relative to the stack diameter 
(path lengths can reach 1-11/2 feet in length depending on the type of instrument).  
Common point systems techniques for NOX analysis include differential absorption, 
gas filter correlation infrared, second derivative ultraviolet spectrometers, and 
electrochemical.  An example of an infrared in-situ point monitor is shown in Fig 9-11. 

 

Figure 9- 11. Procal UV 
differential absorption 
point in-situ monitor 

Point systems can 
use calibration gas 
to calibrate the 
instrument by 
flushing flue gas out 
of the sensing 

chamber at the end 
of the sample probe. 

Point systems are 
easier to calibrate 
than path systems 
because the 

sampling area can be flooded with calibration gas.  There are no pumps or gas 
conditioning system associated with these types of systems. 



 Point systems are susceptible to environmental factors.  Problems associated 
with environmental factors include (1) misalignment of components, (2) loosening of 
circuit boards and other electrical equipment, (3) cracking of components, and (4) 
corrosion of components.  Heavy particulate matter loading or water droplets may clog 
the sintered or ceramic filter protecting the sample probe.  Fine particulate matter may 
penetrate the filter. 

 

 If the flue gas is stratified within the stack or duct point, in-situ monitoring will 
not provide an accurate representation of the entire flue gas stream.  In-situ 
monitoring systems generally require less inspection and maintenance relative to 
extractive CEM systems. However unlike in-situ systems, analyzers and components 
of the extractive system can be located in a more accessible, controlled, and protective 
environment. 

 

Path Systems 

 Path in-situ systems use optical instruments to measure the analyte across the 
approximate equivalent diameter of the stack or duct.  A light source sends light 
across the path length, and a detector measures the light after it has passed though 
the flue gas.  Path in-situ monitoring can be accomplished with one or two passes of 
the light across the flue gas. 

 The principal measurement techniques for path in-situ CEM systems are 
differential absorption spectroscopy, second derivative spectroscopy, and gas filter 
correlation spectroscopy.    

 The transmitter and the detector are located on opposite sides of the flue gas 
stream in single-pass systems.  A double-pass system uses a retroreflector to transmit 
the light across the stack or duct a second time.  Single-pass and double-pass in-situ 
monitors are shown in Figure 9-12 and Figure 9-13, respectively.  

 

Figure 9-12. Single-pass in situ system 
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Figure 9-13. Double-pass in situ system 

 

 Path systems are advantageous for 
stratified sources because they sample 
across the entire stack or duct.  In 
addition, problems associated with 
sample acquisition equipment are 
eliminated with path systems. 

 In-situ path CEM systems must be 
able to withstand environmental factors 
(e.g., weather, vibration, and 
temperature).  The alignment of the 
optical components can be altered and 

must be checked periodically.  High opacity in the flue gas caused by particulate 
matter or water droplets can result in low transmittance of light to the detector.   

 There are various methods for calibrating these systems, including checking the 
calibration without the use of calibration gases.  Calibrations or audits with 
calibration gas are difficult for single-pass path systems. 

 

Remote Sensing CEM Systems 

 Remote sensing is performed by projecting light through the plume or sensing 
light radiation of flue gas molecules.  Remote sensing CEM systems eliminate the 
sample interface equipment required by extractive monitoring.  Aside from opacity 
monitoring, commercialization of remote sensing has been limited.   

 

Parametric Emission Monitoring 

 Parameter monitoring uses indirect inputs to predict flue gas emissions, and 
can indicate the possibility that a facility is out of compliance with EPA regulatory 
requirements.   

 

 Parameter inputs are used as parameter surrogates, or they can be integrated 
into predictive emission monitoring systems (PEMS).  These inputs include 

temperature readings, pressure readings and fuel input data.  The Compliance 
Assurance Monitoring (CAM) program promotes the use of parametric monitoring.   

 

Parameter Surrogates 

 Parameter surrogates are monitored to observe the performance of air pollution 
control devices.  A variation from the operating baseline values often indicates an 
increase in emissions.  Operating permits may stipulate limits on control equipment 



during operation if emissions are not measured directly.  Some of the surrogate 
indicators for SCR and SNCR systems are provided in the following sections.  

  

SCR and SNCR Reagent Feed Rates and Injection Conditions - The feed rates of 
anhydrous ammonia (gas), aqueous ammonia (liquid), and urea (liquid) are monitored 
by conventional liquid or gas flow rate monitors.  The feed rate should be recorded and 
compared with the design values for the operating rate of the combustion system.  Low 
values indicate that the stoichiometric ratio between the reducing agent (e.g., 
ammonia) and the NOX is too low; therefore, the NOX concentrations in the stack could 
be high.  High values indicate that excessive quantities of the reducing agent are being 
added, and there may be excessive “slip” emissions. 

 Proper distribution of the reducing agent (e.g., aqueous ammonia) is very 
important.  This is partially dependent on the pressures in the supply headers feeding 

the nozzles.  It is also dependent on the flow rates of the carrier streams such as 
preheated air for anhydrous ammonia and water for aqueous ammonia.  These data 
should also be monitored and recorded to help operators routinely evaluate the 
performance of the NOX control system. 

 

 Gas Temperatures - Both the SCR and SNCR systems have limited gas temperature 
operating ranges.  In SCR systems, the gas temperatures at the inlet to the catalyst 
bed should be monitored.  This data can be compared against the required 
temperature range for the type of catalyst being used.  Low gas temperatures indicate 
the potential for incomplete NOX reduction in the catalyst and the formation of 
corrosive ammonium bisulfate.  High gas temperatures indicate the potential for 
damage to the catalyst.   

 In SNCR systems, the gas temperature at the point of reagent injection should 

be monitored to be in the range of 1600F to 1900F (870C to 1040C).  Low gas 
temperatures at the injection point indicate the potential for high ammonia slip 
emissions.  At high gas temperatures, the conversion of NOX ceases, and the reducing 
agent can be oxidized to form additional NOX.  Accordingly, at high gas temperatures, 
the emissions of NOX can be higher than the concentrations that would exist without 
reagent injection. 

 

Gas Static Pressure Drop - After correcting these data for changes in the gas flow 
rate, monitoring static pressure drop provides an indication of the physical condition 
of the catalyst bed.  Static pressures above the normal range may indicate buildup of 
particulate matter within the catalyst bed. 
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Predictive Emission Monitoring Methods  

 PEMS are theory-based or empirical models that correlate the parameter inputs 
to emissions.  Unlike parameter surrogates, PEMS estimate a quantitative 
measurement of the flue gas emissions.  A number of inputs are necessary for PEMS 
determination.  The advantages of parameter monitoring include low initial and 
operating costs, low maintenance and inspection, and reduced calibration procedures. 

 PEMS only provide an indirect estimate of the source emissions; therefore, 
additional testing may be required during periods of possible noncompliance and to 
correlate parameter surrogates to flue gas emissions.  If data applied to PEMS is not 
taken over an extended time period, fluctuations and other variability may bias 
results.  Processes and gas streams differ even between similar facilities; data 
applicable to one facility may not be applicable to another.   

 

Potential Problems with Parameter Monitoring  

 Applicability is one type of problem that can exist with parameter monitoring 
systems.  For example, a PEMS that is based on short-term data may not be 
applicable to the same process on a long-term basis.  Changes in the configuration or 
operation of the plant can necessitate the revision to the PEM to ensure that it still 
correlates.   

 Another potential problem with parametric monitoring is the validity or strength 
of the correlation.  If a model is developed for a facility, but does not take into account 
all possible operations at the facility, there can be problems with the correlation. For 
example, if the correlation failed to account for the opening and closing of an air 
damper, then the correlation may not be valid when the air damper is moved from the 
position that it was in when the correlation was developed.       

 Reliability of the parameter monitoring system  to ensure reliable and 

accurate data over time  is another potential problem.  Reliability checks of 
extractive systems usually consists of periodic calibration gas checks.  Techniques for 
evaluating reliability of parameter monitoring systems are discussed in the next 
section. 



 

OXYGEN CONCENTRATION MONITORS  

Monitoring Oxygen Concentrations 

 Most combustion systems limit oxygen concentrations in order to avoid 
localized high concentrations in the peak temperature zones where thermal NOX can 
form.  However, air infiltration into the combustion system can increase to substantial 
levels due, in part, to the frequent thermal expansion and contraction of the 
combustion system during start-up, shut down, and operating rate changes.  The 
oxygen entering with the infiltrating air can increase the thermal NOX formation rates.  

Improperly adjusted burners can have oxygen levels above the intended levels causing 
high NOX formation rates because of the availability of the oxygen in the peak 
temperature zones. 

 

 Oxygen concentrations should be monitored so that the operator can determine 
if factors such as air infiltration or burner operational problems could be increasing 
NOX formation rates.  In reviewing these data, it is important to note that the normal 
oxygen concentrations are a function of the combustion system operating rate.  
Oxygen concentrations are at a minimum at full load and increase slightly as the load 
is decreased due to the need for higher excess air rates at low load.  Accordingly, the 
present oxygen concentration data should be compared against baseline data for the 
combustion system-operating rate (load) at the time that the oxygen data is obtained. 

 

 In reviewing the oxygen concentration data, it is also important to note that the 
oxygen concentrations are often not spatially uniform at the measurement location.  
Problems caused by air infiltration or burner adjustment can create stratified gas 
streams with substantial differences in oxygen concentrations.  Oxygen monitors 
sampling gas at only one or two locations in the duct or breeching might not 
accurately characterize the variations in the oxygen concentration across the gas 
stream.  Accordingly, to the extent possible, the entire breeching or duct should be 
sampled with an oxygen monitor. 

 

Measurement Techniques 

 Common oxygen analyzers for extractive systems include polarographic, 
electrocatalytic, magnetodynamic, magnetopneumatic, and thermomagnetic analyzers.  

 

Electrocatalytic Technique  Electrocatalytic analyzers are commonly called fuel cell 
analyzers despite the fact that fuel cells are no longer used for detection. Instead 
electrolytic concentration cells containing a special ceramic material are used for O2 
measurement. The ceramic material, consisting of zirconium oxide coated by a thin 
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layer of platinum, is heated to 850C inside a small chamber. Reference gas having an 
ambient level O2 concentration is introduced to one side of the ceramic material, while 
the sample gas passes through the opposite side of the chamber. Mass transfer 
creates a flow of the O2 molecules across the ceramic media. As the O2 molecules pass 
through the platinum they are catalyzed to O2- ions. Because new sample is always 
being passed through the chamber, equilibrium is never established. An electrode on 
the sample side of the chamber measures the electromotive force created by the flow of 
electrons.  Electromotive force can be related to the concentration of oxygen in the 
sample as shown in Equation 9-2. 

)(OP

)(OP
ln  

4F

RT
  emf

2sample

2ref  Equation 9-2 

Where: 

 emf  = electromotive force 
 R  = Ideal Gas law Constant 
 T  = temperature of chamber 
 Pref(O2)  = partial pressure of O2 in reference side of chamber 
 Psample(O2) = partial pressure of O2 in sample side of chamber 
 F  = Faraday’s constant 

 Oxygen is one of the few gases that are paramagnetic (attracted to a magnetic 
field). Magnetodynamic, magnetopneumatic, and thermomagnetic analyzers are three 
common measurement devices that take advantage of the unique paramagnetic 
characteristic of O2. NO and NO2 are the only other paramagnetic gases encountered 
in CEM testing that, at very high concentrations, may create interference. 

Magnetodynamic Technique  The magnetodynamic technique measures the 
deflection of a dumbbell- shaped device set in a non-uniform magnetic field. The 
dumbbell-shaped device consists of two diamagnetic glass spheres connected by a rod. 
As sample gas containing oxygen passes over the glass dumbbell in the magnetic field, 
the spheres are deflected. The degree of deflection is measured and related to the 
concentration of oxygen passing through the detector. 

Magnetopneumatic Technique  In a magnetopneumatic analyzer, the sample gas is 
passed through an uneven magnetic field and the oxygen is drawn to the stronger side 
of the field. The resulting pressure differential is measured and related to the oxygen 
concentration. 

Thermomagnetic Technique  Thermomagnetic instruments relate the paramagnetic 
force of O2 to a change in temperature. Sample passes by one end of a magnetized 
perpendicular tube. The oxygen is attracted to the magnetic field and passes through 
the perpendicular tube. As sample flows through the perpendicular tube, the 
temperature decreases. The amount of temperature change is monitored by a change 
in resistance and is related to the oxygen concentration. 



EMISSIONS CALCULATIONS  

Wet and Dry Basis 

 As illustrated in Problem 9-1, it is necessary to report concentration values as 
ppmvd (dry-basis) or ppmv (wet-basis).  If the difference is not specified, substantial 
errors in emission calculations can occur.  Equation 9-3 is used to convert from a wet 
basis to a dry basis, and visa versa. 

)B-(1

c
  c

ws

wet
dry   Equation 9-3 

Where: 
 cwet = concentration on a wet basis (ppmw) 
 cdry = concentration on a dry basis (ppmd) 
 Bws = fraction of moisture in flue gas, %H2O/100 

 All reported emissions involve two or more measurements.  The measurements 
used to calculate emissions must be either all wet or all dry.  For example, stack flow 
measurement is wet and it cannot be combined with concentration (ppm) data from a 
dry CEM system.  You must either determine the dry stack flow or the wet 
concentration data to use them when reporting emissions such as lb/hr. 

Dilution Correction 

 NOX concentration readings will be reduced as a result of any in-leakage of air 
throughout the process or by increased excess air levels.  NOX concentration 
standards generally require concentration readings to be corrected using oxygen, 
carbon dioxide, or excess air in order to report emissions at a known (specified) 
dilution level.  Examples of correction calculations are provided in Equations 9-4, 9-5, 
and 9-6. 
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Where: 

 
2O%7@C   = concentration corrected to 7% oxygen 

 
2CO%12@C  = concentration corrected to 12% carbon dioxide 

 EA%50@C  = concentration corrected to 50% excess air 

 C  = concentration of pollutant in flue gas 

 %O2 = percentage of oxygen in flue gas 

 %CO2 = percentage of carbon dioxide in flue gas 

 %EA = percentage of excess air in flue gas 

 Some typical dilution levels, specified in the regulations for each type of source, 
are: 3% O2 for boilers, 15% O2 for combustion turbines, 7% O2 for waste to energy 
combustors and incinerators. 

Concentration Based Emission Rates 

 One of the most common and most useful emission reporting units is pounds 
per million Btu (lb/MMBtu).  One reason for the prevalence of this dimension is that it 
is not necessary to measure the firing rate of the source to determine the emissions.  
All the necessary data can be acquired at the stack sampling location without relying 
on facility data.  Lb/MMBtu and ppm corrected are closely related units and each can 
be calculated from the other if the dry F-factor (Fd) is known.  So lb/MMBtu and 
corrected ppm are very nearly interchangeable ways of regulating and reporting 
emissions. 

 The formula for calculating lb/MMBtu from raw data is: 

 

 

Equation 9-7 

 

 where: E emission species (NOx, SO2, etc) 

   ppmdv measured parts per million dry volume 

   MwE  molecular weight of species E 

   O2d  dry measured oxygen concentration in % 

   46  the molecular weight of NO2 

   386  the number of cubic feet per pound mole 

   Fd  the dry F-factor (see Table 9-2) 

 

 The same formula when the raw data is measured wet is: 
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   Equation 9-8 

 

Note that all the data and the F=factor must be either wet or dry - you must not mix 
wet and dry data. 

 

 Another way to compute lb/MMBtu emissions is to use a carbon balance (Fc) 
and measured CO2 concentration.  The formula is  
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  Equation 9-9 

 

In this case the measurements can be made either wet or dry , but both the pollutant 
E and the CO2 must be measured the same way - don’t mix wet and dry data. 

 

 The F-factor is the volume of combustion gas generated when one million Btu of 
fuel is burned with zero excess air.  It can be determined from an ultimate analysis of 
the fuel – no other data is required.  Default F-factors for a variety of fuels are 
provided in Table 9-2.  The dry F-factor (Fd) is the dry gas volume, the wet F-factor (Fw) 
is the total combustion gas volume, and the carbon F-factor (Fc) is the volume of 
carbon dioxide.  All volumes are in standard cubic fee. 

Table 9-2 
F-Factors for Various Fuels 

 
Fuel 

Fd 
(dscf/MMBtu) 

Fw 
(wscf/MMBtu) 

Fc 
(scf/MMBtu) 

Anthracite Coal 10,100 10,540 1,970 

Bituminous 
Coal 

 
9,780 

 
10,640 

 
1,800 

Crude Oil 9,190 10,320 1,420 

Natural Gas 8,710 10,610 1,040 

Propane 8,710 10,200 1,190 

Wood 9,240 -- 1,830 

 Source:  40 CFR 60 Appendix A, Method 19 

 Note that neither the stack gas flow rate nor source firing rate (MMBtu/hr) are 
needed to determine emissions in lb/mmBtu, despite the presence of MMBtu in the 
result.  Note also the presence of dilution correction terms in all the equations – the 
pollutant concentration is corrected to 0% O2, the dilution level at which  the F-factor 
is derived.  These equations show that lb/mmBtu and ppmcorr are equivalent ways of 
expressing the emissions rate.  Either one can be calculated from the other.  
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Emissions in lb/mmBtu can be determined using a basic CEM system that only needs 
to measure the pollutant (NOx in this case) and either O2 or CO2.  

Mass Emission Rates 

 Many sources, such as those covered by Part 75, must report emissions as a 
mass emission rate.  Mass emission rates are expressed in terms of the mass of the 
pollutant per unit time, which in some cases is the relevant indicator of the amount of 
emissions released into the atmosphere.  There are two approaches to determining 
mass emission rate: (1) stack flow x concentration, and (2) heat input x emission rate 
(lb/mmBtu).  Method 1, we’ll call in the stack flow method, can be used on any 
combustion source and does not rely on any data from the facility.  All the data is 
reassured at the stack.  Method 2, we’ll call the heat input method, uses simpler 
measurements, but it relies on facility instrumentation for heat input.  In practice this 
means that Method 2 may be preferred on sources fired with natural gas or oil, while 
sources fired with solid fuel or mixed fuels may be limited to using Method 1. 

 

Method 1 – Stack Flow 

 Mass emission rate is the product of the stack mass flow rate and the mass 
concentration.  Stack measurements of flow velocity, temperature and pressure must 
be converted to mass flow rate (lb/hr).  Concentration measurements are volume 
based (ppm, %, etc.) and need to be converted to a mass basis (lb NOx per lb flue gas)  
Furthermore, either the exhaust moisture content is needed to determine the dry 
stack flow rate using Eqn 9-3, OR, the NOx concentration must be measured wet.   
Equation 9-7 incorporates the necessary constants to calculate the emissions rate 
from stack measurements.  NOx mass emission rates are based on the molecular 
weight of NO2, because NOX quickly converts to NO2 in the atmosphere. 
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  Equation 9-10 

Where: 
 Qdscfh = flow rate of flue gas at standard conditions (dscf/hr) 

 cdry = dry measured concentration (ppm) 

 The dry standard flow rate of the flue gas can be calculated as shown in 
Equation 9-11. 
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Where measured parameters are: 
 As = cross-sectional area of stack or duct (ft3) 
 vs = flue gas velocity (ft/sec) 



 TS = stack gas temperature (R) 
 PS = absolute stack gas pressure (in Hg) 

There are two technical challenges with this approach.  First, the average axial velocity 
in the stack is difficult to measure accurately.  Second, since stack velocity is a wet 
measurement, the NOx concentration must either be measured wet or, the gas 
moisture must be measured to allow calculation of the dry (moisture free) stack flow 
rate. 

 

Method 2 – Heat Input 

 When the fuel has consistent properties and accurate measurements are 
available, then it’s usually easier (and cheaper) to operate a CEM for NOx and O2 (or 

CO2) than it is to measure stack flow in addition to the CEM for NOx.  Heat input is 
the product of the fuel flow rate times its heating value.  So, for example, the heat 
input for a gas fired source would be: 

mmBtu/hr = gas flow (std ft3/hr) x HHV (mmBtu/std ft3)  Equation 9-12 

Where gas flow would have to come from facility instruments/data system and heating 
value would be provided periodically by the gas supplier.   Mass emissions rate is 
given by the equation: 

 

Emissions (lb/hr) = Heat Input (mmBtu/hr) x Emissions (lb/mmBtu) Eqn 9-13 

 

 where  the emissions in lb/mmBtu is determined from Eqn 9-7, 9-8 or 9-9. 

 

Problem 9-1 

 A dilution system samples gas on a wet basis.  The data acquisition system 
recorded an average calibration-adjusted reading of 1.25 ppmVv NOX during the past 
24-hour period.  The dilution ratio is set at 150:1, and the moisture of the flue gas is 
12% by volume.  What is the flue gas concentration on a wet and dry basis for the 
previous 24-hour period? 

Step 1. Determine the actual concentration of NOX in the flue gas. 

 (actual) ppm 188  
1

150
ppm 1.25  Dc  c vvomeasured 








  

Step 2. Determine the actual dry concentration of NOX in the flue gas. 

 (actual) ppm 214  
0.12 - 1

ppm 188
  

B - 1

c
  c vd

v

ws

wet   

 Where: 
  DO = dilution ratio 
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  cWET = concentration on a wet basis 
  BWS = moisture fraction



Review Exercises 

1. A facility is required to install a CEM system.  The sampling source location is 
downstream from a fabric filter and near a breaching duct.  It has been determined 
that the flue gas is stratified.  The system must be calibrated on a regular basis.  
What appears to be the most appropriate CEM system for this facility? 

 a. In-stack dilution sampled on a dry basis 

 b. In-stack dilution sampled on a wet basis 

 c.  Out-of-stack dilution system 

 d. In-situ double-pass path system 

 e.  In-situ single-pass path system 

 f.  In-situ point system 

 

2. What are common problems or disadvantages of point in-situ systems?   
(Select all that apply.) 

 a. Misalignment of optical components because of stack vibrations. 

 b. Increased routine inspection, maintenance and replacement of parts compared  
  with extraction systems. 

 c.  Calibration using gases is more difficult compared with path systems. 

 d. Inaccessibility to filter 

 e.  None of the above 

 

3. Match the CEM system with the appropriate specifications for testing and 
calibrations of that system. 

a.  Out-of-stack dilution system installed 
 at a nitric acid facility (NSPS source) 

i.  40 CFR Part 60 Appendix A 

b. In-stack dilution system installed at a 
 large electric utility facility 

ii.  40 CFR Part 75 

c. Source testing company RM CEM 
 system 

iii.  40 CFR Part 60 Appendix F 

d. Extraction CEM system installed at an 
industrial steam generating source  
(NSPS source) 
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4. An analyzer consists of an IR source that emits light through a rotating wheel.  

Half of the filter wheel allows gas of wavelength 1 to pass to the sample and half of 

the filter wheel does not allow gas of wavelength 1 to pass to the sample.  The gas 
concentration is related to the alternating signals measured by a detector.  Name 
this monitoring instrument. 

 a. GFC 

 b. Differential optical absorption using optical filters 

 c.  Differential optical absorption using moving slits 

 d. Polargraphic 

 e.  Chemiluminescent 

 

5. How are oxygen analyzers used for controlling and reporting NOX emissions? 
(Select all that apply) 

 a. Correct concentration values to a dry-basis 

 b. Correct mass emissions rate to 7% O2 

 c.  Monitor burner operation 

 d. Determining air infiltration 

 e.  Limit thermal NOx formation 

 f.  Limit fuel NOx formation 

 

6. The following data was obtained from extraction CEM testing performed on a 60-
inch by 48-inch duct. 

   1 % oxygen (dry) 
  8% carbon dioxide (dry) 
  9% moisture 
  120 ppm NOx (wet) 
  20 ft/sec gas velocity 

  242 F 
  30.1 in. Hg stack pressure 

 a. Determine the NOX dry concentration corrected to 12% CO2. 

 b. Determine the NOX emission rate in lb/hr. 
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Inspecting Combustion Sources 

 

 
 

 

Editor’s Note: 

Chapter 10 – Inspecting Combustion Sources –  This section was written by Chuck Solt and is 

updated from material in the NOx Emissions course presented by Rutgers University until 2007 

 

Brian W. Doyle, PhD  

September 2009 
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General Notes 

 

To state the obvious, the primary purpose of a site inspection is to determine 
whether a facility is operating in compliance with their permits and applicable 
regulations.   So, before going out on an inspection visit it is essential to 
determine: 

• What permits are applicable to the portion of the facility being inspected? 

• What limits apply? 

• What monitoring is required? 

• What records are required? 

• What certification/calibration is required? 

• The visit will then determine compliance with the above items. 

 

Many inspectors will say that adequate preparation will take more time than 
the inspection itself.  Unless you’re familiar with the facility, review the permits 
and the file before the visit. 

 

• You may want to take: 

• To-do check list 

• Copy of applicable permits 

• Copy of any applicable NSPS section 

• Any significant documents from the file 

 

Many operating conditions, limits, reporting etc. will be delineated in the 
permits, but, some requirements may not be listed in the permits.  A source 
may be subject to Federal programs such as NSPS or HAPs regulations and 
must comply even if these requirements are not in the permit.  States or local 
agencies may also have rules or regulations that may apply such as limits on 
the sulfur, ash or nitrogen contained in the fuel. 

 

Permit limits should include BACT in PSD areas or LAER for non-attainment 
areas along with any operating conditions, reporting and record keeping, testing 
etc. 
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Inspection data is collected to verify compliance with all of the requirements, 
so knowledge of the requirements is essential to a successful inspection.  
Permit and regulatory requirements can vary dramatically from one air agency 
to the next, from one source type to the next, from one year to the next and 
even from one permit engineer to the next.  Accordingly, the comments below 
are intended to be general or typical, and may not be appropriate or relevant in 
all cases. 

 

If the permit requires a determination of the emission rate or cumulative 
emissions, the limits may be stated in a variety of units and/or averaging 
periods.  It is often necessary to convert emission measurements in ppm to 
lb/Hr or g/BHp-Hr to determine compliance.  In other cases emissions may be 

calculated from other parameters such as fuel flow measurements.  It would be 
advisable to review how the determination will be made before going on the 
inspection visit. 

 Inspection data gathered might include: 

• Emission rates 

• Process data 

• Control data 

• Results from periodic emission teats 

• CEMS records (if a CEMS is required) 

• Other records that are required or relevant 

TO DO LIST 

It is a good idea to generate a to-do-list before going to the site.  It could consist of a 

variation of the following: 

• General site walk-through 

• Ask questions 

• Review all required records 

• Visit control room (large facilities) 

• Visit CEMS shelter (if applicable) 

• Walk around control equipment (maintaining proper safety) 

• Address New Source Review questions (major maintenance, etc.) 
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CEMS INSPECTION 

If there is a CEMS required, it will probably be the key item in 
determining compliance.  There are several items that should be addressed if 
applicable: 

• Records or reports for the most recent Cylinder Gas Audit and/or 
Relative Accuracy Test Audit (RATA).  Check audit gasses used by the 
testing company for traceability to NIST, cylinder date, whether the gas 
concentration meets the levels required for zero and span and cylinder 
pressure (at least 100 psig). (40 CFR 60 Appendix F) 

• Daily calibration procedure and results, including zero and span-
gas range, frequency, where the span gas is introduced and do the daily 
records show drift or out-of-range?  (40 CFR 60 Appendix B). 

• Inspection of umbilical cord to determine if it is functional, not 
leaking and heated (if required). 

• Review the certifications for the cylinder gases used by the CEMS 
to assure the cylinders are the correct range and not out of date. 

 

NEW SOURCE REVIEW QUESTIONS 

There are several reasons to request a review of the operating log and/or 
parameters.   This will allow you to compare the design capacity of the unit with 
the current capacity.   

You may also want to review recent unplanned or forced outages, frequency, 
duration, cause, how it was repaired and what components were replaced.  
Also, ask about any recent or future major projects. 

 

POST INSPECTION 

After the inspection you will need to review the data and other information collected to 

determine whether the operations are in compliance.  This determination should include 

consideration of the emissions limits and the record keeping/reporting requirements. 

 

Last, prepare a report of the inspection and any Notice of Violations. 
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PERMIT EXAMPLES 

As mentioned above, the permit is the basis for determining compliance.  
Therefore it is important to understand the permit limits and conditions.  Below 
are some examples of conditions found in some actual permits that illustrate 
the complexity in determining the intent and enforceable requirements of the 
permits. 

 

Permit Example A 

This permit covers 2 stations with 2 compressor sets each.  There are other 
combustion processes at the site, covered by separate permits.  The example 
only addresses the compressor engine permits. 

 

Condition UU 

The emergency shutdown and relief vents shall only be used to vent natural gas during 

emergencies or when it is necessary to vent natural gas for the purpose of performing 

scheduled maintenance and/or repairs.  

 

How will you determine compliance with this condition?  Also, it is 
interesting to notice that the relief vents have nothing to do with the emission 
source covered by the permit. 

 

Condition VV 

The combustion engine shall be equipped with a fuel flow meter. The total volume of natural 

gas combusted in the internal combustion engine shall not exceed 149.26 MM standard 

cubic feet (scf) per year, based upon a 12 month rolling average calculated on the first day 

of each month, nor shall it exceed 25.23 m for the first calendar quarter, 48.84 MMscf for 

the second calendar quarter, 49.38 MMscf for the third calendar quarter, and 25.81 MMscf 

for the calendar fourth quarter, based upon a monthly rolling average calculated on the first 

day of each month of each year. 

 

The condition limits the fuel consumption based on a 12 month rolling average.  This should 

not be a problem to determine, report or evaluate.  It also limits the quarterly fuel consumption 

for calendar quarters, “based  upon a monthly rolling average”.  How do you calculate a monthly 

rolling average that’s applicable for specific three month periods and is only calculated on the 

first day of each month?  In this case it would  be wise to consult with the permit writer before the 

site visit 
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Condition WW 

Gaseous emissions from each engine, exhaust outlet shall be limited to the following 

concentrations and rates: 

 

 

 

 

 

 

 

 

 

 

 

 

Notice that the permit states the limits in 2 different sets of units.  Which 
one is used to determine compliance?  You may find the conversion form one 
set of units to the other to be quite complex.  But there is another problem.  
g/BHp-Hr is an output based limit (based on horsepower, not fuel 
consumption).  Therefore it is a function of engine efficiency.  These units are 
compressor sets and there is no means of measuring output power, and 
accordingly no means of determining efficiency, so there is no accurate way to 
convert from ppmvd to g/BHp-Hr. 

Condition XX 

Values stated [where?] are those, which represent an average of data as, provided by the 

source performance tests. The pollutant concentrations and mass emission rates shall be 

averaged over a two (2) hour period unless otherwise specified in the applicable test 

procedure. Pollutant concentration limits are corrected to 15% oxygen. All values are 

calculated on a dry basis. 

 

This condition clearly needs some clarification. 

 

Condition YY 

The APCO may amend the emission concentrations and/or rate limits to reflect the 

conditions demonstrated during the source performance tests.  

 

For a new source there may justification for some flexibility to get the 
permit to match the capability of the source, but this is entirely too vague.  It is 
assumed that the APCO will be acting on the recommendation of the inspector.  
What does Condition YY mean?  Will you ask to raise the limits if it fails the 
test?  Will you ask to lower the limits to match the test results?  Will you ask to 
change the test conditions? 

Condition ZZ 

The facility-wide emissions of Oxides of Nitrogen, from all emissions units located at the 

site, shall not exceed 29.23 tons per year.  Compliance with this requirement shall be based 

upon a 12-month rolling average, calculated monthly.  

 

The reason for this condition was to comply with the offset requirements in 
the NSR for non-attainment areas.  The facility now has 11 permits, most of 

NOx* 41 ppmvd

(As NO2) 0.5 g/bHP-Hr

CO* 269.0 ppmvd

2.00 g/bHP-Hr

TNMHEHC* 59.0 ppmvd

0.25 g/bHP-Hr

NOx* 41 ppmvd

(As NO2) 0.5 g/bHP-Hr

CO* 269.0 ppmvd

2.00 g/bHP-Hr

TNMHEHC* 59.0 ppmvd

0.25 g/bHP-Hr
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which have different renewal dates and this statement is in each one.  The 
inspector would have to inspect all units at the facility each time any unit 
needed inspection to determine compliance with this condition.  

At this facility, Continuous Compliance with the NOx limits is calculated 
from the fuel consumption and an emission factors.  There were no conditions 
in the permit to  provides assurance of engine maintenance (which will affect 
efficiency which is a component of compliance) or proper inspection and 
maintenance of the catalyst in the SCR to assure catalyst activity. 

 

Permit Example B 

This permit is for one 65 KW reciprocating engine driven generator fueled by bio-gas 

from a dairy manure digester.  There is no other combustion equipment at the site.  The engine is 

not equipped with any exhaust treatment system. 

 

Condition XX 

The emissions from the  IC engine shall not exceed the following limits:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) The emission factor for the NOx and CO is based on manufacturer’s data. – the 

emission tables   1.4-1 ~ 1.4-2,  

Emission factors for criteria pollutants from natural gas factor for Sox is based on 1950 

ppm Sox.  

Emission factor for PM10 are from AP-42, Combustion, pg 1.4-5 ~ 1.4-6 (2/98). 

(B) Emissions based on  92 HP, 1132 CF/hr of digester gas usage, 24 hours/day and 92 

days/quarter of operation.  

 

 

Since the lb/Quarter is greater than the daily limit times 91.25 days, it is 
impossible to exceed the quarterly limit without exceeding the daily limit on a 
quarterly average basis, so the quarterly limit is of no significance except for the 
NOx.  The ROC limit of 0 is problematic – you end up having to assume it 
means “not detectable” by some test method.  Although the notes do not 
indicate the basis for the ROC limit, AP42 Table 3.2-2 shows this engine would 
emit 0.118 lb/MMBtu which, based on natural gas and 38% efficiency, would 

POLLU

TANT

EMISSION 

FACTOR (A) 

G/HP-HR

MAXIMUM ALLOWABLE EMISSIONS (B)

LB/DAY LB/QUARTER

ROC 0 0 0

NOX
2 OR 358.3 

LB/MMCF
9.73 896

SOX
362.5 

LB/MMCF
9.9 911

PM10 7.6 LB/MMCF 0.2 19

CO 5 24.3 2,239

POLLU

TANT

EMISSION 

FACTOR (A) 

G/HP-HR

MAXIMUM ALLOWABLE EMISSIONS (B)

LB/DAY LB/QUARTER

ROC 0 0 0

NOX
2 OR 358.3 

LB/MMCF
9.73 896

SOX
362.5 

LB/MMCF
9.9 911

PM10 7.6 LB/MMCF 0.2 19

CO 5 24.3 2,239
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be 0.36 g/BHp-Hr or 517 lb/day.  Since it is 0, and not 0.0, does that imply 
that the limit is < 0.50 lb/day?  If so, the quarterly limit is:  

0.591.25 = 0.0055 lb/day average 

This interpretation means that the pounds per quarter is the same as the 
pounds per day or 91 times more stringent than the daily.  When questioned, 
the engineer indicated that there was no test required. 
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