
University of Louisville University of Louisville 

ThinkIR: The University of Louisville's Institutional Repository ThinkIR: The University of Louisville's Institutional Repository 

Electronic Theses and Dissertations 

5-2014 

Predictions of NOx emissions in pulverized coal combustion. Predictions of NOx emissions in pulverized coal combustion. 

Niko Hachenberg 1981- 
University of Louisville 

Follow this and additional works at: https://ir.library.louisville.edu/etd 

 Part of the Industrial Engineering Commons 

Recommended Citation Recommended Citation 
Hachenberg, Niko 1981-, "Predictions of NOx emissions in pulverized coal combustion." (2014). Electronic 
Theses and Dissertations. Paper 557. 
https://doi.org/10.18297/etd/557 

This Doctoral Dissertation is brought to you for free and open access by ThinkIR: The University of Louisville's 
Institutional Repository. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized 
administrator of ThinkIR: The University of Louisville's Institutional Repository. This title appears here courtesy of the 
author, who has retained all other copyrights. For more information, please contact thinkir@louisville.edu. 

https://ir.library.louisville.edu/
https://ir.library.louisville.edu/etd
https://ir.library.louisville.edu/etd?utm_source=ir.library.louisville.edu%2Fetd%2F557&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/307?utm_source=ir.library.louisville.edu%2Fetd%2F557&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.18297/etd/557
mailto:thinkir@louisville.edu


 

 

PREDICTIONS OF NOX EMISSIONS IN PULVERIZED COAL COMBUSTION 

 

 
 

 

By 
 

Niko Hachenberg 
Dipl.–Ing. (FH), University of Applied Science Cologne, 2006 

Dipl.–Wirt.–Ing. (FH), University of Applied Science Cologne, 2007 

M.S., University of Louisville, 2011 
 

 
 

 

A Dissertation 
Submitted to the Faculty of the  

J. B. Speed School of Engineering of the University of Louisville 

in Partial Fulfillment of the Requirements 

for the Degree of 

 
 

 
 

Doctor of Philosophy 

 
 

 
 

Department of Industrial Engineering 

University of Louisville 
Louisville, Kentucky 

 
 

 

 
 

 
 

May 2014



 
 

© Copyright 2014 by Niko Hachenberg 

 

 
All rights reserved 

 



 
 

 



 
 

ii 

PREDICTIONS OF NOX EMISSIONS IN PULVERIZED COAL COMBUSTION 

 
By 

 
Niko Hachenberg 

Dipl.–Ing. (FH), University of Applied Science Cologne, 2006 

Dipl.–Wirt.–Ing. (FH), University of Applied Science Cologne, 2007 
M.S., University of Louisville, 2011 

 
A Dissertation Approved on 

 

 
 

March 3, 2014 
 

 

 
by the following Dissertation Committee: 

 

_______________________________________________ 

Dr. William E. Biles, P.E., Dissertation Director 

_______________________________________________ 
Dr. Suraj M. Alexander, P.E. 

_______________________________________________ 
Dr. Ki–Hwan G. Bae 

_______________________________________________ 

Dr. Angela K. Thompson



 
 

iii 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
To my family,



 
 

iv 

ACKNOWLEDGEMENTS 

I offer my deepest gratitude to Dr. William E. Biles, whose interest, patience and 

instruction enabled this dissertation to be completed. During the entire research work he 

kindly granted me his outstanding support at any time.  

I would like to sincerely thank the other committee members Dr. Suraj M. 

Alexander, Dr. Ki–Hwan G. Bae and Dr. Angela K. Thompson for their efforts in 

reviewing this research work.  

Many thanks to my fellow students for all the support and encourage that they 

gave to me to accomplishing this goal.  

Last, but certainly not least, I would also like to thank the University of Louisville 

and all the Professors who provided me the opportunity to pursue this research and 

further my education.  

 

Niko Hachenberg 

University of Louisville in Kentucky, USA 

March 2014 



 
 

v 

ABSTRACT 

PREDICTIONS OF NOX EMISSIONS IN PULVERIZED COAL COMBUSTION 

Niko Hachenberg 

March 3, 2014 

The purpose of this research work was to develop a transferable mathematically 

simple model which gives the possibility to make fast and easy predictions regarding the 

NOx emission behavior of a broad–spectrum of coals within a certain combustion 

environment. In this context, this thesis is a further step of a common ongoing 

investigation focused on predicting NOx emissions from self–sustaining, pulverized coal 

combustion in dry bottom firing systems. A comprehensive literature research focused on 

already published NOx prediction approaches from scientific publications based on 

fundamental quantitative relationships or empirical algorithms and statistical 

relationships was also carried out in this context.  

This research concentrated on three specific areas which were found to constitute 

a major gap in the knowledge of NOx formation in industrial full–scale applications: the 

fuel properties; the dependence of furnace geometry factors; and the specific operating 

conditions. The developed model shows a strong statistical significance with a coefficient 

of determination of 0.9876 and a standard error of 28 mg / m³ STPdry at 6 % O2 based on 

142 observations coming from 28 utility boilers. Direct comparisons between model 

history and observations reported by other researchers have also shown very good 

conformities.  
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For that background, this thesis form a good basis for identifying individual 

factors which contributes to system related NOx emissions in order to investigate how 

variations in the process parameters affect the emission level. Perhaps, as contribution to 

the understanding of NOx formation during coal combustion what is still an imperfectly 

understood phenomenon, or as basis for possible process optimization which might find 

application on pulverized coal–fired boilers to make the world a little bit more green.  

 

Key words:  

NOx; Low–NOx; NOx prediction; NOx formation; NOx emissions; Pulverized coal 

combustion; Coal–fired utility boilers; Combustion optimization; Effective volatiles;  
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PREFACE 

In order to avoid confusion and errors with the thesis at hand, it should be noted 

that the entire work based on the International System of Units (SI). Furthermore it 

incorporates to the reference conditions of the German Institute for Standardization (DIN; 

Deutsches Institut für Normung e.V.) DIN 1343:1990–01. These standard conditions 

referred to a temperature of 273.15 K (0 °C, 32 F) and an absolute pressure of 101,325 Pa 

(1 atm, 1,013.25 mbar). Two different reference cases under these conditions exist for the 

definition of the reference gas state. First, the reference condition for dry gas (0 % 

relative air humidity) and second the reference condition for wet gas which contains 

6.2 g/kg H2O per kg dry air [1]. Every unit which referred to one of these conditions is 

termed by the shortcut ‘STP’ (standard temperature and pressure) and extended by the 

subscript ‘dry’ or ‘wet’ respectively. 

Furthermore, the development of the here presented NOx predictive technique is 

based on consistent, plausible and complete field data coming from various power plants 

located all over the world. These data sets have been acquired by own on site 

measurements, have been requested and provided by operators or have been published 

within other research works. All NOx concentrations reported in this thesis are average 

values of several hours of stable operation of utility boilers, and they were obtained under 

dry gas conditions. These data sets have been mostly anonymized in order to protect all 

specific process data against competition espionage and social engineering.  
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I. INTRODUCTION 

Coal as an Energy Source 

The use of coal dominates the world–wide energy production and accounted for 

nearly half of the increase in global energy use over the past decade. The respective share 

of world energy consumptions was in 2010 nearly 30 % and thus the highest since 1970 

[2] compared with 23 % in 2000. Coal is the backbone of global electricity generation 

and accounts for over 40 % of electricity output in 2010. Even in the OECD
1
, coal fueled 

more than one–third of electricity generation in 2010. In non–OECD countries, where 

coal resources are often abundant and low cost, coal is the most important fuel. It 

accounted for 35 % of total primary energy use, 36 % of total industry consumption and 

nearly half of total electricity generation in 2010 [3].  

 

Figure 1. Incremental worlds primary energy demand by fuel, 2000–2010 [3] 

                                                 
1 Current OECD member countries (as of September 1, 2011) are the United States, Canada, Mexico, 

Austria, Belgium, Chile, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, 

Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Poland, Slovakia, Slovenia, Spain, 

Sweden, Switzerland, Turkey, the United Kingdom, Japan, South Korea, Australia, and New Zealand, 

Israel, Estonia. 
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In the last years the respect for the environment has become the main target for all 

and especially for coal–fired power plants in the world. However in the absence of 

international agreements which would limit or reduce greenhouse gas emissions, coal is 

still a major energy source throughout the world. The US Energy Information 

Administration projected an average annual increasing rate of approximately 1.5 % of 

their consumption from 40.7 sextillion kWh (139 quadrillion Btu) in 2008 to 

61.2 sextillion kWh (209 quadrillion Btu) in 2035 [4]. This substantial increase in coal 

consumption is being justified by the strong economic growth in China and India. 

Environmental Effects 

There is a long history of public concern about the major environmental impacts 

which are coming from fossil power generation. Whenever fossil fuels are burned carbon 

dioxide (CO2), sulfur oxides (SOx) and additionally nitrogen oxides (NOx) released into 

the atmosphere leading ultimately to a wide range of environmental impacts, including 

damage to forests and soils, fish and other living things, materials, and human health. All 

over the world are emission standards becoming more stringent due to increased concerns 

about the local, regional, and transboundary effects of coal–fired plant emissions. 

Nitrogenous oxides or also referred as ‘NOx’ undergo a series of complex chemical 

processes into acids which effects the environment dramatically [5]. Dispersed in the 

atmosphere, it reacts to form secondary pollutants, including ground–level ozone and 

acid rain. Chemical reactions between volatile organic compounds (VOCs) (hydrocarbon 

radicals) and NOx create ground–level ozone a major ingredient of smog. The control of 

acid rain has focused primarily on reducing SO2 emissions because NOx is estimated to 

contribute less than one–third of the acid rain generated but also one third is out of the 
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question significant. For this background the European environmental legislation has 

tighten the emission limits for coal–fired power stations for power plant operations post 

the year 2016 as follows [6, 7]. 

Table 1. NOx limits after year 2016 [6] 

Thermal power (MWt) NOx limit based on 6 % O2, dry gas 

≥ 50 MWt to 500 MWt 300 mg / m³ STPdry 

400 mg / m³ STPdry 

in case of pulverized lignite combustion 

100 MWt to 300 MWt 200 mg / m³ STPdry 

> 300 MWt 150 mg / m³ STPdry 

200 mg / m³ STPdry 

in case of pulverized lignite combustion 

 

These restrictions forced plant owners and operators to decide whether to invest in 

their power stations to comply or to stop further operations and shut down. Therefore 

almost all the efforts are currently focused on the reduction of CO2, NOx and SOx. In 

which CO2 and SOx are unfortunately process dependent and cannot be reduced only by 

modifying the combustion itself. These emissions need to be reduced by the help of 

additional systems, like flue gas denitrification– and scrubber desulphurization plants. 

Also the nitrogenous emissions can be limited by the help of catalysts or by direct 

injection of ammonia inside the flue gas flow but in contrast to SOx, NOx can significant 

reduced by the modification of the combustion settings and surroundings at sources [8]. 

The Future of Coal 

Power generation remains the main driver of global coal demand and will 

therefore play a significant role in meeting the global energy needs. According to the 
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International Energy Outlook [3] there are about 150 years of known world coal reserves 

economically exploitable with current technology at present consumption rates. 

Estimated undiscovered resources expand world energy supply from coal to about 3,000 

years and as market conditions change and technology advances, more coal will be 

proven over time. The International Energy Agency (IEA) as well as the US 

Environmental Protection Agency (EPA) expected in the new policies scenario, that 

coal–fired plants are expected to account for around 27 % of the total new additions to 

generating capacity worldwide between 2011 and 2020, and around 22 % between 2011 

and 2035 [3, 9]. 

 

Figure 2. Perspective of the global coal demand by region [9] 

The strong economic growth and large domestic coal reserves in China and India 

lead to a substantial increase in their coal use for electric power and industrial processes. 

Installed coal–fired generating capacity in China nearly doubles in the projected time 

period from 2008 to 2035. That means, the use of coal in Chinas industrial sector grows 
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by 67 % [4]. China is currently the biggest coal producing and consuming country in the 

world. Coal is accounting for almost 75 % of the energy supply in the countries which 

means that the composition of energy consumption will not change much in the decades 

to come [10]. 

For all the talk about natural gas and renewable energy, coal–fired utilities are the 

largest electricity provider in nearly every country in the world and accounted for nearly 

half of the increase in global energy use over the past decade. Global coal demand 

accelerated by 4.4 % per year and the future steady supply is due to enormous reserve 

ensured. A bigger increase in both volume and percentage terms than for any other fuel 

category, including renewables. Coal is thus the backbone of global electricity 

generation, alone accounting for over 40 % of electricity output in 2010 which was 

almost 55 % higher than in 2000 [3]. While the price for a large proportion of coal output 

is relatively stable, the internationally traded coal prices tend roughly to fluctuate due to 

the importance of oil in coal mining operations and the cost of transporting coal over long 

distances the price roughly in line with oil prices over short periods. The prospects for 

international coal prices are not consistent throughout the literature and therefore 

uncertain. The most critical factor is the development of the Chinese imports, which 

could account for a large share of international coal trade.  

It can be concluded that due to the projections described above nearly every 

economic engine is fueled primarily by coal, a trend that will continue for several 

decades. Therefore coal will continue to be one of the major sources of electricity 

generation for indefinite time for the world but it needs to be reliable, economical and 

definitely ecological too in order to protect life, environment and ensure climate stability. 
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II. PULVERIZED COAL COMBUSTION 

Coal Characterization 

Coals are complex substances that are geologically formed from ancient 

vegetation by the combination of time, pressure, and heat of the earth over several 

millennia. It is a highly heterogeneous material where the chemical composition and 

properties vary from sort to sort depending on how long the vegetable matter has been 

subjected to these conditions. For this background coal is being classified by a variety of 

methodologies. The common method sorts coal by its carbon content from low (45 wt.–

%, lignite) to high (95 wt.–%, anthracite) and is termed as ‘coal rank’ [11]. The standard 

method of distinguish the coal by its rank is based to their progressive alteration in the 

natural metamorphosis from low (lignite) to high (anthracite). The classification is 

according to fixed carbon and gross calorific value calculated to a mineral–matter–free 

basis [12]. Mineral matter is the parent material from which ash is being generated during 

combustion. Therefore it is not the same and results in generally lower weight for ash 

than for its source minerals. The amount of mineral matter in the coal is a measure for the 

coal quality. Sulfur content, ash behavior at high temperatures, and quantity of trace 

elements in the coal are also used to describe the grade of coal. Although formal 

classification systems have not been developed around the grade of coal, the grade is 

more important for the power plant. In addition there are two different kinds of moisture 

incidents distinguish when coal is being analyzes. The moisture, mineral–matter–free 
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basis (moist, mmf) for coal analysis which is calculated from the coal sample and 

expressed the natural inherent moisture is present but does not include visible water on 

the surface and the dry–mineral–matter–free basis (dmmf) which expressed the total 

moisture excluded [13]. Since the rank of the coal, its quality, and burning behavior is 

most important for the coal industry, almost every coal–producing country has developed 

its own economic coal classification. These classification methods based mainly on 

certain rank parameters which have been defined under the jurisdiction of several 

organizations for standardization, e.g. the American Society for Testing and Materials 

(ASTM) or the International Organization for Standardization (ISO). The volatile content 

and the carbon and hydrogen content are often used to classify coals. The following 

Figure 3 gives an overview [14].  

 

Figure 3. Coal classification systems [14] 
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Coal characterization shall help to predict the combustion behavior. The 

proximate and ultimate analysis of coal provides important information as specific 

energy, inert fraction (ash), moisture content, volatile matter content, and elementary 

components [15].  

Proximate Analysis 

The proximate analysis of coal is a commonly applied characteristic test which 

yields: total moisture, inherent moisture, volatile matter, ash and fixed carbon. The total 

moisture content is measured by the weight difference of a specific coal sample size 

between before and after heating under reducing conditions (N2) for 3 hours at 105 –

 110 °C. Moisture determination is important because the moisture content of coals varies 

widely. The highest moisture content is with the low–rank coals. Moisture levels provide 

an indication of the drying required in the handling and pulverizing portions of the boiler 

coal feeding system [16]. The remaining moisture after surface drying is the inherent 

moisture which is measured with another sample that first heated to 35 °C under same 

atmospherically conditions for drying the particle surface water. 1 gram of air–dried 

sample is placed into a furnace at temperature of 105 – 110 °C for 30 minutes. The 

weight difference before and after this heating phase is the inherent moisture content.  

The volatile matter content is that portion that is driven off in gas or vapor form 

(exclusive of moisture). The main constituents of volatile matter are hydrogen, oxygen, 

carbon monoxide, methane, other hydrocarbons, and that portion of moisture that is 

formed by chemical combination during thermal decomposition of the coal. The volatile 

matter content is measured by the weight loss before and after heating of 1 gram coal 

with particle size < 200 µm under reducing conditions to a temperature of 900 °C, 
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corrected for inherent moisture [17]. Volatile matter is also used to determine the coal 

rank, an indicator of ease of ignition and if a supplemental fuel will be necessary for 

flame stabilization, and used as a basis for selling and purchasing of coal.  

The ash content is the resulting mass after a sample of 1 gram with particle size 

< 200 µm has been heated in air at 815 °C. The weight of ash is usually slightly less than 

that of the mineral matter originally present before burning. The ash content indicates the 

load under which the collection system for boiler bottom ash and fly ash must operate 

and is used for assessing shipping and handling costs [16].  

The fixed carbon content is the combustible residue after driving off the volatile 

matter. Therefore it can be calculated as the difference of one minus the sum of moisture, 

ash and volatiles. It is not all carbon and represents that portion of the coal that must be 

burned in a solid state. Fixed carbon is used to determine coal rank and is a guide in the 

choice of fuel–firing equipment [16]. 

Ultimate Analysis 

The ultimate analysis determines the elemental compositions of the organic 

fraction as proportion of carbon, hydrogen, nitrogen, oxygen, sulfur and others by 

laboratory standard procedures. Oxygen is determined by the difference, i.e., subtracting 

the total percentages of carbon, hydrogen, nitrogen, and sulfur from one because of the 

complexity in determining oxygen directly. However, this technique does accumulate all 

the errors in determining the other elements into the calculated value for oxygen. The 

ultimate analysis is used with the heating value of the coal to perform combustion 

calculations including the determination of coal feed rates, combustion air requirements, 

and weight of products of combustion to determine fan sizes, boiler performance, and 
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sulfur emissions [16]. Table 2 gives an overview of some typical values for different coal 

ranks [18].  

Table 2. Typical coal compositions [18] 

US Geological Survey 

Sample No. 

D 

165564 

D 

163186 

D 

169557 

D 

176167 

D 

176165 

D 

171211 

As received basis Lignite 

Sub–

bitumi
nous 

Bituminous 
Anthra

cite High 

VM 

Med. 

VM 

Low 

VM 

Heating Value MJ/kg  16.637 21.796 26.583 31.462 31.137 30.184 

Proximate Analysis 

Volatile Matter wt.–% 29.20 27.50 37.80 24.70 18.10 6.30 

Fixed Carbon wt.–% 31.90 46.30 42.40 63.30 70.10 80.30 

Moisture wt.–% 34.60 19.70 4.20 1.80 3.50 1.50 

Ash Content wt.–% 4.30 6.50 15.60 10.20 8.30 11.90 

Ultimate Analysis 

Carbon wt.–% 42.80 56.40 63.40 76.80 78.80 80.30 

Hydrogen wt.–% 6.80 5.50 5.00 4.70 4.40 2.70 

Oxygen wt.–% 10.30 10.70 8.60 3.20 2.20 2.30 

Nitrogen wt.–% 0.70 0.80 1.40 1.70 1.70 0.80 

Sulfur wt.–% 0.50 0.40 1.80 1.60 1.10 0.50 

 

The coal quality has a significant impact on the boiler performance, with respect 

to efficiency, emissions, fly ash quality, slagging and fouling behavior. Maintenance and 

availability are also influenced. Therefore, coal properties have to be determined in order 

to assess if a specific coal or coal blend maybe fired in a particular unit.  
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Coal Combustion 

The combustion of coal involves a complex series of different reactions. 

Principally it is the oxidation of organic material in coal. Solid and gas phase chemical 

reaction as well as complex structural changes occur during the burning process [19]. The 

combustion of coal takes place in three stages: 

• Devolatilization Release of volatile matter due to rapid heating of the 

coal particle. 

• Char oxidation Heterogeneous combustion of the solid core (char) 

after the gaseous components have been driven off. 

• Volatile reaction Homogeneous gas–phase combustion of the 

devolatilized products. 

The composition of the used coal is important for the formation of NOx within a 

furnace because it primarily influences the local environment and temperature profiles 

[20]. Ohtsuka et al. [21] and Mori et al. [22] demonstrated that the molecular nitrogen 

(N2) content in the flue gas was greatly promoted when various pulverized coals were 

doped with iron from precipitated FeCl3 solutions and pyrolyzed in a fluidized bed 

reactor. Leppälahti et al. [23] also found under pyrolysis conditions at 900 °C that the 

presence of iron catalyzed the destruction of NH3 and HCN from coal nitrogen and 

promote the formation of N2. That means higher iron contents in the coal leads basically 

to a less NOx production rates. 

Devolatilization 

As mentioned describes the devolatilization process the initial phase of particle 

heating. It is a process in which coal is transformed at elevated temperatures to split into 
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gaseous, char and tar compounds [24]. This elevation of temperature necessary occurs 

during combustion process within a certain furnace by radiation and convention. During 

the heat–up of the coal particles dominates the convection because of the hot recirculated 

gas zones which belongs to the axial pulse of the outcoming volume flows at the burner 

outlet. The resulting heating rate during this process are known to be of the order of 10
4
 

to 10
6
 K / s [25] with peak temperatures of 1,800 to 1,900 K [26]. After the particle 

reached a certain temperature the volatile material starts to exorcise and ignites rapidly at 

higher temperatures in the presence of oxygen. The total amount of volatiles and the rank 

of coal give an indication about their ignition behavior and are thus an important factor 

for the stability of self–sustaining pulverized coal flames. The yield of volatiles depends 

on the coal type and combustion conditions, such as temperatures, heating rate and 

particle size [27]. Different products released at different temperatures and just a porous 

char matrix is left after the devolatilization process which contains high carbon content in 

relation to the remaining particle weight. This char pattern burns heterogeneously in the 

postflame region. Essenhigh [25] described for example, that as higher the rank of a coal 

the more volatiles are released as tar which formed more HCN and NH3 during the 

devolatilization and secondary cracking [24] which are generally an indicator for 

tendencially higher NOx emissions. The higher a coal is being ranked as more tar will be 

released during the devolatilization process. The tar proportion will be cracked into 

lighter components and under an oxygen deficiency environment soot will be formed 

[28]. 
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Char Oxidation 

As the name suggest diffuses oxygen into the pores of the particle and reacts with 

the fixed carbon. The conversion is proportional to the internal surface area. The main 

driver for the rate of this chemical kinetics is the temperature. At temperatures below 

600 °C (~ 1100 F) the reaction rate is comparatively slow and the oxygen can completely 

penetrates the pores of the particle. At high temperatures the diffusion velocity of oxygen 

into the pores becomes the limiting factor. During the burning process at the outer surface 

the particle shrinks over the time because of the oxidation of the bound carbon [29].  

Char combustion and loss of volatile matter occur simultaneously and is 

compared with the devolatilization a slow process. Determining by the char reactivity, 

particle size, density and the combustion environment the total time required for a full 

burnout can be up to 3 seconds and determines therefore mainly the size of the boiler 

[27]. Therefore is the initial particle size distribution of importance. As smaller the 

particle as faster the burning rate and as better the chemical conversion [16]. A change in 

the particle size distribution affects the heat generation and heat loss of the particle 

mixture because possible maceral disproportionation during grinding leads to differences 

in oxidation rates between the size fractions [30, 31] and results therefore in a change in 

the thermal equilibrium conditions and temperature [32].  

Volatile Reaction 

Volatile matters are the organic decomposition products which emerge as gas or 

steam during heating up of coal substance under air exclusion. The reference temperature 

on this occasion is 900 °C (~ 1,650 F). Essentially the volatile constituents consist of 

different hydrocarbons as carbon monoxide (CO), CO2, H2O, methane, ethane, ethylene 
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and tar [33, 34]. With advancing coalification the content of volatile components bound 

in the particle decreases and as a logical result the proportion of elemental fixed carbon 

increase. These particles tend more to lose their overall density instead of shrinking 

during devolatilization [16].  

It can be concluded that the rank of a coal reflects their coalification properties, 

that means the proportion of volatiles are generally proportional to the coal age/–rank. As 

a result has the geological relatively young lignite a high proportion of non–condensibles 

because due to the lower pressure during the coalification process it have not converted 

so much vegetable matter into fixed carbon and are substantially woody [11], while 

higher rank/–older coals have lower proportions of non–condensibles [35].  

Pulverized Coal–Fired Boilers 

Due to over 100 years of service pulverized fuel–fired boilers have the highest 

combustion efficiency than any other boilers. These kinds of boilers have burnt almost 

every type of coal across the world. It is the most dominant type because of its great 

versatility and scalability [36]. In the field of pulverized coal combustion it can be 

distinguish between slag–tap firing and dry bottom firing systems.  

 

Figure 4. Pulverized coal firing system applications 
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The boiler philosophy of both combustion systems is the same. It is a device that 

boils water to produce steam. More scientifically, it converts the chemical bound energy 

in fuel into the heat energy in steam, or the heat energy of hot gases into the heat energy 

of steam when no firing is involved. The type of power plant boilers are being designed 

for the specifically application with its fuel composition, its calorific value and ash 

characteristics. The combustion furnaces are made in various shapes and sizes to burn a 

variety of fuels with the end purpose of producing varying amounts of steam for either 

process or power or both [36, 37]. Pulverized fuel combustion systems involve a 

sequence of plant auxiliaries and equipment which consist of coal size reduction and 

drying in mills, transportation from mills to burners and the final injection through 

burners into the furnace for combustion. In general there are two kinds of pulverized coal 

firing principles available which depends on the characteristics of the used coal and their 

respective milling plant and requirements 

• Bituminous coal–fired units 

• Lignite coal–fired units 

 

Due to the significant difference between slag–tap firing systems and dry bottom 

firing systems it will not be successful to compare these two combustion applications 

directly and due to the fact that widely most applications are being based on the dry 

bottom principle has the actual work being focused them. Dry bottom principle means 

that the furnace temperature is kept below the ash melting point. 
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Bituminous–fired Systems 

The functional principle of a pulverized bituminous coal–fired boiler is generally 

characterized by a pneumatic transport of pulverized fuel (PF) with a certain portion of 

the combustion air (about 20 %) into a combustion chamber (furnace). The necessary hot 

air being pulled by a primary air fan from the air heater outlet through the mill and picks 

up the ground coal from the mill to deliver the mixture to the burners. The temperature of 

this primary air (PA) depends on the necessary energy to dry and preheat the wet and 

cold coal inside the milling plant. For that hot air is suitably mixed with ambient air to 

meet the mill outlet temperature requirements which are usually at around approximately 

90 to 120 °C.  

 

Figure 5. Typical configuration of a pulverized bituminous coal–fired boiler 

The coal is transported through pipes as a PF / PA mixture from the mill to 

burners along with the moisture of the incoming coal that is heated and dried before 
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grinding. The amount of primary air is keeping constant at a certain ratio of coal at full 

load, whereas the moisture can vary [37]. The larger part of the combustion air 

(secondary air) is preheated at a high temperature level (up to 340 °C) and enters through 

separate duct works. Pulverized coal is injected into the furnace through burners. 

Generally, the design of a burner can be quite different but generally two main types for 

pulverized coal burners can be identified: swirl burners and yet burners. The respective 

design depends on the coal properties and also on the specific configuration of the 

combustion system involved. Each burner creates its own flame, and there is limited 

physical interaction between the flames of the e.g. wall–fired burners [16].  

Most bituminous coals can be fired in dry–bottom firing systems. Only coals with 

a volatile content lower than 20 % are typically burned in slag–tap firing systems or, in 

the case of high ash initial softening temperatures, in downshot–fired furnaces. 

Lignite–fired Systems 

The main difference to bituminous coal–fired units is that the coal has a 

significant higher amount of moisture content than higher ranked coals have. Therefore is 

much more energy needed for the drying and grinding process. Flue gas is used for 

drying and conveying, in preference to air, especially for low–rank fuels which contains 

high moisture contents (up to 70 %). This milling process is determined by a significant 

amount of recirculated hot flue gas from the furnace, suitably mixed with air from the air 

preheater (APH) exit. Another important difference is that there is no need for impact for 

these fuels. Attrition is sufficient and provided by a high–speed beater wheel that works 

also as a suction fan for the flue gas.  
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Figure 6. Typical configuration of a pulverized lignite–fired boiler 

The classifier on the discharge side returns larger pieces to the inlet. The burner 

and the type of firing and, accordingly, the need for the inclusion of the classifier 

determine the fineness which is affected by the several boundary requirements [37]. After 

grinding the coal is typically injected into the furnace through yet burners. There is 

mostly no swirling of air in principle. The SA introduced into the furnace through burners 

in several small alternate streams. These streams make use of the entire furnace to 

generate a cyclonic motion, thereby providing the necessary scrubbing.  

The burning philosophy, arrangement, and effects of these combustion system, 

superheater (SH), and attemperator system differ from bituminous coal fired units but 

exhibit no difference in efficiency and performance. 
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NOx Emissions 

The global emissions of NOx into the atmosphere have been increasing steadily 

since the middle of the last century. Although there are important natural sources for NOx 

is a significant amount of the increased emissions attributed to human activities, 

especially by the combustion of fossil fuels [38]. The term NOx refers to the sum of seven 

main compounds [5].  

Table 3. NOx composition 

Valence Name Formula Properties 

1 Nitrous oxide N2O Colorless gas, 

water soluble 

2 Nitric oxide 
Dinitrogen dioxide 

NO 
N2O2 

Colorless gas, 
slightly water soluble 

3 Dinitrogen trioxide N2O3 Black solid, 
water soluble, decomposes in 

water 

4 Nitrogen dioxide 
Dinitrogen tetroxide 

NO2 
N2O4 

Red–brown gas, very water 
soluble, decomposes in water 

5 Dinitrogen pentoxide N2O5 White solid, very water soluble, 
decomposes in water 

 

Nitrous oxide (N2O) also termed laughing gas occurs only in very negligible 

amounts in the flue gas at the boiler outlet. It arises from the nitrogen content in the 

combustion air only within the primary reaction zone. In this area N2O occurs nearly 

complete as an intermediate reaction until it responds to NO, N2 and O2 at the end of the 

reaction zone. The traces of N2O at the furnace end are not serious measurable because 

the actually present quantity is still smaller than the tolerance area of the measurement 
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device itself [39]. Therefore it is commonly not taken into consideration while talking 

about NOx emissions. The components dinitrogen dioxide (N2O2), dinitrogen trioxide 

(N2O3), dinitrogen tetroxide (N2O4) and dinitrogen pentoxide (N2O5) however, can only 

be generated on the basis on nitrogen oxide (NO) and nitrogen dioxide (NO2). NO is also 

an intermediate reaction because within the atmosphere this compound is in the presence 

of oxygen and at temperatures above 20 °C very unstable and will further react to NO2. 

This reaction can be expressed as follows:  

�� +�� ↔ ��� + �� (II–1) 

Equation (II–1) means, under the availability of ozone (O3) from the atmosphere 

NO will further react to NO2 at the stack outlet. From the environmental point of view is 

therefore NO2 the important magnitude and because it contributes to the production of 

photochemical smog and acid rain [40]. Taking the average ozone concentration within 

the atmosphere into account is the typical reaction time of the process described in 

equation (II–1) around 1 minute [41].  

The fraction of NO2 in total NOx is about 50 % on low–temperature low–NOx 

flames due to the high ratio of H to NO [42] and about 90 % under fuel–rich conditions 

[43]. This circumstance builds the foundation for the fact that only the molar mass of 

NO2 is being used for the determination of the emitted NOx quantity of a power plant unit 

at the stack outlet instead of a complex or individual molar mass calculation.  

Mechanisms of NOx Formation during Coal Combustion 

During coal combustion nitrogen oxides are produced by potentially tens of 

species and hundreds of reactions involved which are closely linked with the coal 

combustion mechanisms of devolatilization, char combustion, and volatile burning in a 
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typically turbulent two–phase flow condition with significant heat releases [44]. These 

complex mechanisms have been classified into two basic groups which produced NOx 

during homo– and heterogeneous reactions [45–62].  

 

Figure 7. Simplified NOx formation pathways during coal combustion [63] 

The molecular nitrogen (N2) of the combustion air and the fuel–bound organic 

nitrogen are being based as causal sources for the formation of NOx [63–67]. The total 

amount of NOx emissions resulting from solid–fuel combustion can be described by the 

summation of the three main identified reaction pathways [6]. They consist of two 

dominant and one devote mechanism depending on their shares in the total amount and 

the source of nitrogen and chemical kinetics.  

• Thermal–NOx The fixation of atmospheric nitrogen by atomic 

oxygen, the latter formed by splitting of the molecular 

oxygen and nitrogen due to high available 

temperatures within the combustion zone. 

• Fuel–NOx The fuel–bound organic nitrogen reacts with available 

hydrocarbons (CHx). 
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• Prompt–NOx The in the combustion air bound nitrogen reacts with 

available hydrocarbons or hydrocarbon fragments that 

originated in thermal decomposition in a reducing 

atmosphere.  

Thermal–NOx 

Thermal–NOx results from the oxidation of nitrogen present in the combustion air 

under strong temperature dependencies. Generally it accounts for 20 % to 50 % of the 

total NOx generated [40]. This is due to the fact that during the combustion process the 

existing O2 is being dissociated by the local temperature profiles and the emerging free 

oxygen atoms attacks the available nitrogen molecules to form mainly NO and NO2. For 

this purpose, the necessary temperatures prevail predominantly within the secondary 

combustion zone. Zeldovich [45] has described the oxidation of nitrogen and discovered 

the following eponymous mechanism: 

� + �� ↔�� +� (II–2) 

� +�� ↔�� +� (II–3) 

The first reaction hereby controls the system but as this reaction needs very high 

activation energy it is mentioned that it is slow at low temperatures. The cracking of the 

stable N2–binding required a very high activation energy which means temperatures 

above 1,200 °C [39]. These reactions occur even rapidly at combustion temperatures over 

1,538 ºC [40]. Therefore the main formation of thermal–NOx occurs at the portion of the 

flame close to the burner, where the peak flame temperature is the highest in combination 

with available oxygen. For pulverized coal combustion, especially in fuel–rich flames, 

the two–step mechanism underpredicts the real NOx level. Fenimore and Jones [46] 
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referred that to the higher concentration of hydrocarbon radicals within the reaction zone 

and Bowman and Seery [68] extend the Zeldovich [45] mechanisms by a third 

elementary step in order to consider this effect. 

� +�� ↔ ��+ � (II–4) 

The NOx production rate dependents upon the availability of oxygen in the flame 

and is found to be exponentially dependent, upon the temperature resulting in that area 

so, that temperature peaks within the flame structure substantially stronger determine the 

rate of formation as the level of the average temperature profile [39]. For this background 

it can be assumed that the generation of thermal–NOx could be reduced by optimizing the 

furnace and burner design.  

Fuel–NOx 

The organic nitrogen which is chemically bound in the coal is the main source for 

the total exhaust NOx emissions from coal flames [69, 70]. Generally coal consist of a 

few percent nitrogen which results in much larger NOx emissions of flames compared to 

those from gas or oil flames [71]. It results from the oxidation of nitrogen which is 

organically bound in the fuel and can contribute over 75 % (up to 95 %) of the total NOx 

formed during the devolatilization process and char burnout [72]. The production of 

nitrogen oxides and molecular nitrogen is either as a homogenous gas phase reaction or 

as heterogeneous reaction which involves the coal char surface [73]. In this connection 

are the most important reactions on the char surface described by the following reaction 

equations: 

��	
�+ ���� ↔ ���	
� (II–5) 
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��	
� + ���� ↔�� + �	
� (II–6) 

�� + ����	
� ↔ �� + ���� + �	
� (II–7) 

These mechanism indicated that the amount of NOx generated by fuel–bond 

nitrogen increase when the residence time of the burning particle increase likewise. 

Fenimore [74] stated that these relations can be observed as long as the reaction occurs at 

temperatures above 800 °C. An additional rise of NOx generated by fuel–bond nitrogen is 

caused by the rise of oxygen content in the flame which leads to fuel–lean conditions. 

Under these circumstances leads the higher partial pressure of the molecular oxygen to 

more available atomic oxygen in the flame front and favor therefore the formation of NO 

from HCN, whereas under fuel–rich conditions the generation of N2 would be preferred. 

A similar set of reactions can be written for NH3, where fuel–lean conditions are favoring 

NO and fuel–rich conditions are favoring N2 [73]. They can be found in the work of 

Nordin et al. [73]. 

Prompt–NOx 

Due to the fact calculations based only on the above given mechanisms would 

generally under predict the total amount of NOx generated especially when no fuel–bound 

nitrogen is involved, e.g. natural gas firing systems, leads to the assumption that must be 

also another reaction pathway. This chemical mechanism describes the prompt–NOx as 

formation of molecular nitrogen in the air combining with these in the fuel under fuel–

rich conditions with short flame–residence times at temperatures between 1,600 °C 

(~ 2900 F) and 2,100 °C (~
 
3800 F) [75]. The formation is being initiated through various 

hydrocarbon fuel fragments like CH and CH2 which results by the devolatilization 
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process. The molecular nitrogen is being attacked by these hydrocarbons and due to the 

reaction zone and velocity it occurred very rapidly [6]. Fenimore [47, 76] has described 

this phenomenon as follows: 

�� + �� ↔ ��� +� (II–8) 

With a contribution of [58]: 

� + �� ↔ �� +� (II–9) 

These reactions occur mainly in fuel–rich regions where hydrocarbon radicals 

increase the formation of HCN through the following reactions [73, 75]: 

�+ �� ↔ ��+� (II–10) 

�� + ��� ↔��� +�� (II–11) 

�+ ��� ↔��� +�� (II–12) 

The nitrogen then oxidizes along with the fuel and becomes NOx during 

combustion, just like fuel–NOx [5] and the HCN oxidized to NO depending on the 

prevailing conditions. Add to this, a significant fraction of the nitrogen compounds under 

the prompt mechanism is being converted to diatomic nitrogen (N2) inside the boiler [27, 

40]. For this background is a distinction between these two formation mechanisms in the 

further course of the reaction no longer possible and as such it has until now not being 

considered in more detail. This might be due to the fact that it is assumed that the portion 

of prompt–NOx contributes to less than 5 % of the total NOx generated during coal 

combustion. 
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III. PROBLEM STATEMENT 

Combustion research started back on half a million years and thus it seemed to be 

the oldest scientific engineering research altogether [77]. But only since the middle of the 

last century becomes the awareness before environmental impacts and health effects 

sources by nitrogenous pollutants from industrial coal combustion systems more and 

more significant. Coal combustion generates high quantities of NOx which are a 

significant driver for photochemical smog and acid rain [78, 101]. The formation of NOx 

during coal combustion is a very complex process and obeys hundreds of elementary 

chemical reactions which are still been investigated since the industrial use of utility 

steam generators began over 100 years ago. Fundamental investigations to determine the 

mechanism of NOx formation during coal combustion have been done and despite such 

essential work of person like Yakov Borisovich Zel'dovich and Charles Paine Fenimore it 

is not fully understood. An enormous amount of literature has been published so far but 

up to now it is not possible to calculate NOx emissions for a practical coal combustion 

situation based on solving individual reaction rate equations, even using computers. This 

may come by the fact that all identified primary influence factors on NOx emissions, as 

temperature (as activation energy), concentrations of oxygen and nitrogen (partial 

pressure), C–N bonds in fuel (as reactants), and / or the respective residence time within 

the reaction zone [79], enter and alter each other which means, if any one of these factors 

changed the NOx production rate will also change immediately.  
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Many unknowns have to be coupled to understand the influence of a certain 

parameter within a specific combustion environment and there are numerous techniques 

available to influence NOx emissions. Some of these techniques involving substantial 

capital investment and others may only consist of changings in the operation settings of 

the system. Mathematical models can help to understand the combustion process in order 

to design and / or optimize burner or furnace. In addition they raise the understanding for 

various predictions, e.g. the influence of another coal quality on the combustion 

performance in a specific boiler which is an important factor for the procurement strategy 

of the international power generation industry [80]. 

Therefore is the objective of this study to gain the possibility to make fast and 

easy predictions regarding the combustion behavior of certain solid fuels within a certain 

combustion environment in order to identify the individual factors contributing to NOx 

formation and investigates how variations in the process parameters affect the emissions 

as basis for possible process optimization at lowest cost. Such model could be used to 

find an optimum in combustion efficiency and hence emissions at highest possible 

process efficiency, and for sure to understanding the different influence factors and their 

interaction within a specific furnace environment to gain the possibility to optimize 

combustion systems with respect to efficiency and reliability under environmental 

awareness. Any results could contribute to the understanding of the entire reaction chain 

and thus such approach could be a useful tool for science and the industry. 
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IV. LITERATURE REVIEW 

Predicting NOx emissions from coal combustion is considerably difficult. Many 

important aspects of chemistry and physics have to be coupled in a way that allows 

realistic prediction of NOx formation of practical coal–fired utilities with reasonable 

computational effort. Considerable work has been done to identify the major influence 

factors and their contribution to the overall NOx emissions. Relating to the prediction of 

NOx generation in a coal–fired power station it can generally classify into four groups 

[81]: 

• Fundamental quantitative relationships. 

Investigations regarding nitrogen content in coal, coal rank, relevant 

physical and chemical properties, nitrogen partitioning, formation and fate 

of nitrogenous species, combustion behavior and effects. 

• Empirical algorithms and statistical relationships. 

Models which have been usually developed of a certain boiler 

configuration and coal properties on a relatively small set of data.  

• Computational Fluid Dynamic (CFD) and kinetic modeling. 

Physical and/ or chemical 3D steady state and time–dependent modeling 

of the combustion process [82–86 and others].  

• Artificial neural–networks (ANN) and fuzzy systems 

Expert systems and neural networks are increasingly applied for the NOx 
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prediction since the early 1990s. The systems are an information 

processing system that imitates biological brain structure and function. 

The network seek iteratively for patterns and trends between the defined 

input and output data set [87]. 

 

NOx emissions from practical coal combustion situations are the most difficult 

pollutant of all generating emissions. Actually, there is no method available which 

examines certain predictions on NOx generation. For this background was the objective 

of this study to develop a practical, fast and easy to use engineering approach and 

therefore the last two categories had not be covered in this thesis. Details on the operation 

and use of the other modeling approaches have been reported elsewhere.  

NOx Prediction Approaches 

Over the past decades there has been an increasing interest in a prediction 

possibility of NOx emissions for coal combustion utilities. This is due to the fact, that at 

this time it is not possible to calculate the NOx emission level based on solving individual 

equations, even using computers. However, the prediction of NOx formation from coal 

combustion systems is very complicated by the complexity of the factors involved. 

Several scientists have dealt with the issue and based on fundamental quantitative 

relationships or empirical algorithms and statistical relationships, a considerable number 

of approaches have been identified. It shall be remarked that the found NOx prediction 

techniques will be described in their mode of operation in the following, including a 

comparison summary at the end of this section.  
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Bartok et al. (1971) 

Bartok, Crawford and Piegari [88] were the first pioneers who had tried to find a 

statistical relationship between NOx emissions and a simple and general applicable 

system indicator to determine NOx emission by fossil fuel type and boiler design, mainly 

for the reason of estimating the applicability of a potential combustion modification. This 

indicator should be as easy as possible to determine but anyhow reflect the individual 

boiler utilization for different load cases. The authors investigate therefore the correlation 

between boiler gross load ��� per furnace firing wall ���� and measured data from 

7 coal–fired boilers by a linear regression analysis. The following correlation had been 

identified based on the observed boilers at full load operation (5 data points): 

��� = ��� + �. �� ������� (IV–1) 

Where ��� are the NOx emissions in ppm corrected to 3 % O2 on a dry basis, and 

�� ���⁄  as the load per furnace fixing wall. The authors found that one boiler (‘C’) 

had unusual design features which are not comparable with the others. They concluded 

that boiler ‘C’ was designed to be operated as a slag–tap bottom furnace at low load 

levels, fired with high slagging temperature coals which results in high flame 

temperatures, and for maintaining the slag molten in relatively slow heat absorption in the 

lower furnace. What is in line with the assumptions made in this thesis (see chapter 

‘Pulverized Coal–Fired Boilers’). The authors found that the correlation for the other 

boilers could significantly improve by eliminating the data from boiler ‘C’ (4 data 

points). The new regression equation was: 

��� = ��� + �. �� ������� (IV–2) 
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Due to the fact that the load of each considered boiler varied over a wide range 

had the regression analysis been adapted to all available data points from all loads (15 

data points) as follows: 

��� = ��� + �. �� ������� (IV–3) 

Without boiler ‘C’ (12 data points) the following deviation: 

��� = ��� + �. �� ������� (IV–4) 

In addition, by the findings from the elimination of boiler ‘C’, boiler ‘Q’ had also 

been omitted because of its design principles. Boiler ‘Q’ operates as a cyclone furnace. 

The last regression equation which considered only the dry bottom–fired systems at all 

loads was than evaluated from 10 data points as follows: 

��� = ��� + �. �� ������� (IV–5) 

The number of equivalent furnace walls for the large, 705 MW cyclone fired 

boiler ‘Q’ was arbitrarily to set at 3.  

Crawford et al. (1974) 

Crawford and Bartok [89] emulated their work from 1971 [88] and developed 

together with a third researcher (E.H. Manny) on the basis of more data a new regression 

equation on unchanged basic requirements: 

��� = ��� + �. ��� ������� (IV–6) 

The correlation between NOx emissions and gross load ��� per furnace firing 

wall ����. 
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Pershing (1976) 

Pershing [72, 90] postulated that the dominant NOx contribution factor in coal 

fired boilers arises through the oxidation of chemically bound nitrogen in the fuel but the 

NOx emissions could not be correlated with fuel bound nitrogen content alone. Therefore 

the author investigated the influence to the conversion of fuel nitrogen in coal during coal 

combustion and developed on the basis of his experimental results a dimensionless 

emission coefficient ‘psi’ �� which correlates the actual emissions of the system. 

� = ����@ ! = �. �� = � ∗  ! − �. ��� (IV–7) 

The stoichiometric ratio  !� acts as variable. The reference point for  ! has 

been set to 1.15, which was approximately the midway between the normal testing limits 

of the experiments ( ! = 1.03 to 1.3). It has been shown that the correlation found was 

acceptable for a wide variety of fuels within the drop–tube furnace and constant 

aerodynamic conditions but for the full–scale systems unsuitable.  

Therefore the author continued the investigation in a laboratory combustor to 

investigate the contribution of fuel–bound nitrogen to NOx as main driving factor for NOx 

formation. Fuel–NOx was isolated by experimentation by replacing the combustion air 

with an artificial atmosphere containing argon instead of N2. In order to describe the 

conversion rate of char containing nitrogen to NOx the author investigated the burning 

behavior of a char sample and developed the following empirical equation for the 

conversion of char nitrogen: 

�!� = � ∗  ! − �. ��� ∗ �� + $� ∗��	
� (IV–8) 
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With $� = ��%, which represents the single conversion coefficient determined 

by correlation of the experimental data on char combustion on the particular condition. 

 ! is the stoichiometric ratio (air / fuel) and ��	
� terms the char nitrogen content. The 

author stated furthermore that since the effective pyrolysis temperature within the actual 

coal flame is not known the fractional proportion of relating nitrogen volatiles to total 

volatiles is being assumed to be linearized according to the respective mass portion 

proportion. The conversion ratio for the volatile containing nitrogen portion had been 

formulated as follows: 

�!& = ��+ $& ∗ �&'(
)*(+  (IV–9) 

$& as the empirical volatile nitrogen conversion coefficient and �&'(
)*(+ terms 

the volatile nitrogen content. Unfortunately the author stated not the exact value for $& 

which would complicates the traceability of results. 

Lim et al. (1980) 

Lim et al. [91] investigated on behalf of the US Environmental Protection Agency 

(EPA) possible NOx control assessments for utility boiler combustion systems. As part of 

this work the authors created NOx correlation equations based on several field test 

experiments in unstaged industrial steam generators. Key boiler design and operating 

variables, burner characteristics, and fuel properties were identified to contribute to NOx 

formation. The authors carried out multiple regression analysis differentiated according 

to boiler firing types, tangential, single wall, and opposed wall–fired. For tangentially 

coal–fired boilers, the following correlation equation had been published: 
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��� = ��� + �. %� ∗ �%,������� − �. �� ∗ �%,����
+ �. �� ∗ �%,������� + �. �� ∗ �%,������ 

(IV–10) 

With  ���   NOx emission (ppm dry at 3 % O2) 

��  Heat input per active burner (W) 

��  Air ratio at active burners (–) 

��  Surface heat release rate (W / m²) 

��  Total air ratio of the furnace (–) 

It can be seen that the most important parameters governing NOx formation are 

burner stoichiometry and heat release rate. Thus, equation (IV–10) based on fundamental 

principles as stoichiometry affects both thermal and fuel–NOx while heat release rate 

should mainly affect thermal–NOx which is in line with the findings provided by Bartok 

et al. [88] and Pershing [72].  

The multiple regression analysis was also applied to horizontally opposed coal–

fired boilers. 6 boilers were tested under various operational conditions, e.g. excess air, 

boiler load, off–stoichiometric combustion (OSC), and flue gas recirculation (FGR). The 

regression analysis yielded the following equation: 

��� = −��� + �. ����� + �. �� ∗ �%,���� + �. �����− �. ����� − ��. ���� + ��. ���� (IV–11) 

With  ���   NOx emission (ppm dry at 3 % O2) 

��  Air ratio at active burners (–) 

��  Heat input per active burner (W) 

��  Number of burners firing (–) 

��  Flue gas recirculation (%) 
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��  Number of division walls (–) 

��  Furnace excess oxygen (%) 

Equation (IV–11) indicates that NOx increases with increasing burner 

stoichiometry, increasing boiler load, number of burners in service, and total excess 

oxygen level. Whereas NOx decrease with increasing flue gas recirculation amount and 

number of division walls. These results are, in general, in agreement with other 

theoretical considerations within the literature.  

The authors also applied a multiple regression analysis to single wall coal–fired 

boilers with data coming from eight boilers. The data included tests under baseline 

conditions with changings in excess air, boiler load, and OSC. 

��� = −��% + %. ��������� + �. �� ∗ �%,�������		
+ �. � ∗ �%,������� − �. �� ∗ �%,�������− �. %� ∗ �%,�������� 

(IV–12) 

With  ���   NOx emission (ppm dry at 3 % O2) 

��  Surface heat release rate (W / m²) 

��  Air ratio at active burners (–) 

��  Number of burners firing (–) 

��  Heat input per active burner (W) 

��  Furnace excess oxygen (%) 

The authors stated that the air ratio at active burners has a marked large positive 

correlation with NOx emissions. The number of firing burners, heat input per active 

burner, and the furnace excess oxygen level correlated also positive with NOx emissions. 

Although these positive correlations are consistent with theoretical considerations known 
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from experience, the authors clearly pointed out that the developed equations are only 

valid within the range of conditions of the original data base, so that any generalization 

should be made with caution. 

Chen et al. (1982) 

Chen et al. [92] investigated the char–N conversion and its contribution to total 

NOx emissions. A heated wire grid reactor (HTWM = high temperature wire mesh) was 

used to determine the nitrogen content in the char. The chars were produced under 

conditions simulating the conditions in pulverized coal boilers. The resulting NOx 

emissions from 50 coals covering a wide range of coal rank burning in a test rig and a 

full–scale boiler were measured and correlated with the char NOx. A multi–variable 

regression algorithm yielded for the char relating nitrogen conversion was developed by 

assuming that all the char containing nitrogen converts to NOx. 

���	
� = ��� + �%� ∗ ��'
( + %.��� ∗ ���− %. ��� ∗ ��	
� (IV–13) 

Where ��'
( is the nitrogen content in the original coal (wt.–%, daf), ��� is the 

inert pyrolysis HCN yield (ppm, equivalent) and ��	
�	is the modified ASTM solid 

nitrogen (ppm, equivalent). The resulting correlation for the exhaust NOx emissions from 

the burning system was found to be: 

��� = %. �� ∗  ! ∗ ���	
� + %.��� + %. %%� ∗ ��� +����∗ ���+���� + %. �� ∗ � −  !�%.� ∗ ��	
� 
(IV–14) 

Where  ! is the stoichiometric ratio (air / fuel). The inert pyrolysis HCN yield 

and the non–volatile N yield were used to develop a predictive relationship for NOx based 

on the coal–N content. International experience with this relationship had not been 
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successful but anyhow been used as basis for the NOx predictor in the Electric Power 

Research Institute (EPRI) Coal Quality Impact Model (CQIM). Later attempts to apply 

this technique, e.g. in an Australian context had also not been successful. Results 

obtained in the ACIRL
2
 boiler simulation furnace under a set of standard conditions show 

a poor dependence of NOx produced on coal–N content [93]. 

Nakazawa and Kawamura (1982) 

Nakazawa and Kawamura [94] investigated the influence of coal quality on NOx 

emissions at the Japanese Matsushima power station. The power station consists of two 

tangential–fired 500 MWe boilers which have been designed by Mitsubishi
3
 / Sulzer

4
. 

The boilers are air–staged and equipped with SGR burners (separate gas recirculation). 

The grade of air staging is herewith 30 % of the total combustion air was being supplied 

by the overfire air ports. The authors stated that a change in NOx emissions could be 

attributed to the change in coal quality by the correlation to fuel ratio
5
 and the nitrogen 

content between the design coal of the boiler and the respective change in quality.  

��� = �%% ∗ �./ −�%� + 0 ∗ �! − �!%� + ���% (IV–15) 

With ��� as the expected NOx emissions (ppm, as measured), �./ as nitrogen 

content of coal (db), �% as nitrogen content of design coal (db) = 0.8, �! the fuel ratio of 

the coal, �!% as the fuel ratio of the design coal = 2.0, ���% are the NOx emission of the 

design coal (ppm) = 250 ppm, and 0 is for �! ≥ 1.6 = 50 and for �! ≤ 1.6 = 80.  

For the background that the original coal design properties of the observed 

combustion systems could be unknown it may assumed that any actual fired coal in a 

                                                 
2 ACIRL Pty Ltd. is a private company which provides analytical and coal technology services. 
3 Mitsubishi Heavy Industries Ltd. 
4 Sulzer Ltd., a Swiss corporation. 
5 Quotient of the bound carbon content (char) and the volatile ingredients according to Kluger et al. [135]. 
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certain combustion system is within the original design criteria. Therefore can the first 

consistent data set to be assumed as reference for the equation context. In addition it 

needs to be clarified that only different data from more than one trial run could be 

considered for the model application because the equation is just based on a change of the 

respective coal parameters but not for a change in the furnace design or boiler operation 

conditions.  

Pohl et al. (1983 & 1987) 

Pohl et al. [95, 96] developed two empirical correlation equations for the 

production rate of NOx on the basis of coal properties. The experiments showed for 

staged and unstaged flames the nitrogen content, volatile matter content and the fixed 

carbon content of the coal correlated with the observed NOx emissions. The authors 

developed for both conditions a correlation equation. The relationship for unstaged 

(diffusion) flames was formulated as: 

��� = ��% + ��� ∗ ��.
1�.� �+ �% ∗ �&�.
1�% � ∗ ����
���%% �− ���	
∗ ���.
1�% � ∗ ����
���%% � 

(IV–16) 

For staged flames: 

��� = ��% + �% ∗ ��.
1�. � �+ �% ∗ �&�.
1�% � ∗ ����
���%% �− �%%
∗ ���.
1�% � ∗ ����
���%% � 

(IV–17) 

Where ��� is the expected NOx emission level (ppm, dry, stoichiometric (0 % 

O2)), �.
1 is the nitrogen content in the coal (daf), &�.
1 is the volatile matter (wt.–%, 
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daf), ��.
1 is the fixed carbon content (wt.–%, daf) and ���
� maximum NO 

concentration from the nitrogen in the coal (ppm, dry, 0% O2).  

As first researcher on the field of developing a NOx prediction technique the 

authors considered the influence coming from the thermal load inside the furnace referred 

to the heat release per burner area in kBtu/hr–ft² �!23� additional to the influence 

coming from the coal parameters. The heat release impact had been formulated as: 

�!4 = %. �� ∗ +%.%%�∗�!23� + %. %�� ∗ +%.%%�∗�!23� (IV–18) 

�!23 is defined by the six sided box from the bottom burner to 10 ft above the 

top burner and across the width of the boiler. Furthermore the findings of Pershing [90] 

according to the significant influence of excess air level had also been included as the 

excess air impact. 

��4 = %. � + %. ��� ∗ �� (IV–19) 

�� is the flue gas oxygen content (Vol.–%, dry). The predicted NOx emission 

level for the considered system is than determined by: 

��� = ��� ∗ �!4 ∗ ��4 (IV–20) 

The approach mentioned here had been developed under unstaged furnace 

conditions and would not consider significant sub–stoichiometrical zones within the 

furnace and therefore only limited applicable. 

Nakata et al. (1988) 

Nakata et al. [97] investigated the impact of coal properties on NOx emissions and 

unburned carbon content (UBC). 28 bituminous coal types were burned in two burners, a 

swirl burner (23 coals) and a parallel flow burner (5 coals) in a test furnace under 

unstaged operating conditions. For both burners an empirical formula was derived by 
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means of linear regression analysis on the basis of a conversion ratio of fuel nitrogen to 

NOx. For the swirl burner was expressed as: 

��� = ����
� 	 ∗ ��%. �� ∗ �!�
� + �. ��� (IV–21) 

For the parallel flow burner as: 

��� = ����
� 	 ∗ ��. �� ∗ �!�
� + �. ��� (IV–22) 

��� is the expected NOx emission level in the respective unit in ppm, ����
� is 

the maximum NOx concentration from the nitrogen in the coal (equation (IV–23)), �! 

the fuel ratio of the coal and �
� is the nitrogen content in the coal (wt.–%, as received). 

The function coefficients seemed to be represents the function adjustment to the observed 

combustion environment. If so, these coefficients can / needs to be adjusted to any other 

system which shall be considered. The ����
� maximum NOx concentration possible 

from the pure nitrogen in the coal (in ppm) can be calculated as follows: 

����
� = �
� ∗ &%�� ∗ �%�&�5.�6 (IV–23) 

With  �
�  nitrogen content in coal (wt.–%, ar) 

  ��  nitrogen atomic weight (14.0067 kg/kmol) 

  &%  ideal gas volume (22.414 m³ / kmol, STPdry) 

  &�5.�6 flue gas volume per kg raw coal (m³ / kg, STPdry) 

The here presented approach based on the idea to assume that a certain furnace 

under same operating conditions would have a constant nitrogen conversion ratio 

regarding the total possible nitrogen level if all fuel bounded nitrogen would be 

converted. Therefore it can be concluded that if the reference basis for the predicted NOx 
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level only referred on fuel–N, it must be assumed that thermal–NOx formation is not been 

considered within such approach. That means that a change in the coal properties which 

results necessarily in a change in the combustion behavior and temperatures would only 

been considered a change in the fuel–NOx mechanism but not in thermal–NOx pathways. 

Certainly is especially for coal combustion the fuel–NOx proportion much more 

significant than the thermal ones but on the other hand the prediction accuracy would 

certainly decrease the more the coal rank of the observed coals apart. Nevertheless, it can 

be concluded that a change in coal properties would result necessarily in a change in the 

predicted NOx emission level which makes the approach principally usable for coal 

procurement strategies. 

Shimizu et al. (1992) 

Shimizu et al. [98] developed a model for the prediction of NOx formation from 

coal combustion based on 9 different coals combusted in a fixed bed reactor. The 

combustor consists of a quartz tube with a quartz sintered plate gas distributor. The 

reactor was heated by an electric furnace in an argon stream in order to eliminate the 

thermal–NOx formation. This approach describes the effects of pyrolysis conditions and 

coal rank of the parent coal on conversion of char–bound nitrogen to NOx using the 

nitrogen and carbon content in the coal in relation to the measured emissions of CO, CO2 

and NOx in the flue gas. 

�!�7+(� = ����� + ���� 8��9�'
( (IV–24) 

Where ���, �� and ��� are the individual measured concentrations in the flue 

gas. � �⁄  as the molar ratio of nitrogen and carbon content in the char. For the 
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determination of the char containing nitrogen the authors assumed that nitrogen and 

carbon dispersed uniformly.  

Similar to the assumption made by Nakata et al. [97] is the here listed prediction 

technique based on a nitrogen conversion ratio :�!�7+(�; and the major problem is the 

exact definition of the partitioning between volatile and char containing nitrogen content. 

Due to the fact that the authors stated a fairly well explanation of the experimental results 

obtained by equation (IV–24) it can be assumed, that a specific change in the conversion 

ratio :�!�7+(�; value would lead to a statistic relevant change in the NOx emission level 

which would it makes possible to predict the NOx formation for other coals based on a 

reference situation. Nevertheless, the approach based exclusively on the assumptions that 

only char containing nitrogen is being converted to NOx under constant operating 

conditions and do not consider any thermal contribution. 

Alfonso et al. (1993) 

Alfonso et al. [99] developed a semi–empirical model for predicting NOx 

emissions on the basis of three independent factors comparing the predictions made with 

measurements made in 4 power plants firing 9 different coals. The model is defined by 

coal properties, burner design and operation, and boiler design and operation. Each 

influence is assumed to be independent of the others and thus it seemed to be contradicts 

the assumption that the final NOx level is the result of the interaction of all of these 

influence factors.  

����! = � ����!��'
( � ����!�27�<+� � ����!�2'*(+� � ����!��*<+<+== (IV–25) 
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Each of the factors had been displayed by the following graphs (see Figure 8). 

The respective coal term for the influence of coal quality is based on the relation 

developed by Pohl [95]. The factor depends on nitrogen content and volatile matter 

content of the coal. The burner factor depends on primary air velocity and swirl number 

as known from the work of others, e.g. Michelfelder et al. [100]. The boiler influence is 

based on the influence of oxygen concentration outside the flame region and the 

influence of time–temperature history in a boiler on nitrogen oxide formation correlated 

with the heat release in the burner zone area (HRBZA)
6
 for unstaged conditions. The last 

quotient represents the influence of the coal fineness determined by the tentative 

relationship between coal fineness and NOx emission for several limiting flame mixing 

condition. 

 

Figure 8. Influence factors according to Alfonso et al. (1993) 

                                                 
6 In Btu divided by the area of walls in the burner zone plus 10 feet above plus the area of planes across 

both ends of the burner zone. 
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The authors stated that due to the limited data available it is recommended that the 

influence of coal fineness for tangential fired boilers is set to be 1 (no influence) and for 

boilers equipped with swirl burners the value should be approximated as follows: 

� ����!��*<+<+== = %. � + %. %%� ∗ % < �%%@� 
(IV–26) 

However, the authors stated that the assumption of independent influence factors 

is a reasonable first approximation which is partially compensated by the use of empirical 

data. Furthermore the authors concluded that more data and refinement are required to 

estimate the accuracy of the above mentioned assumptions. Thereunto it should be 

remarked, that similar to Pohls work [95] the approach presented here had also been 

developed under unstaged furnace conditions and would not consider significant sub–

stoichiometrical zones within the furnace and is therefore only limited applicable for 

todays application. 

Kambara et al. (1995) 

Kambara et al. [101] found a relationship between nitrogen functionality and NOx 

emissions. The authors investigated the thermal decomposition behavior of fuel bound 

nitrogen during rapid pyrolysis of different coal samples in a quartz tube reactor to 

develop a general index which estimates the NOx levels for coals over a wide range of 

rank by the use of the NH3 / HCN ratio within the volatile nitrogen. This NOx index is 

described by: 

���	4<.+� = 8A�+B.� + B��� 9A�B.� +B���  (IV–27) 
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With A� is the fraction of quaternary nitrogen (wt.–%, daf), B.� as pyridinic 

nitrogen (wt.–%, daf), B�� as pyrrolic nitrogen (wt.–%, daf) and � as the carbon content 

(wt.–%, daf). The different nitrogen fractions have been measured by the use of the X–

ray photoelectron spectroscopy (XPS) technique. 

This predictor is based on nitrogen functionality in coals and the respective 

release during pyrolysis and combustion. Therefore could this approach presumably be 

used for procurement strategies (choosing coals) on the basis of NOx formation potential 

as long as XPS investigations would be performed. Nevertheless, it should be remarked 

that measurements by X–ray photoelectron spectroscopy is very sensitive to sample 

preparation. In addition, also furnace or operational parameter had not been considered 

which makes the given approach only limited applicable.  

Rozendaal et al. (1997) 

Rozendaal et al. [102, 103] investigated the impact of coal quality changes on the 

NOx emission level, especially based on using coal blends for 2 different boilers of three 

independent power stations located in the Netherlands. 2 tangentially–fired units and 1 

opposed wall–fired unit. The work was based on pure statistical relationships. The 

interpolation between NOx emissions and coal characteristics was analyzed by linear 

regression analysis. Scatter diagrams of NOx emissions versus various coal characteristics 

(volatile matter and fuel ratio) were plotted and for each combination the coefficient of 

determination and the regression coefficients were calculated. But only the tangentially–

fired units showed a statistical relevance for which reason only these two evaluations are 

being considered further. The best regressor from statistical point of view for the first 
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boiler (Maasvlakte, NL) yields the following relationship according to O2 = 3%, wet 

basis: 

��� = �%%� − ��.� ∗ &�./ (IV–28) 

For the second boiler (Amer, NL): 

��� = �%� − ��. � ∗ &�./ (IV–29) 

&�./ is the volatile matter content on a dry basis. The equations had been 

developed for tangential–fired units with special attention to stable boiler conditions for 

all blends. The results published from the linear regression analysis shows for equation 

(IV–28) a good statistic relevant relationship and in that, that the regression coefficients 

adjust the reference figure &�./� according to the observed furnace it can be assumed 

that the general methodology can be derived also to other tangential–fired units. 

Nevertheless is the approach being based on coal properties only and therefore only 

limited applicable.  

van der Kooij et al. (1997) 

van der Kooij et al. [104] took the developed approach by Rozendaal et al. [102] 

and adjusted the function coefficients by a linear regression analysis towards the 

boundary conditions of two other power plants burning coals of an unreported rank: 

��� = ��%� − �� ∗ &�./ (IV–30) 

A good example of transferring the Rozendaal approach to another boiler which 

confirmed the previous made assumption. 
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Niksa et al. (1997) 

Niksa et al. [105] investigated the influence of changing coal qualities on the NOx 

emissions and loss of ignition (LOI) and build herewith the basis for EPRIs
7
 NOx / LOI 

Predictor™
8
. The approach is termed as FLASHCHAIN™ model which determines the 

volatile gas yield, volatile tar yield, tar nitrogen yield and HCN production. The results of 

the FLASHCHAIN™ model [106–112] are used for a series of correlations to predict the 

NOx level for an alternate coal based on the assumptions from the baseline coal which is, 

in some way similar to the application possibility of the Shimizu et al. [98] approach but 

other than that based the FLASHCHAIN™ model on the standard data coming from 

proximate analysis, ultimate analysis, and Hargrove grindability index. These data are 

connected to a few measured values of NOx emissions and LOI from a particular boiler at 

known load and excess air.  

Unfortunately it is not possible to review the overall approach methodology 

because of the lack of information published which is certainly due to the intentional 

commercial application of the NOx / LOI Predictor™. But it can be assumed that the 

approach developed by the authors works on the principle of predicting a possible change 

in NOx emissions by estimating of the varying in coal parameters which is being 

confirmed by the fact, that only coal parameter are required to evaluate a possible change 

in NOx emissions based on a set of fuels being screened when they are burned under the 

same firing conditions that were used when the data were collected. Therefore the model 

would apparently not address design considerations and is also only of limited 

applicability. 

                                                 
7 Electric Power Research Institute. 
8 Software for change prediction in emissions from fuel switching or blending. 
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Schlessing (1998) 

Schlessing [113] postulated that the NOx level to be expected from a new and 

unknown coal within a known combustion system can be derived from the experience 

from a known used coal in the respective system. The NOx emissions from the new coal 

will be in a specific relation to the measured NOx level from the known coal unless the 

operating parameters of the system will not be changed, as similar to the approaches of 

others [94, 97, 98, 101–105]. The developed empirical correlation for the expected NOx 

level from the new coal has been addressed as: 

���� = ���! ∗ &�!&��  (IV–31) 

Where &�! are the volatile matter content of the reference coal, ���! are the 

associated emission profile and &�� are the volatile matters of the new (unknown) coal.  

The approach uses the same main NOx indicator as basis as Rozendaal et al. [102] 

but the difference here is that Schlessing did not considered any variation in the furnace 

design. Also a difference in the operational parameters had not been investigated. All that 

let suggest that the approach had been developed for procurements strategies of a specific 

power plant owner. Thus, this approach is also of limited applicability while it considers 

only coal properties as basis for predictions. 

Makino et al. (1999) 

Makino et al. [114, 115] further developed the approach established by Nakata et 

al. [97]. In contrast to Nakata based the approach of Makino on the assumption that the 

nitrogen content estimated by the ultimate analysis on a water free basis gives more 

reasonable estimates regarding a correlation to the NOx performance data of a boiler as 
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the ‘as received’ basis would suggest. Just like the approach established by Nakata et al. 

[97] also a potential influence coming from boundary conditions, e.g. boiler and 

operation conditions is been considered by two additional parameters which needs to be 

adjusted to achieve best suitable prediction result. If the NOx level of at least two coals 

are known for a given boiler configuration the model coefficients can be calculated by a 

regression analysis.  

��� = ����
� 	 ∗ C
� ∗ �!�.�6 + 
�D (IV–32) 

With  ���   NOx emission level at the furnace end of the respective boiler 

�!   fuel ratio of the coal 

�.�6  is the nitrogen content in the coal (wt.–%, dry basis) 


� and 
�  function coefficients 

The best suitable values for the coefficients 
� and 
� must be re–estimated for 

every new combustion situation. The author determined these parameters for each burner, 

i.e. 0.00109, 0.00677 for burner A; 0.000489, 0.0457 for burner B. ����
� is the 

maximum NOx concentration from the nitrogen in the coal as described in equation (IV–

23).  

Summarized it can be concluded that also the approach presented by Makino 

based on the idea to assume that a certain furnace under same operating conditions would 

have a constant nitrogen conversion ratio regarding the total possible NOx emission level 

if all fuel–bounded nitrogen would be converted. This implies, as concluded earlier (see 

Nakata et al. (1988)), that the thermal–NOx formation is not considered but due to the 

fact that a change in coal properties would result necessarily in a change in the predicted 
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NOx emission level makes the approach principally usable for coal procurement 

strategies. 

Jung et al. (2001) 

Jung et al. [116] performed a series of controlled combustion experiments in a 

drop tube reactor with 9 bituminous coals that represent the types of coals typically used 

from the State of Ohio, and 1 bituminous coal from Kentucky with a higher percentage 

nitrogen content. The NOx emissions were compared to the coals composition, including 

their volatile matter, fixed carbon, and nitrogen content. A relationship was developed 

based on the coal’s compositional factors. 

�� = E ∗ ���&�� − $ ∗�%  (IV–33) 

�� is the coal fuel factor, E and $ are function coefficients, �� is the coal’s fixed 

carbon, &� is the volatile matter, and �% is the nitrogen percentage on a dry ash–free 

(daf) basis respectively. The coefficients had been determined relative to the NOx 

emission values of the 10 coals by normalizing the actual NOx emissions for each coal to 

the concentration of the coal with the lowest measured NOx concentration when the 

values of E and $ are 550 and 92, respectively. The authors concluded that when the heat 

contents of the coals were considered, a linear relationship still exists between the relative 

NOx emission levels and the coals chemical properties and therefore it may be possible to 

lower total NOx emissions for a given combustor by replacing one coal with another coal 

with a lower fuel factor value.  

Similar to the approaches presented by Nakata et al. [95], Rozendaal et al. [102], 

and Makino [114] based also this NOx prediction model on the influence of coal 

properties on NOx formation for similar ranked coals under the condition of stable boiler 
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operating conditions. What means, that the functions coefficients needs to be adjusted for 

any other systems. 

Bennett (2001) 

Bennett [117] investigated the impact of coal properties at pilot–scale furnaces on 

the variations in the NOx emissions. The approach consists of two individual terms. The 

basis of the first is the idea that the outcoming approximations from Pohl’s approach [95] 

could be modified by replacing the proximate volatile matter by the high temperature 

volatile yield as established by Badzioch and Hawksley [118], in order to include the 

impact of the differences in the thermal environments of pilot–scale and full–scale 

furnaces which Pohls original correlation had not been considered. On the basis of a few 

single coal results the developed empirical correlation fitted to the data and the developed 

correlation was found to be: 

��� = 
 ∗ &��F ∗ �.
1 + / ∗ +8 G&��F9 (IV–34) 

�.
1 is the nitrogen content in the coal (wt.–%, daf), &��F is the high 

temperature volatile matter (wt.–%, daf) and 
, /, G are coefficients which had been 

fitted to the test results of the single coals. Similar to Nakata et al. [97] approach 

represent the coefficients the influence of the interaction between the system design and 

operation conditions of the furnace environment. Therefore it can be concluded that, the 

first approach (equation (IV–34)) can give estimates of possible NOx changings 

regarding a change in coal quality.  

The second term has been developed on the basis of the findings from the 

empirical correlation above. This simple reaction engineering model is based on the NOx, 

oxygen, and temperature dependence and helps to draw assumptions regarding the 
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possible grade of changes in the observed combustion system instead of changes in the 

fuel.  

��� = 
 ∗ H'I��� + / ∗ +8 G�!9 + . ∗ �! 
(IV–35) 

�� is the oxygen level and �! is the sum of each burner volumetric heat release 

rate. The four coefficients 
, /, G, and ., are not discussed in detail but it can be assumed 

that they represent the influence of unknown interactions within the entire system and 

can / need therefore to be adjusted to every initial state (see Nakata et al. [97]).  

Kurose et al. (2004) 

Kurose et al. [119] combusted 6 high fuel–ratio coals in order to developed the 

NOx conversion rate �!� which based on the general assumption made by Nakata et al. 

[97]. This figure evaluates the conversion effectiveness of fuel containing nitrogen to 

NOx as follows: 

�!!+1 = ���!+1	
J�%� ∗ &% ∗ �
�!+1��&�5.�6!+1 K

∗ �%�  

(IV–36) 

with  ���!+1  NOx concentration at the furnace exit (mg / m³, STPdry) 

�
�!+1 nitrogen content in the reference coal (wt.–%, ar) 

  ��  nitrogen atomic weight (14.0067 kg/kmol) 

  &%  ideal gas volume (22.414 m³ / kmol, STPdry) 

&�5.�6!+1 dry flue gas volume per kg raw coal (m³ / kg, STPdry) 

If the rate is being considered as constant, also for other coals, than the almost 

linear relationship could allow the prediction of NOx levels for other similar–rank coals 
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within the observed combustion environment. That would require one consistent data set 

in order to calculate the reference conversion rate :�!!+1; of a system as basis for the 

NOx prediction for other model parameters by transposing equation (IV–36). 

��� 	 = �!!+1 ∗ �%� ∗ &% ∗ �
�8�� ∗ &�5.�69 (IV–37) 

Where ���	 are the predicted NOx emissions at the furnace exit in mg / m³, 

STPdry, �
� is nitrogen content (wt.–%, ar), and &�5.�6 is dry flue gas volume per kg raw 

coal (m³ / kg, STPdry) of the new coal respectively. 

Although the basic idea is the same as known from Nakata et al. [97] which 

implies that also this relationship based on the assumption that only fuel–N converts to 

NOx which excluded the thermal–NOx generation, there is a crucial difference. In contrast 

to Nakatas approach is the dry flue gas volume per kg raw coal 8&�5.�69 considered. 

This figure depends directly on the excess air level and thus includes an operational 

parameter which describes the oxygen dependence.  

Conclusion 

Although a lot of research has been undertaken is the formation process of NOx 

emissions not fully understood or even calculable. A valuable contribution to the problem 

had been made using a combination of fundamental analysis, empirical algorithms and 

statistical relationships but even with 40 years of effort to understand NOx formation in 

coal combustion systems, it remains difficult to predict the effectiveness of low–NOx 

combustion systems. A good example would be the work of Kokkinos et al. [120] or 

Stamey–Hall [121]. The later attempted to correlate the NOx emissions with the nitrogen 

content and the respective fuel ratio of certain coals. The author investigates thirty units 
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at eleven coal–fired power plants but could not found any certain correlation which is 

certainly due to the reason, that the significant relationships between various constituents 

comprise each single influence factor and masked the NOx emissions by the impact of the 

other factors. Therefore is a generalization of the published NOx prediction approaches so 

difficult. The known and unknown related compensating effects which could or had been 

occurred during the measurements of the data sets cannot be traced in necessary detail. 

For this reason, it was not attempted to recalculate every existing approach during the 

here described research work. Rather, the existing approaches were investigated 

according to their possible application towards the major objective of this thesis. Table 4 

summarized these findings. 

Table 4. Summarization of NOx prediction approaches 

Reference 
Test–

scale 

Full–

scale 
Comment 

Bartok et al. (1971)  X High furnace load dependency 

No coal parameter 

10 data points for dry bottom fired utilities 

Crawford et al. (1974)  X Based on Bartok et al. (1971) [88] 

High furnace load dependency 

No coal parameters considered 

Pershing (1976) X  Drop–tube experiments unsuitable for full–

scale applications [90] 

The traceability of the test–rig results is 

very complicated  

No furnace design or load considered 
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Reference 
Test–

scale 

Full–

scale 
Comment 

Lim et al. (1980)  X No coal parameters considered 

Unstaged industrial furnace conditions 

Correlation equations based on specific 

boiler firing types 

Chen et al. (1982) X  NOx as a function of coal N content only 

(the inert pyrolysis HCN yield and the 

non–volatile N yield) 

No thermal–NOx considered 

No furnace design or load 

Nakazawa and 

Kawamura (1982) 

 X No thermal–NOx considered 

No furnace design or operating parameters 

Pohl et al.  
(1983 & 1987) 

X  20 coals 

Based on unstaged furnace conditions 

Nakata et al. (1988) X  Only constant operating parameters 

No thermal–NOx considered 

Based on unstaged furnace conditions 

Shimizu et al. (1992) X  Single particle consideration 

Considered only char–N conversion 

No thermal–NOx considered 

No furnace design or operating parameters 

Alfonso et al. (1993)  X Relatively small set of data (4 furnaces and 

9 coals) [99] 

Only staged mixing swirl burner 

considered 

Based on unstaged furnace conditions 



 
 

56 

Reference 
Test–

scale 

Full–

scale 
Comment 

Kambara et al. (1995) X  Inconsistent with other research results on 

nitrogen release [93] 

Necessary X–ray photoelectron 

spectroscopy investigations 

No boiler design or operating parameters 

Rozendaal et al. (1997)  X Derived from Nakazawa and Kawamura 

(1982) [94] 

Only constant operating parameters 

Only for tangential–fired units 

No boiler design or operating parameters 

van der Kooij et al. 

(1997) 

 X Approach of Rozendaal et al. (1997) [102], 

just the regression coefficients have been 
recalculated 

Niksa et al. (1997)  X Coal pyrolysis model for nitrogen release. 

No boiler design or operating parameters 

Schlessing (1998)  X Based on Rozendaal et al. (1997) [102] 

assumption regarding the VM significance 

Only constant operating parameters 

No boiler design or operating parameters 

Makino (1999) X  Approach of Nakata et al. (1988) [95], just 

the coal nitrogen reference basis had been 

changed and the regression coefficients 
were recalculated 

No thermal–NOx considered 

Only constant operating parameters 

Jung et al. (2001) X  9 Ohio bituminous coals and 1 from 

Kentucky 

Drop–tube experiments unsuitable for full–

scale applications [90] 

Only constant operating parameters 
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Reference 
Test–

scale 

Full–

scale 
Comment 

Bennett (2001) X  Based on Pohl et al (1983) [95] and on 

Nakata et al. (1988) [95] 

Considered either coal quality or operating 

conditions but not both together 

Kurose et al. (2004) X  6 coals 

Based on Nakata et al. (1988) [95] 

No thermal–NOx considered 

No furnace design or load 

 

Most of the published predictive techniques based on the correlation approach and 

perform poorly when used under conditions even slightly different from those for which 

the correlations were originally developed. The consensus is that they offer little 

predictive ability for coals burnt in a wide variety of international power stations. This 

may be due to the fact that most detailed studies had been performed in single–burner test 

facilities, and may not capture significant burner–to–burner interactions that would 

influence NOx emissions too. Other NOx prediction models had been developed on the 

basis of laboratory–scale and pilot plants but industrial relevant quantitative results were 

only being reliable in cases where the model had been validated for similar cases at full–

scale applications.  

The decision whether full–scale or laboratory–scale test facilities serve as the 

most practicable basis for application depends on the attitude of the respective researcher. 

The main substantiation is that laboratory–scale test facilities seemed to be easier to 

control, and thus ensure better accuracy throughout the experiments but on the other hand 
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scaling problems will certainly arise due to the large amount of assumptions which have 

to be made. It is certain that any deviation would cause discrepancies in the applicability. 

Although, a number of modelers have been reported successful results at 

predicting NOx, it can be concluded that none of the approaches listed in Table 4 provides 

the ability to draw conclusion on coal properties, furnace design and operational settings 

respectively at the same time. These models are not capable to handle changings in 

geometrical, operational parameters or coal quality at the same time. It is only possible to 

examine one or the other but not all together.  

Hence the development of improved techniques for the prediction of NOx 

formation from coal combustion is a high priority worldwide it needs to be further 

investigated because such a model would be of great significance. Because it would allow 

detailed investigations regarding the individual influence factors as well as allow to 

analysis running combustion system regarding possible improvements and optimizations. 
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V. MODEL BASIS 

Approach 

Due to the fact that every combustion process depends on an individual and 

unique dynamic it is up to now not possible to calculate NOx emissions for a practical 

coal combustion situation based on solving individual reaction rate equations. Numerous 

influence factors are responsible for the formation quantity of NOx emissions and some 

of these have been identified starting approximately forty years ago [122]. The approach 

used to develop an empirical technique to predict NOx formation was not to determine the 

major influence variables rather than the approach was to investigate on what factors they 

depend. Therefore the combustion kinetic process as occurring under real furnace 

conditions had been split into three independent factors which are generally accepted as 

NOx formation main causes. 

• Coal properties 

• Furnace design  

• Operational settings 

These three influence factors describe sufficiently (after Smouse et al. [123]) the 

respective reaction condition and simplify the overall assumption of the individual und 

unique combustion condition. For thus it can be assumed that the total NOx production 

rate of a certain pulverized coal combustion system is the result of the interaction 

between these three major groups. That means, the results of one influence will enter and 
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alter the other. More specifically, if one influence producing NOx emissions it will reduce 

the potential for production by the others.  

Assumptions 

The considered systems are always unique. Location, environmental conditions, 

system design, dimensions, geometry, capacity, fuel properties, operating conditions and 

so on are always changing between different power stations. It is possible to find similar 

conditions at the most within one power station with a couple of identical units but even 

then all operating conditions must be closely examined to ensure comparability. 

Therefore is the best way to compare complex and unique systems by the help of a simple 

mathematical formulation which helps to describe such processes and to interpretate the 

differences between the observed systems. Some process parameter are so unique and 

difficult to calculate, if it is at all possible like temperature and pressure within the 

furnace, that they needs to be defined as identical in order to create a comparative basis 

for any power station unit. Table 5 summarized the principle assumptions made for the 

methodology. 

Table 5. Principle model assumptions 

Model assumptions 

• Equalized and uniform distribution of air (over the furnace width) 

• Equalized and uniform distribution of coal (over the furnace width) 

• Equalized and uniform distribution of the flue gas composition within the flue 
gas duct 

• Flue gas recirculation has no effect on the combustion reactions (as it is inert) 

• Coal particle fineness equal and uniform for all applications 
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Model assumptions 

• Burner–to–burner interactions has been neglected (all burner in service injects 
the same coal/ air massflow) 

• Average furnace temperature for a better comparison between the different 
boilers. 
For bituminous coal: 1,400 °C (full load) 

For lignite   1,200 °C (full load) 

• Model is time independent (The model considers just one moment. That means 
that all figures which have been taken into account belongs to the same time). 

• Controlled negative pressure at the furnace exit (by the ID fan): – 0.5 mbar 

 

Basis 

A number of different information regarding different power plant units is needed 

to ensure that the amount of data is large enough to guarantee precise estimates on 

relationships, dependencies and interactions. These data sets are consistent, plausible and 

complete field data coming from various power plants located all over the world and they 

have been acquired by own on site measurements, have been provided by operators (on 

request) or have been published as part of other research works.  

To simplify the management and analysis of these related data were the extensive 

calculations with formulas and functions organized and performed in a spreadsheet 

program. This allows the evaluation of logical operations of different known input 

measures with calculated results by the help of graphically visualization in diagrams. 

Microsoft® Excel® has been chosen as best suitable software for the data analysis 

because it is the most common and usually the most versatile software to enter and 

organize data and perform a wide variety of number–crunching tasks. In addition, is 

Microsoft® Excel® and as part of the Microsoft Office® package nearly on every 
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computer available or at least installable. Excel® is very suitable for modeling and 

visualization and through programming in Visual Basic for Applications (VBA) the 

functionality can be extended according to nearly all particular requirements.  

Architecture 

The principle structure is to combine the basics of statistical analysis, empirical 

models and industrial experience to bring out a contribution to the understanding of the 

individual influence factors to gain the possibility to optimize really complex chemical 

reactions and physical properties. The main task and at the same time the goal is to 

analyze the interaction between furnace settings and coal parameters on the formation of 

nitrogen pollutants from pulverized coal–fired boilers under certain conditions by the 

help of field measurements. These available information needs to be organized in a way 

which allows being comparable, flexible and extendable to each other. Comparable 

between different measurements of one specific boiler and also comparable between 

different power plant units. Flexible in a way that allows easily to combine any known 

parameter from one certain system to another and extendable in order to have the 

possibility to further extent any data for an improvement of the prediction technique as 

well as to allow further estimation of additional power plant units and their process 

parameter. 

An appropriated way in describing all necessary and consequent information 

about a combustion system and its process conditions is shown in Figure 9. It represents 

not only the spreadsheet model architecture but also the methodology within this thesis.  
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Figure 9. Basic model architecture 

The basis builds three individual worksheets, analogously to the identified main 

causes: coal properties, furnace design and operation conditions. All required information 

known from a system are to be inserted in the respective working sheet. Important is that 

these data sets are clean, correct and useful to get no negatively effect on the model 

process execution during the time of model validation. It should be mentioned that all 

necessary input data are coming from the system (field measurements) and describe the 

actual conditions under a certain NOx level had been measured or at least observed. 

Therefore it must be ensured that these data sets are unchanged for a proper model 

validation. Because if a specific power plant unit burns a specific coal under certain 

operational settings and results in a certain NOx quantity at the same time than will any 

deviation in one of these figures lead to a significant interference in identifying 

reasonable dependencies. That means, the effect of one influence will enter and alter the 

other.  

In order to describe the full scope of this linkage were two other worksheets 

created. This level consists of two additional dependent worksheets. A combustion 
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calculation based on chemical properties
9
 and a calculation of the resulting process 

parameters (e. g. furnace load ratios) which calculation figures represent the effectiveness 

of the combustion process and can provide indications about improvements. These two 

working sheets are termed as depended because they are the result of the calculation 

based on the input data coming from the three basis sheets.  

Summary 

As stated earlier, the combustion of coal involves a complex series of different 

reactions. The general mechanism of the reaction of a coal particle with individual size 

dimensions within potential reaction zones have been investigated and described by 

Robert H. Essenhigh, David W. Pershing, Jost O.L. Wendt and others [90 124–126, etc.]. 

This thesis focused on describing a way for a reliable but easy in use engineering model 

which makes it possible to estimate the relationships, dependencies and interactions 

between those factors which are important for the prediction of nitrogen oxides from dry 

bottom firing utilities.  

Generally it can be concluded that all physical and chemical processes occurring 

in a pulverized coal–fired utility boiler depends on three determining causes: coal 

properties, furnace design, and operational settings. For thus the described spreadsheet 

model has been developed in the same manner. All necessary input parameter for the 

development of the new NOx prediction approach are based on consistent, plausible and 

complete field data coming from various power plants located all over the world. These 

data sets have been acquired by own on site measurements, have been requested and 

provided by operators or have been published as part of other research works. These field 

                                                 
9 A detailed explanation of the reactions as well as the equations to be used can be found elsewhere. 
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measurements define the principle conditions of the considered actual state at a specific 

moment. That means a specific power plant unit burns a specific coal under certain 

operational settings and results in a measured NOx quantity at the same time. 

Mathematically expressed as: 

��� = �7�<
G+* + �'
(L +  +))*<I=M (V–1) 

Such structure makes it possible to extend the model with minimal effort. That 

means any reasonable amount of variations can be connected to reference values. For 

example, full–scale experimental results are published where a specific boiler had been 

fired with different coal qualities lead to the fact that only one furnace design will be 

connected to the respective coals, and if the experimental information indeed that 

operational system changes had been made too, they can also easily connected to the 

reference value.  

As more data available and inserted in the model as precise the influence factor 

investigation will be. All these known data are being inserted in individual worksheets act 

as reference and officiate as basement for any further investigation. 
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VI. MODEL DEVELOPMENT 

The most obvious approach would certainly be to investigate the problem via a 

peripheral regression analysis and much works have already been published on 

identifying any reasonable statistical relationship between the pollutants emitted and 

various system related state variables with more or less success depending on the scope 

of consideration [88–90, 92–96, 97, 114–116, 117, 127]. With the intention not to follow 

the above mentioned investigations it has been concluded that a general statistical 

relevance would only be found by using several different factors which belongs to the 

assumed major driver for NOx formation in pulverized coal–fired utilities: the fuel 

properties; the dependence of furnace geometry factors; and the specific operating 

conditions. The methodology was to bring these particular individual factors in a direct 

dependency where all factors are set in relation according to their influence size to each 

other in order to generate an individual estimation factor. Generally expressed as: 

�4 =N	*<
*O� , 	* > % (VI–1) 

With �4 as the parent NOx indicator, 	* are the respective individual helping 

factors, and < are the amount of helping factors necessary for a statistic relevant 

prediction. It has been found to be most practicable to define a certain index �4� instead 

of predicting absolute values because such individual estimation factor can be further 

adjusted by a peripheral regression analysis towards the reference NOx values. This 



 
 

67 

circumstances have the advantage that any further available data set which will increase 

the prediction model reference data basis will lead to a continuous improvement of the 

overall regression equation and for thus to a continuous improvement of the prediction 

performance at any time. 

Concerning the helping factors 	*� it has been assumed due to statistical 

evaluations of several empirical attempts which have been developed according to the 

experimental results of previous studies, own statistical analyzes and industrial knowhow, 

that the product of five identified specific helping factors 	*� would bring out the 

strongest statistical relationship between measured NOx reference values and the 

predicted ones from the observed coal–fired power station units. These factors are: 

• 	� – Coal influence 

• 	� – Excess air influence  

• 	� – Air staging influence  

• 	� – Burner influence 

• 	� – Furnace influence 

 

The general processes of the identification process were done during statistical 

and empirical experiments on a try and error basis where these five helping factors have 

been proven to be sufficient to describe any dry bottom coal–fired utility boiler with 

respect to estimate the NOx value to be expected as well as to predict changings in the 

NOx level influenced by changing individual influence conditions and will therefore be 

described in more detail in the following. 
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Coal Influence 

The majority of possible NOx relationships published in literature belong to coal 

parameter such as volatile matter, fuel ratio
10

 and / or nitrogen content. One good 

example is the essential work of David Walter Pershing [90] who showed the importance 

of fuel nitrogen conversion in self–sustaining pulverized coal flames and its contribution 

to NOx generation. Only about 20 – 40 % of the nitrogen bound in the fuel results in NOx 

formation but it contributes up to 95 % of the total NOx generated, depending on how the 

coal is burned [73, 128, 129]. The remaining nitrogen portion produces molecular N2 in 

the further reaction process. During the course of combustion process the rates of 

nitrogen release can change significant and will vary according the coal type [130].  

Several attempts have been reported in which correlations between coal properties 

and NOx emissions have been tried to identify. The reason why until now no certain 

correlation has been found could on the one hand be the fact, that the influence factors of 

the environment and operation mode cannot be neglected, as well as that most 

experiments are being based on the volatile matter content (VM) known from the 

proximate analysis of one specific coal. A few research works stated that the VM content 

coming from standard measuring procedure e.g. DIN 51720 [131] or ASTM D3175 

[132], would be not representative when considering the differences between the standard 

laboratory and the real in–furnace conditions. Because the volatile evolution, the rate, and 

amount of volatiles releases during the pyrolysis of the coal particles not only depend on 

the coal rank, it is also strongly impacted by the heating environment conditions as well. 

As a result it was observed in some experiments that the real weight loss under real flame 

conditions typically exceeds the proximate VM content by 10 to 100 % [103, 133].  

                                                 
10 Quotient of the bound carbon content (char) and the volatile ingredients according to Kluger et al. [135]. 
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Winkler and Neumann [134] considered the burning behavior of different coals 

based on the fuel ratio developed by Kluger et al. [135]. The authors observed that the 

unburnt carbon content (UBC) in the ash increased as they had mixed a South Africa coal 

with German Ruhr coal. The UBC value increased significant as the South African coal 

portion reached more than 8 % of the total fuel massflow. They concluded that the coals 

must have a different ignition and burnout behavior although these two coals had nearly 

the same proximate VM content. Table 6 shows a selection of appropriate coal 

compositions. 

Table 6. Typical bituminous coal compositions 

 
Unit 
(ar) 

South Africa Germany 

New 
Clydesdale Tselentis 

Auguste 
Victoria Ruhr 

Volatile Matter wt.–% 32.30 27.90 33.20 33.70 

Moisture wt.–% 7.60 9.00 9.50 8.90 

Ash Content wt.–% 11.90 11.70 8.20 6.60 

Carbon wt.–% 67.00 66.70 70.20 72.00 

Hydrogen wt.–% 3.83 3.44 4.34 4.50 

 

The authors found the greatest difference of the coals in the respective hydrogen 

content and assumed that the hydrogen content of a coal must be an important indicator 

for the ignition and burnout behavior to be expected. This conclusion had been confirmed 

by conducted boiler operation experiments on which basis they proposed to modify the 

original fuel ratio by determining the quotient of the bound carbon content (char), the 

volatile containing carbon and the hydrogen ingredients according to their mol mass 
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proportion. But unfortunately the integration of the approach presented by Winkler and 

Neumann [134] into the investigation done within this thesis had not shown significant 

improvements concerning correlations between coal properties and NOx emissions. It was 

the combination with the work of Fisher [136] which brought out a significant 

improvement in the correlation coefficient and the herewith resulting statistical 

dependency. The result was the assumption, that if the reaction behavior of the total 

volatile content of a coal is being influenced by a certain amount of proportionally 

volatile ingredients (hydrocarbons (RSTS)) than the VM content estimated by standard 

proximate analysis needs to be adjusted according to the fraction of highly combustible 

ingredients based on the total atomic mass proportion in Dalton
11

.  

&�!
)*' = �&� + �&�0)'@*G 	UV
V
W (VI–2) 

Where �&� is the fractional carbon volatile content, � is the VM containing 

hydrogen, and &�0)'@*G are the total volatile content according to ASTM [132] 

proximate analysis based on the respective atomic weight. The resulting quotient of the 

laboratory measured VM content and the result of equation (VI–2) makes it possible to 

evaluate the given VM content by standard method of any coal regarding their ‘effective’ 

VM content in order to estimate the ignition and burning behavior under real furnace 

conditions. 

&�X11 = &�&�!
)*' (VI–3) 

The approach indicates always more volatile content as total volatile content 

measured in the proximate analysis (see Figure 10). The reason is that the &�!
)*' must 

                                                 
11  Dalton (symbol: Da) is the standard unit which is used for indicating mass on an atomic scale (unified 

atomic mass unit). 
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be always less than one because every coals contains also other volatile ingredients. The 

reasoning behind the better correlation result might be the conclusion done by Essenhigh 

[25]. He stated, that the higher the rank of a coal the more volatiles are released as tar 

which formed more HCN and NH3 during the devolatilization and secondary cracking 

[24] which are generally an indicator for tendencially higher NOx emissions. Based on 

equation (VI–3) means that, the higher the rank of a coal the more tends &�!
)*' to one 

and thus, the less exceeds the real weight loss under flame conditions the proximate VM 

content and lower VM content are generally an indicator for tendencially higher NOx 

emissions [25, 97, 102, 113, 114, 116, 117, 137].  

Due to the fact that coals cannot have more volatiles than total volatilizing mass 

available the following condition must be met: 

	&�X11 ≤ �%% − �� (VI–4) 

With �� as the coal containing mineral matter content, i.e. the maceral 

(carbonaceous) material which is unrelated for ranking purposes of the coal. The 

respective formula used to estimate the original mineral matter in the coal is according to 

ASTM D388 [12] as follows: 

�� = �. %� ∗ 0 + %. �� ∗   (VI–5) 

With 0 is the ash yield
12

 and   as the total sulfur content
13

 in weight percent. 

A comparison of the approach presented in this thesis regarding the VM content 

and the standard VM value available from the reference field measurements are given in 

Figure 10.  

                                                 
12 According to ASTM Test Method D 3174. 
13 According to ASTM Test Method D 3177. 
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Figure 10. Relation between VMEff(wf) and VM(wf) of various coals 

Figure 10 shows the observed deviation of the yield factor between &� and 

&�X11 is around 1.165 which is in good agreement with the results of Winkler and 

Neumann [134], and Fisher [136]. Previous studies showed under laboratory conditions 

even higher values, e.g. Rozendaal [103] observed a ratio of 1.4 and Badzioch and 

Hawksley [118] stated values between 1.3 and 1.8. Also the conclusions of Visona and 

Stanmore [138] support the assumption that the effective VM content of a coal is always 

greater than this measured by the standard test. The authors observed that the volatile 

ingredients do not always burn in a homogeneous mode but also in diffusion mode in and 

around a coal particle. That would mean that the real oxidation process leads to more 

reactivity than could occur if only one of both modes is being considered which is 

additionally confirmed by the findings of Badzioch and Hawksley [118]. They confirmed 

that the weight loss between the original coal and the char produced during their 
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experiments was always greater than the change in the proximate volatile matter of coal 

and char.  

The establishment of equation (VI–3) lead to a further development of the 

original fuel ratio established by Kluger et al. [135] by using the new estimated effective 

VM content instead of the given proximate value according to the proportion of volatile 

containing hydrocarbons.  

�!X11 = ��*�&�X11 (VI–6) 

With: 

��*� = �%% − &�−0−��� (VI–7) 

The correlation of the new effective fuel ratio :�!X11; with the field reference 

data show that more coal dependent parameter would be needed to identify a proper 

correlation. The next plausible additional parameter was the established major 

contribution factor, the fuel nitrogen content [90, 139] and its significant contribution on 

NOx emission [139, 140]. For thus equation (VI–6) has been supplemented by the fact, 

that more fuel nitrogen would lead to more emissions and therefore to a higher helping 

factor. Which increase the nitrogen indicator �4� likewise.  

	� = �!X11:� + �Z1; (VI–8) 

Where �Z1 is the coal nitrogen content on a water–free basis in wt.–%. The 

results confirmed that coals with equal VM content
14

 could have a significant different 

combustion and emission behavior than coals with equal original VM but different 

hydrogen and or nitrogen content. Also the work of Okazaki et al. [141] confirmed that 

the more nitrogen content in the coal the more fuel–NOx will be generated. For a better 

                                                 
14 According to the proximate analysis. 
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illustration of the above mentioned dependency 	� has been calculated based on several 

coal samples coming from the US Geological Survey Open–File Report [18]. 

 

Figure 11. Relation between VMEff(wf) and h1 of various coals 

Wang et al. [137] stated that higher ranked coals formed more NO from coal–N, 

and lower ranked coals formed more N2 while combusting different coals in an entrained 

flow test reactor. Figure 11 confirmed this statement. The higher the coal rank the higher 

the heating value or the lower the volatile content respectively. Both results in increasing 

the coal influence factor 	�� and thus, in an increasing negative influence on the total 

NOx emissions. Furthermore it can be postulated that according to Figure 11 coals with 

nearly similar effective volatile content can have significant higher NOx tendency which 

encouraged the adoption that one influence factor is insufficient to draw conclusions on 

NOx emission to be expected. Only the inclusion of a second factor :�Z1; brings here the 

desired dependence. General means that, the higher the value of 	� the more the coal 

tends to NOx. 
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Air Influence 

The effect of stoichiometric ratio on NOx is one of the first identified influence 

factors. This dependence has been investigated in test–rig studies [90], pilot–scale studies 

[170, 142] as well as in full–scale field tests [89, 103]. The common conclusion is that 

with decreasing the combustion stoichiometry the local oxygen partial pressure decreases 

and the NOx formation becomes hindered. Correlations between excess air flow and the 

amount of NOx generated have shown that, limiting the excess oxygen content at the end 

of the furnace below two percent (air ratio, <F')
( < 1.1) will strongly influence the NOx 

content of flue gas. Because this influences the mutual multiple reactions in volatile–N 

and enhances the reduction reaction of NOx [143, 144]. NOx reductions of 20 % on the 

mean level had been achieved by reducing the total excess air by 20 % or even lower.  

The major problem in identifying the oxygen correlation is to isolate the excess 

air influence from the other influences. Usually it is not possible to change the overall 

stoichiometric ratio while keeping the other parameters constant. For example, an 

increase of excess air results often in an increase of the amount of overfire air and thus 

this impact increases also and distort the result. Therefore has the dissipation of the air 

influence factor been based on the elementary work of David W. Pershing [90]. The 

investigation was done in a refractory tunnel furnace burning three different coals 

(Colorado, Pittsburgh, and Western Kentucky) under unstaged conditions. It is clear that 

due to the inhomogeneous and turbulent local conditions inside a furnace the mixing, and 

thus the distribution of the oxygen is not uniform at all and that the actual local 

stoichiometry in the primary first–stage zone is much more fuel–rich as the total excess 

air ratio would suggest. Otherwise the nitrogen portion in the coal would tend to a full 
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conversion and the further reaction to molecular nitrogen does not take place, as noted in 

Figure 7. But due to the small number of other influence variables it was found to be 

more representative than results coming from full–scale applications with too many 

unknowns. The results of Pershings work [90] and the basis for the development of the 

air influence factor 	� are shown in Figure 12.  

 

Figure 12. Influence of excess air level on the NOx formation [90] 

According to the results given in Figure 12 it can be concluded that the NOx 

emissions leveled–off beyond a certain value of stoichiometric ratio and will even 

decrease again when the maxima of the function has been past. This effect can be 

explained by the fact that with rising stoichiometry the chemical reaction increases faster 

until the highest possible flame temperatures has been reached and until the temperature 

decrease through the further increasing portion of cooler oxygen carrier which prevents 

especially the dissociation of N2 (thermal–NOx) at this point.  

Assuming that the regression function from Figure 12 represents the general 

relationship between NOx emissions in mg / m³ STPdry corrected to 6 % O2 and total 
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excess air ratio it can be concluded that the shape of the function becomes universally 

applicable for any pulverized coal system. Based on this, the grade of air ratio influence 

on NOx emissions 	�� can be derived by the polynomial relationship shown in Figure 12 

as Figure 13 suggest. 

 

Figure 13. Advanced relation between NOx concentration and total air ratio 

Figure 13 shows the published results of D.W. Pershing converted to mg / m³ 

STPdry at 6 % O2 and the derived regression relationship of total excess air ratio on NOx 

emissions can be expressed as follows: 

	� = −�. ���� ∗ <F')
(� + ��. ��� ∗ <F')
(− �. ���� (VI–9) 

Comparing equation (VI–1) with (VI–9) this assumption can be validated by the 

fact that a stable and continuous self–sustaining ignition of the coal particles can only be 

ensured if a certain oxygen concentration is available. Regarding equation (VI–9) means 

that, no stable self–sustaining combustion would be possible with a total air ratio below 

0.75. 



 
 

78 

Air Staging Influence 

Air and fuel staging promote secondary reactions of the primary coal volatiles 

which influence the nitrogen formation among different combustion products and 

therefore the overall NOx production [145]. The influence of staged combustion on NOx 

had been widely tested since its initial development in the late 1950s [146] and the level 

produced by pulverized coal combustion can be strongly influenced and reduced by this 

method [92]. Principally it uses a fuel–rich zone within the burner belt in combination 

with an overfire air (OFA) stage or stages where the remainder of the fuel is oxidized and 

the combustion being completed. The so called external air staging or furnace air staging 

is a method where the combustion air in the furnace is principally divided into stage–one 

and stage–two air which could also termed as burnout air. The stage–two air is being 

added as overfire air above the burner belt which targeting to reduce the stoichiometry of 

the primary zone [27]. It can be further understood as a furnace air staging and infect of 

the sub–stoichiometric atmosphere where the primary combustion is occurring, the 

temperature is being held down and thus the thermal–NOx generation is being kept down 

[147]. Air–staged combustion is one of the most efficient technologies for reducing NOx 

emissions and it has been the most widely adopted technology in coal–fired power plants 

around the globe [185]. A lot of laboratory, pilot–scale and full–scale research work have 

been carried out on NOx generation under air–staged conditions [192, 148–160] and most 

tests show a continuing decrease in NOx emissions as long as the amount of combustion 

air is shifted away from the burner and added as overfire air / oxidant at different levels 

to the furnace. This oxidant staging effect can reduce the conversion rate of coal–N to 
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NOx by more than 50 % [161]. In this manner, it can be concluded that air–staging 

reduces both thermal– and fuel–NOx, when: 

• The air quantity that is staged increases, because shifting more combustion air 

to the stage–two zone means decreasing the oxygen partial pressure within 

the primary combustion zone where the heterogeneously reductive reaction of 

NOx and coal char occurs.  

• The particle residence time between the burner and the individual burnout air 

injection position increases. 

Both conditions influence the amount and decomposition of reducing species 

(HCN, NH3, NCO, etc.) and is for that conducive to NOx destruction and therefore 

produce less NOx emissions until the furnace end [154, 162, 176]. The major problem 

regarding the residence time is that the temperature profiles inside a furnace cannot be 

calculated. It needs to be interpolated, which indicates that the furnace mean temperature 

profiles among the furnace height are just going to be estimated and in fact such method 

could not produce realistically results. Also during the design procedure of a boiler are 

the specific temperature profiles occurring neglected. Boilers are typically designed for a 

specific flue gas velocity in the range of 8 to 9 m / s and this velocity is in turn based on 

an assumed average mean temperature which depends on the coal properties (see Table 

5). This circumstance imply that any assumption concerning the residence time based on 

comparable mean temperatures would lead to nearly equal velocities even due to the 

general boiler design criteria which in fact signify that the more significant influence 

characteristic coming from air staging belongs to the question on what the residence time 

of a burning particle depend. The conclusion made was, if the residence time is the 
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quotient of flue gas velocity (the quotient of operating flue gas volume and furnace cross 

section) and the respective travel distance, than it can be assumed that the vertical 

spacing between the highest point of coal injection and the point of air injection would be 

the most trusting indicator for the reduction potential. An investigation concerning this 

influence under constant air quantities have proven this assumption, the results can be 

seen in Figure 14 [163]. 

 

Figure 14. Influence of OFA spacing on the NOx formation [163] 

Figure 14 shows the total NOx formation (normalized) as function of the OFA 

vertical spacing ��0& � for different burner air ratios <2�� depending on a constant 

total air ratio <F')
(� at the furnace end. It can be seen that under constant burner– and 

total air ratios <2�	&	<F')
(� with increasing distance between top active burner row and 

the location of OFA injection ports the NOx reduction efficiency greatly increases at the 

beginning, and then leveled–off beyond 6 m. That means, that the degree of NOx 

reduction by increasing the OFA vertical spacing ��0& � seemed to be limited, 

however, by both practical [163] and theoretical considerations [164, 165]. Glassman 
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[165] concluded that this phenomenon may be explained by the fact that increasing the 

distance between burner and OFA ports increase the residence time of flue gas in primary 

combustion zone, and this expands the residence time of flue gas in reducing atmosphere. 

However, with the further rise of flue gas flow in primary combustion zone, the 

concentrations of reducing species decrease, and this makes the capability of NOx 

reduction weaken. For the background that the functions shown in Figure 14 indicates 

that this relationship approaches to zero as the distance tend to infinity the function shape 

has been assumed to be a power function. Furthermore have empirical tests shown that 

the air staging influence can be most significant described by the vertical distance to the 

power of air quantity which is staged according to the following expression. 

	� =N �:��0& *;:��0%*;
<
*O�  (VI–10) 

Where ��0&  is the clearance between the upper active burner plane and the 

individual point of OFA injection *� in meters. ��0% as the percentage of the total 

combustion air shifted away from the burners and added at the individual point of OFA 

injection *� in percent. It should be remarked that the distance of the first OFA injection 

level and also the amount of burnout air cannot be arbitrarily increased as equation (VI–

10) may connote. If the distance becomes too large then the effect of the delayed 

combustion would be nearly negligible because the particle reaction process would be 

completed until the OFA nozzles are reached where additional oxidant is supplied to the 

combustion. The only recoverable effect would be the dilution of the flue gas and the 

herewith containing NOx but under the consideration of realistic actionable distances 

inside a furnace the overall assumption could be postulated as valid. 
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Burner Influence 

Nearly every supplier developed an own burner design with individual operating 

philosophies and thus it becomes even more complicated when considering the fact that 

the ongoing development of each supplier would lead to the assumption that nearly every 

power station in the world has special and individual conditions within the primary 

combustion zone at least as a result of different burner design and operational settings. 

For a better understanding of the complexity of a pulverized coal burner Figure 15 

illustrate the Foster Wheeler
15

 low–NOx burner of the fifth generation developed in 1997. 

 

Figure 15. Foster Wheeler parallel flow split flame (VS / SF) burner [166] 

For clarification purposes, it shall be remarked that while tangentially–fired utility 

boilers have typically coal and air nozzles rather than burners as in wall–fired boilers, the 

term ‘burner’ is used for both tangential and wall applications in this thesis. The exact 

and complete description of the working principle of pulverized coal burner can be found 

elsewhere [e.g. 100, 166–171] but for instance it should be noted that there are many 

                                                 
15 Foster Wheeler Ltd. is focused on engineering, procurement, and construction in the power industry. 
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variations on the low–NOx burner design of reducing NOx and due to different kinds of 

coal with various properties the design of the burners may differ significant by each other 

which is critical because even very minor changes in the discharge configuration of the 

burner tip can result in NOx changes on the order of 25 – 30 % [172]. Wang et al. [137] 

described that 60 to 90 % of the NOx left after installation of low–NOx burners originates 

from the char–N component. Cai et al. [173] observed something similar. Estimating 60 

to 95 % of NOx originates from char–N when using low–NOx burners. Heap et al. [168] 

observed that the type and position of the fuel injection within the burner quarl box
 
 was 

the one of the most important factor in influencing the emissions. However, the influence 

of individual factors and their specific contributions are very difficult to investigate 

because it would require extreme effort attached to changings regarding geometry factors. 

Therefore it has been assumed that it is absolutely necessary to describe the fuel injection 

system and their respective condition in an adjustable and flexible algorithm according to 

individual plant unit conditions. For thus the burner design has been classified according 

to its burning effectiveness in combination with its coal behavior. Throughout the 

published literature have been the following factors identified to be the most influencing 

causes regarding the NOx emissions generated by the fuel injection system. 

• Excess air level within the burner zone (reducing atmosphere). 

• Coal properties (ignition behavior). 

• Design geometry (aerodynamic effectiveness). 

These factors need to be arranged in an adjustable, reproducible, and 

comprehensible way in order to define the burner helping factor 	�� as part of equation 

(VI–1). The discovery process started with the definition of the general function which 
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serves as basis of the magnitude of value determination of 	�. The most common 

relationship concerning burner influence on total NOx emissions is without any doubt the 

correlation between the air ratio within the near burner zone <23� and the respective 

NOx formation. The so called burner internal air staging or burner air staging is a method 

where fuel–rich zones, in which the devolatilization takes place, were created near the 

burner outlet and then local air–staged conditions were formed [27]. Schlessing et al. 

[174] published such results concerning such correlation function from a wall–fired 

power station unit (see Figure 16). These results are also in good agreement with these 

published by Daood et al. [175]. Considering the results described by both authors it was 

postulated for the further study, that 	� must mainly depend on the excess air level within 

the burner zone and further that this relationship would follow the specific function shape 

based on the results published by Schlessing [174], see Figure 16 (solid line). 

 

Figure 16. Relation of NOx generation, burner air ratio, and h4 [174] 
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The dotted part of the graph in Figure 16 has been interpolated by a regression 

analysis based on the results published. Considering the complete shape of the function 

than it is obvious that the function described an upwards opening U–shaped two–

dimensional mirror–symmetrical curve, at least within the range of observed validity. 

This may be explained by fact that, if the burner air ratio is too low, the combustion is 

apparently incomplete within the primary combustion zone and thus increases the amount 

of combustion intermediates (HCN, NH3, etc.) which then are being oxidized into NOx in 

the downstream process when additional oxygen becomes available [176]. When the 

burner stoichiometric ratio is too high, oxygen is relative sufficient present in the primary 

combustion zone, and this weakens the reducing atmosphere and leads to form more 

NOx. Both effects results in higher emission values. That means also, that the point on the 

axis of symmetry that intersects the parabola (vertex / minima) described the point of 

lowest possible NOx emissions while the system operates at optimal burner air ratio 

<�23�. This point represents the case where the resulting helping factor coming from the 

burner influence 	�� results in no change on the NOx emission level predicted by 

equation (VI–1), i.e. 	�!+1� = � which is the value of the helping factor 4 at the optimal 

burner air ratio <�23�. For the given function in Figure 16 means that, helping factor 4 

	�� should be equal to one (no influence) at <23 = %. �. Due to this fact is also the 

shape of the relationship between burner air ratio <23� and the burner influence factor 

	�� describable by the help of a regression analysis of the function coming from the 

work of Schlessing et al. [174] (Figure 16, secondary axis) and results in a polynomial 

function of the second order which can be expressed as follows: 
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	��� = ]
*<23�*�
*O%  (VI–11) 

According to the above mentioned assumption it can be postulated that the 

equation coefficients 
*� and thus the function shape are generally applicable to every 

combustion plant. Essential is the location of the function within the coordinate system. If 

	� depends on the excess air level within the burner zone than must the location of this 

relationship in the coordinate system depend on the volatile content of the coal (ignition 

behavior) as well as the design of the burner (aerodynamic effectiveness). 

Ignition Behavior 

The homogeneous ignition of the volatiles and oxidizer mixture occurs first 

followed by secondary ignition and burning of the char particle. Therefore, it is 

instructive to investigate the factors governing the ignition of a mixture of gaseous 

volatiles and oxygen under well defined surroundings. Following the derivation of Law 

[177], is the homogenous ignition of coal volatiles strongly influenced by the coal volatile 

content, heating and devolatilization rate, and oxygen concentration in the environment. 

These arguments can qualitatively be simplified by the fact that the heating and 

devolatilization rate of a particle is strongly influenced by the temperature [177, 178] and 

according to Table 5, this has been assumed as equal for all observed systems within this 

thesis in order to improve their comparability. For this background is the remaining open 

relation the oxygen concentration of the near burner environment depending on the 

volatile content of the coal. This assumption can be validated by the fact that the burning 

characteristic of coal varies significantly depending on its volatile content [177–184] 

which has already been shown in Figure 11. The existence of appropriate concentration 
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of oxygen within the reduction zone is beneficial to NOx reduction in deep or middle air–

staged combustion [185], because of the above mentioned relationship of too low burner 

air ratios which causes a bigger amount of reducing species (HCN, NH3, etc.) which enter 

the burnout zone and then being oxidized into NOx [176]. Concerning to the combustion 

behavior of different coals means that, that a high volatile coal need more partial 

available oxygen as low volatile coals. That means the chemical reactions of the volatiles 

will need a certain amount of direct available oxygen. Therefore it needs to be ensured 

that after and during the homogeneous reaction enough oxygen is present at the char 

surface in order to lower the char consumption in the primary high temperature heating 

zone which comes due to the lower oxygen diffusion rate. Some researchers have 

observed this phenomenon, the existence of a certain concentration of O2 will 

significantly enhance the extent of NOx reduction of carbon–containing substances such 

as coal, char and soot [186–190]. Another side effect is that if not enough oxygen is being 

provided during the primary combustion process it could lead to a thermal instability of 

the air / coal mixture due to unburned fuel volatiles which results in strong temperature 

fluctuations due to ‘flashovers’ in the downstream process [191]. Fan et al. [192] stated 

that O2 concentration close to zero leads to less surface–complex C(O) production which 

is not beneficial for the accelerated NOx reduction and when the O2 concentration is too 

high (more than 4 %), the O2 tends to consume a large amount of coal char through the 

direct combustion reaction which produced also significant amounts of NOx. That means 

that the optimum O2 concentration around the coal particle for maximum NOx reduction 

is determined by the portion and reactivity of the coal containing volatiles. Greul et al. 

[193] split the fuel into pyrolysis gas and residual char before being combusted in a test 
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facility with a view to lower NOx emissions. The authors stated that the optimum 

air / fuel ratio for lowest NOx emissions increases with increasing the coal pyrolysis gas 

(volatiles) content. This effect supports the conclusion of the necessity of enough oxygen 

concentration within the primary combustion zone near the burner outlet according to the 

devolatilized volatile gas portion. Therefore it can be postulated that the optimum burner 

zone air level (<�23) depends on the amount of devolatilized volatiles.  

Based on the fact that the above mentioned relationship indicates that an early full 

conversion of volatiles should be preferred, means that the describing function of that 

relationship would need to tend to one, when the volatile matter &�� content tends to 

one and would need to tend to zero when the &� content tends to zero. These 

circumstances indicate a power function shape and different empirical model trials have 

shown that the mentioned dependency could satisfactory described by: 

<�23 = &�X11%.�� (VI–12) 

With <�23 as the appropriate concentration of oxygen within the primary 

combustion zone with respect to &�X11, which is the effective coal volatile content in 

kg / kg according to equation (VI–3). The following figure visualized this relationship. 
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Figure 17. Relation between VMEff(wf) and nOBZ 

The shape given in Figure 17 describes the assumption that the appropriate 

oxygen concentration in the nearer burner outlet (primary zone) depends on the coal 

properties. The result of this relationship is according to Figure 16 and equation (VI–11) 

the location of the function vertex on the x–axis inside the coordinate system and 

herewith the determination of <�23 for the respective coal.  

The second determination of the coordinates for the global function (VI–11) 

concerning the y–axis position was postulated to depend on the design of the burner and 

its aerodynamic effectiveness which determined the oxygen staging and combustion 

delay within the primary combustion zone.  

Aerodynamic Effectiveness 

Before the 1970s, coal burners were designed to provide highly turbulent mixing 

and combustion at peak flame temperatures in order to ensure the highest possible 

combustion efficiency. Unfortunately these circumstances promote significant the 
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thermal–NOx formation [194]. Since 1971 pulverized fuel burners have undergone 

considerable improvements which changed the general working principle towards a more 

controlled aerodynamic mixing between the fuel and combustion air, whereby the 

combustion stoichiometry (e.g. delay mixing to create a fuel–rich primary flame) and the 

temperature profiles (e.g. reducing the residence at peak temperature profile) will be 

influenced and thus the particle heating rate occurring in the closer burner environment 

[195, 196]. The biggest problem relating the influence of burner parameters on primary 

NOx formation is the variety of factors involved. Table 7 summarized the dominant 

burner design criteria which determine the influence on NOx formation. 

Table 7. Burner design factors for NOx control 

Burner design criteria 

• Method of fuel injection (swirl, jet) 

• Throat velocity 

• Geometry of the burner exit 

• Geometry of the burner quarl 

• Position of fuel injector 

• Type of burner exit 

• Wear and tear of the burner outlet 

• The degree of flame attachment to the burner outlet 

• Proportion of air streams (air ratios) 

• Portion of recirculated flue gas 

• Swirl intensity 
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Due to the broadness of possible variations listed here the above mentioned 

assumption regarding uniqueness of every primary combustion situation of a power 

station is validated. But nevertheless, the individual situation in the nearer burner area 

must be a result of any possible combination of the above listed parameters. Therefore it 

can be expressed as: 

24 = N/*<
*O�  (VI–13) 

Where 24 is the burner index which is the result of the interplay of the various 

burner design factors (/*) given in Table 7. The problem occurred when considering the 

required amount of different data needed for a detailed statistical investigation of any 

dependency between NOx emissions and the different burners factors involved, it seemed 

to be obvious that the estimation of the individual burner index (24) needed to be 

simplified. A good and practical way for solving such situation is the methodology used 

by Pershing [72, 90], Shimizu et al. [98], Schlessing [113], and Kurose et al. [119]. The 

principle method was to make use of a reference scenario to draw conclusions on another. 

Concerning the current problem means that, if the result of equation (VI–13) represents 

the effectiveness of a specific burner than it can be assumed that the combination of all 

these different influence factors given in Table 7 results in a certain amount of primary 

NOx level which can be compared with the reference primary NOx level given from the 

work of Schlessing et al. [174] (Figure 16). That leads to the fact that equation (VI–13) 

could be also expressed as: 

24 = ���B�*@�%%  (VI–14) 
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24 is the quotient of the primary NOx level of the reference scenario (400 mg / m³ 

STPdry at 6 % O2) and the primary NOx emission level of the observed system 

:���B�*@; while it operates at optimal burner air ratio <�23. The exact value of the 

primary NOx emission behavior :���B�*@; of the observed combustion plant has been 

considered as model adjustment factor which needed to be estimated either based on 

experience from other comparable plants (see chapter ‘Burner Design’) or by the help of 

objective factors, e.g. by an iterative investigation by setting equation (VI–1) equal to an 

observed reference field measured NOx level from the respective system. The estimated 

ratio from equation (VI–14) indicates the aerodynamic effectiveness of a specific 

combustion plant based on the reference scenario and thus the necessary adjustment of 

the y–axis coordinate of the vertex of the function.  

It shall be remarked that it was found due to several model trials that an 

exponential adjustment of the burner index 24 tends to more realistically deviations 

between certain combustion systems as the normal quotient would do.  

	�<�23� = +�^24,�� (VI–15) 

The exponent of the relationship as described in equation (VI–14) needed to be 

subtracted by one because of the fact, that any nearly comparable system according to the 

reference primary NOx emission level given from the work of Schlessing et al. [174] 

(Figure 16) would lead to 24 = � and in order to get sure that 	�<�23� results for such 

cases also in one, the zero exponent is needed. 	�<�23� represents according to Figure 16 

and equation (VI–11) the location of the function vertex on the y–axis inside the 

coordinate system and herewith the second determination of the coordinates for the 

global function (VI–11). 
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Summary of the Burner Influence 

Summarized, it can be stated that the above mentioned methodology postulated 

that the influence factor 	� as given in equation (VI–11) can be described by the shape of 

the global reference function given from the work of Schlessing et al. [174], see Figure 

16. That means the function coefficients are to be expected as general applicable for all 

combustion systems, with 
� = �. ��, 
� = ��. ��, and 
% = �. ��. Whereas the 

location of the function vertex inside the global coordinate system could be described by 

the relationship between optimal burner air ratio <�23� depending on the coal volatile 

matter (equation (VI–12)) and the aerodynamic effectiveness of the specific combustion 

configuration 24� (equation (VI–13)). For this background it is possible to displace the 

reference function by a coordination transformation in order to determine the respective 

helping factor 	� on the basis of the actual burner air ratio <23�.  	� = 
�<23− ∆��� − 
�<23 − ∆�� + 
% + ∆6 (VI–16) 

The corresponding displacement of the coordinates ∆` and ∆a are: 

∆� = <�23 − <�23!+1� (VI–17) 

∆6 = 	�<�23� −24!+1� (VI–18) 

The reference values used according to Schlessing et al. [174] (Figure 16) are 

<�23!+1� = %.� and for 24!+1� = �. By the help of the above described methodology 

(equation (VI–12) to equation (VI–18)) is it possible to adjust the global function (Figure 

16) according to the effective volatile matter content of the actual coal under 

consideration of the respective burner mixing effectiveness in order to determine the 

respective helping factor 	� on the basis of the actual burner air ratio.  
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Furnace Influence 

The so called ‘furnace’ represents the part of the boiler where the main energy 

reaction occurs and is normally enclosed by encircling walls of a welded fin tube 

construction. On the water side, these furnace walls are typically arranged as an 

evaporative system. The lower end of the furnace is formed by the outlet hopper with the 

necessary facilities for ash removal and the upper ends below the convective heating 

surfaces normally those of the superheater.  

The rate of fuel bound nitrogen conversion is not constant. The volatile release 

during the heating of coal is strongly influenced by the rank of the coal and additionally 

by the heating environment which is can be defined by the heat density. The kind of 

furnace affects therefore the NOx emissions and NOx reduction capability [197]. 

Therefore it can be postulated that the grade of the primary emission level is in 

compliance with the heat density within the primary zone which could be confirmed by 

the results reported by Soud et al. [197] and Cherry et al. [198]. Soud et al. [197] showed 

variations in NOx emissions versus different boiler types and sizes and Cherry et al. [198] 

compared operational data obtained from two power stations (Council Bluffs No. 3 and 

San Juan No. 1). Both publications confirmed the assumption made above. NOx 

emissions generally increase with increasing thermal capacity per cubic meter furnace of 

a unit. Several factors are important for the formation methodology of NOx emissions 

with respect to the boundary conditions determined by the furnace design. That means the 

dominant variables determine the energy density in the primary combustion zone which 

influences the NOx emissions. Table 8 summarizes these dominant influence factors 

coming from the furnace.  
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Table 8. Dry bottom furnace design factors 

Furnace influence factors on NOx generation 

• Geometry of the combustion chamber  

(radiant surface area / volume, flue gas velocity / residence time) 

• Wall design (gas tight membrane wall, tube–and–brick, etc.) 

• Wall temperature (heat flux) 

• Wall cleanness (slagging) 

• Process philosophy (air staging / injection points, burnout grate) 

• Burner arrangement 

• Burner capacity 

 

Similar to the burner NOx influence factors listed in Table 7 and assumptions 

based thereupon, can also here be assumed that due to the broad variations nearly every 

power station in the world has a unique situation within the furnace as a result of any 

possible combination of the above listed parameters. The difference between the burner– 

and furnace influence factors is that furnaces can be classified by the help of established 

thermodynamic parameters which are commonly used for qualitative comparison 

between different plants also for the estimation of the in–furnace conditions with respect 

to slagging–, fouling– and emission tendency, see Table 9.  

Table 9. Furnace characteristic parameters 

Furnace design parameter 

• Area heat release rate 

Quotient of the heat input and the furnace radiant heat exchange surface 
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Furnace design parameter 

• Volumetric heat release rate 

Quotient of heat input and furnace volume 

• Burner belt heat release rate 

Quotient of heat input and burner belt area 

• Burner belt volumetric heat release rate 

Quotient of heat input and burner belt volume 

• Cross–sectional heat release rate 

Quotient of heat input and furnace cross–sectional area 

 

As stated above, NOx formation influence by the energy density within the burner 

belt which is described only by the burner belt volumetric heat release rate. This 

circumstance could be explained by the fact that the most important point regarding NOx 

formation is the place where the main part of the chemical reaction happens within a 

specific volume which is also the place with the highest energy density, i.e. the burner 

belt. Generally it can be simplified: the higher the energy density within the furnace and 

thus the higher the thermal rating, the higher the NOx emissions can be expected. This 

assumption can be validated by the fact that higher temperatures lead generally to higher 

NOx values. According to Y. B. Zel'dovich [45] and C. P. Fenimore [47, 76, 74] the 

generation of NOx depends exponential on temperature and happens mainly according to 

the limit of available oxygen. Therefore it has been assumed that also the energy density 

must be of exponential dependency. That means the influence factor from the furnace 

design can be expressed as: 

	� = +�^22&�!� (VI–19) 
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Where 22&�! is the burner belt volume heat release rate which is the quotient 

of the total heat input to the furnace (Ab )	) and the burner belt volume (22&). 

22&�! = Ab )	22& (VI–20) 

It shall be remarked, that within the literature is Ab )	 could also related to the 

energy which enters the process, i.e. the fuel heat capacity release inside the furnace 

:Ab 17+(; and thus it is equivalent to the thermal power of a unit which is therefore the 

official characteristic parameter for energy conversion systems [199]. But related to the 

real energy density within the furnace, this definition is not applicable at all because it 

does not consider the total internal energy in the furnace which is out of the question the 

sum of all supplied energies. Therefore for the entire research work Ab )	 has been defined 

as the total internal energy inside the furnace which is the sum of the fuel heat and the 

heat capacity of all superimposed material flows (e.g. classifier stream, secondary air, 

false air, recirculated flue gas etc.) see Figure 18  

  

Figure 18. Sankey diagram
16

 for a furnace without air staging 

                                                 
16 Developed by the Irish engineer Riall Sankey over 100 years ago [200]. 

Ab )	 

Ab 7=+ Ab 17+( 

Ab I
= Ab ('== 
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The major assumption made is that only the real volume load can give reasonable 

estimates regarding the actual energy density of a certain volume. According to Figure 18 

can the resulting energy of all material flows inside the furnace expressed as: 

Ab )	 = Ab 17+( +Ab I
= (VI–21) 

With Ab 17+( as the product of fuel massflow [kg / s] and its lower heating value 

[MJ / kg] and Ab I
= as the sum of all recirculated energies within the system balance 

limits, expressed as:  

Ab I
= = ]�B*@b *F*<
*O�  (VI–22) 

where �B* is the average specific heat capacity [J / kg K], @b * is the massflow 

[kg / s], and F* the temperature [K] of the respective flow i. The definition of the related 

reference volume, termed as burner belt volume (22&) is understood as a part of the 

furnace internal volume between the lowermost and the top burner plane plus one 

additional burner vertical distance due to the significant radiation exposures in the closer 

area above and below a burner plane as shown in Figure 19. 



 
 

99 

 

Figure 19. Definition of the furnace geometry 

Figure 19 shows the definitions made regarding the encircling burner belt area, 

where 2&  is the vertical distance between two burner planes. The furnace wall area is 

being assumed to be a continuous heat loaded surface without wall openings, e.g. for the 

consumables injection. Special attention is to be made on the fact that the size of the 

burner belt volume can vary inside one furnace due to different variations in the mill–

patter–usage, within this thesis also termed as burner–out–of–service (BOOS). Multi–

burner combustion systems can have part of an array with burners which are out of 

service due to the fact that not all burners are required to achieve full boiler load. Burners 

which are out of service are not fed with fuel but supplied with small quantities of air for 

cooling the burner tips. Otherwise the strong temperature radiation on these burner parts 

lead to deformation and annealing of the material. Thus operation mode creates fuel rich 
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combustion zones. The result can be combustion by stages with temperatures lower than 

when all burners are in service [201]. Such thermal energy reductions lead to lower 

thermal–NOx generation and lower heat release rates within the burner belt which leads 

in fact to a lower average heat density within the related volume. Therefore the 

calculation of the real burner belt volume based on the upper and lower active burner 

elevation (BE). 

22& = :2X7^ −2X('Z;1V1� (VI–23) 

Where 2X7^ −2X('Z is the number of burner elevations from the upper active to 

the lower active burner elevation. 1V is the furnace depth, and the 1� furnace width. This 

consideration would not include burner rows out of service between the active ones. 

Because the average heat density inside the burner belt would be the result of the highest 

and lowest fuel injection point where BOOS in between has negligible influence on the 

radiation load of the reference surface related to the supply limits. 
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VII. EXTRAPOLATION OF RESULTS AND DISCUSSION 

Plant owners and operators are extremely interested in using simple and user–

friendly as well as cost effective techniques which helps to optimize their plants but also 

the scientists benefit through the use of simple and fast models, e.g. for the preparation 

and execution of experiments. Problems may arise when such developed prediction 

approach based on too many assumptions which then jeopardize the reliability and 

accuracy of the tool. Therefore is validation an important aspect to evaluate how well 

approach predictions match certain observations, both qualitatively and quantitatively. 

The validity of the actual developed approach assessed in three ways: 

• By direct comparison on a point–by–point basis of the calculated and 

measured data. 

• By examination of the results by the help of a statistical analysis. 

• By comparison of the model history with observations published in other 

research works. 

Basis for Comparison 

The Comparative Utility Units 

A number of different information regarding different power plant units were 

needed to ensure that the amount of data is large enough to guarantee best estimates on 

relationships, dependencies and interactions. These data sets were consistent, plausible 
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and complete field data coming from various power plants located all over the world and 

they have been acquired by own on site measurements, have been provided by operators 

(on request) or have been published as part of other research works [103, 202, 203]. In 

summary means that, the data using coming from: 

• 28 utility boilers (incl. 6 boilers used before and after retrofitting). 

• Located in 14 countries all over the world (Europe, Russia, China, and 

USA). 

• With boiler capacities between 90 to 2,900 MWt. 

• For different boiler loads. 

• Consisting of a variety of different combustion systems (tangential–, 

front–, double front–, allwall–fired). 

• Burning a wide range of coal quality parameters (from lignite–A to 

medium–volatile–bituminous coals
17

). 

The reference data of the above mentioned bullet points can be found in Appendix 

2. Due to the fact that also usually more than one complete data set was available the total 

amount of based reference scenarios could be counted to 142 and represent therefore a 

large enough sample to obtain precise estimates of the strength of the relationship 

between the NOx indicator �4�18 value and the NOx level measured 8���!+19.  

Necessary Unit Information 

An optimized combustion control is essential to reduce NOx emissions without 

loss in boiler performance [204]. In order to optimize a combustion system and make 

                                                 
17 According to Figure 3. Coal classification systems [14] ASTM Standard. 
18 According to equation (VI–1). 
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serious predictions of their process parameters, some basic information have to be used 

which can include tabulated thermo chemical data, the results of several varieties of 

laboratory and field analyses concerning fuel, residue, gases in the system, and basic rate 

data usually, the flow rates of feed, flue gases, etc. [71]. Some of these figures can also be 

calculated and / or compared with real measured data know from the process in order to 

validate process assumptions. If the combustion process logic is understood it raises the 

possibility to replicate not fully known process data. That means, even if not all necessary 

model input are known, the missing data can be adjusted by plausible values according to 

target figures from the process itself or by comparing with similar datasets.  

Extrapolation of Results 

In order to ascertains whether a system tends to more or less emissions when 

changing the respective system conditions and whether it tends to more or less emissions 

than another, the developed NOx indicator �4� needs to have a strong statistical 

relevance compared with the previous mentioned field data. One major problem occurred 

was the fact that the determination and / or subsequent calculation of flue gas 

concentrations as well as the definition and measurement of the actual operation 

conditions are always subject to some uncertainty. These errors are mostly systematic and 

other random but in any case unavoidable in full–scale applications. Systematic errors 

can occur with the emission monitoring equipment, stratification of the different volume 

flows inside the ducts, etc. In addition are also random errors which belong to the 

observations omnipresent. Nevertheless have all available data sets been considered as 

representative data samples because they are based on direct measurements on an hourly 

or daily average.  
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Regression Analysis 

In order to justify the linear relationship between the NOx indicator �4� from 

equation (VI–1) and the NOx emission level measured 8���!+19 a linear regression 

analysis was carried out on the basis of comparable conditions, i.e. ���!+1 as 

interpolated value according to an oxygen concentration of 6 % at dry flue gas. The linear 

regression method had been chosen because the independent variable �4 based on 

measuring points and is thus not stochastic. The aim was not only to evaluate the model 

prediction performance !�� further it was also the determination of the most suitable 

regression coefficients. Therefore equation (VI–1) has been extended by linear regression 

coefficients and used as regression function.  

���B�+. = $% + �4�$� (VII–1) 

Where $% and $� are the regression parameters which represents the y–intercept 

and the slope of the relationship, respectively. Due to the direct dependency of �4 from 

the burner mixing effectiveness (see equation (VI–13)) it was necessary to evaluate 

several coefficient combinations in order to find the respective optimal combination 

under which the model guaranteed most suitable prediction performance. For that 

background ���B�*@ of the reference utilities had been recalculated for each run 

according to most precise prediction results compared with the measured ���!+1 before 

the statistical significance was evaluated. This recalculation had been done via the 

Microsoft Excel® Solver while setting the estimated value as constant when no change of 

the respective burner belt volume (22&) according to equation (VI–23) were reported. 

The used Solver settings are given in Table 10. 
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Table 10. Solver settings for estimating of NOxPrim 

Microsoft Excel® Solver settings Goal 

Solution method GRG–non linear  

Objective function Total amount of residuals for the 

respective burner belt volume 22&� Min 

Variable ���B�*@  

Constraint 1 Mean of the residuals Zero 

Constraint 2 ���B�*@ ≥ 150 

All other settings Standard  

 

The sensitivity analysis had been done for % ≤ $% ≤ �%% and �% ≤ $� ≤ �% 

with a sequence of steps for $% = �� and $� = � respectively. Figure 20 shows the 

resulting coefficient of determination !�� of every resulting coefficient combination. 

 

Figure 20. Sensitivity plot of investigated regression coefficients 
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Figure 20 shows that !� increased with increasing the y–interception and will 

start to decrease for $% > ��%. The dependence of the slope of the relationship in this 

case shows also an increasing !� and decrease for $� > �%. In order to find the highest 

prediction performance, the sequence of steps for the regression coefficients had been 

reduced to $% = � and $� = � for the combinations between ��� ≤ $% ≤ ��� and 

�� ≤ $� ≤ ��. Figure 21 shows the resulting !� of every resulting coefficient 

combination. 

 

Figure 21. Sensitivity plot of restricted regression coefficients 

Due to the fact that the difference between the shown !� based only to the third 

digit after the decimal point, the coefficient were rounded to integer values. The main 

results for the observed highest !� occurs when setting $% = ��� and $� = ��, 

respectively. The statistical results are listed in Table 11.  
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Table 11. Regression analysis of NI vs. NOxRef 

Regression statistics 

Coefficient Intercept $%� 143 

Coefficient X Variable $�� 19 

Multiple R 0.9938 

R² 0.9876 

Standard Error 28.0382 

Observations 142 

 

The input data set for the linear regression analysis are given in Appendix 3. The 

resulting scatter plot of the linear relationship between �4 and ���!+1 are shown in 

Figure 22.  

 

Figure 22. Scatter plot of NOxRef vs. NI 
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In general the results of the prediction approach are in fairly good agreement with 

the measured reference data which highlights the model performance. The standard error 

estimated indicated that the difference between the measured and the predicted values 

turns around 28 mg / m³ STPdry referred to 6 % oxygen content. Therefore it can be 

concluded that the model predictions are fairly usable for any kind of application since 

the model is valid for every kind of the investigated power plants, coal qualities, and 

different operation conditions. Much work has already been published on identifying any 

reasonable statistical relationship between the pollutants emitted and various system 

related state variables with more or less success, depending on the scope of consideration. 

The major problem to be solved is that each possible single influence factor and its 

relationship towards NOx emissions are masked by the impact of others. Each single 

influence factors can consists of several sub–factors of more or less importance within a 

specific furnace environment. Figure 23 underline that when the scope of considering is 

not large enough no significant correlation would be observable. 

 

Figure 23. Matrix plot of NOxRef vs. hi 
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Figure 23 shows that it could be postulated that no certain statistical relationship 

or trend is observable when concentrating on one helping factor 	*� alone. But, if 

considering the product of all factors according to equation (VII–2) it leads to an 

impressively proof of a certain relationship as Table 11 and Figure 22 suggest. 

Residual Analysis 

In the previous section the statistical relevance of the NOx indicator �4� was 

proven and the most suitable regression coefficients been calculated. In order to 

determine how the model results fit to the data, the assumptions made on the differences 

between the fitted and measured NOx values had been analyzed in the following. For 

thus, the NOx levels have been calculated based on equation (VII–1) with regression 

coefficients ($% = ���, $� = ��) and compared with the respective measured values.  

���B�+. = ��� + �4��� (VII–2) 

Where ���B�+. is the predicted NOx emission level in mg / m³ STPdry at 6 % O2. 

Due to the fact that the model fairly predicts the target values the error term could be 

assumed to have a zero mean with a constant variance e�� which means that an interval 

estimation of the mean response can constructed in order to test the statistical hypothesis 

whether the means of the ���B�+. and ���!+1 are nearly equal. For the background that 

also the target values of ���!+1 should be assumed to be independent through the strong 

difference in the data sets could the two groups being compared via a paired t–test. 

Because both sample sizes are equal and the two residual distributions should have the 

same variance. Table 12 shows the results of the statistical test. 
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Table 12. Paired t–test of NOxPred and NOxRef 

Hypothesis testing 

Confidence Interval 95 % 

Margin of error 4.5815 

Lower bound – 6.201 

Upper bound 2.962 

 

The result indicated that for the 95 % confidence interval the difference in the 

mean of ���!+1 and the mean of ���B�*@ is within 10 mg / m³ STPdry at 6 % O2. 

Therefore it can be concluded that also the distribution and the values of the model 

results are in very good agreement with the reference values.  

The residuals +� are the difference between the observed value 8���!+19 and 

the corresponding fitted value :���B�+.;.  +* = ���B�+.* − ���!+1*, * = �, �, … , ��� (VII–3) 

The resulting differences for the observation value *�, residuals, are plotted in 

Figure 24 against the measured NOx level 8���!+19.  
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Figure 24. Residual plot of NOxPred against NOxRef 

Figure 24 shows that the most deviations between the predicted and the reference 

NOx value are smaller than 10 % of the ���!+1 value. The model results contain only 14 

out of 142 outlines. From Figure 24 can be concluded that since no systematic pattern is 

observable, it can be assumed that the residuals are of homoscedasticity and thus the 

assumption of variance homogeneity is met, which implies the validity of the linear 

regression results.  

Comparison with the Literature 

The reasoning behind the data support and the NOx prediction approach 

developed in this thesis are discussed in in length in the previous sections. Theoretically 

applications are shown in this section for practical demonstrations compared to the 
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Literature. In contrast to full–scale or laboratory–scale facility experiments have the 

theoretical research work clear advantages. It can be postulated that no errors in 

measurements and thus no accuracy problems would occur; no dynamic process 

fluctuations are possible; no need of careful process control and observation; no scaling 

problems; and no need for process assumptions due to missing information which 

certainly causes discrepancies.  

The example chosen is focused on possible modifications to one of the known 

existing boilers rather than designing a new boiler. Because the focus is more on 

providing suitable engineering tools which helps plant owners and operators to optimize 

their existing system with respect to efficiency and reliability under environmental 

awareness.  

Reference Plant 

The application of the developed NOx prediction model has been accomplished 

and investigated on the basis on the spreadsheet model described in chapter V ‘Model 

Basis’. The reference plant used as basis had also been used and described in the research 

work of Hwang [202]. The author accomplished straightforward full–scale experiments 

with sub–bituminous coal blends at the second unit of Fayette power plant. The Fayette 

Power Project (FPP) is a three–unit coal–fired electricity generation facility co–owned by 

the Lower Colorado River Authority (LCRA) and Austin Energy (AE) located near La 

Grange, Texas (USA) which had been commissioned in the early 1980s. LCRA is a 

Texas state conservation and reclamation district that provides wholesale electricity and 

other services to cities and rural cooperatives in the Central Texas area. AE is a municipal 

electric utility owned by the City of Austin, Texas.  
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The main reasons for choosing this reference plant were the fact that the boiler 

behavior could be evaluated by the help of several accomplished tests, where each test 

based on different operation conditions. All variations had influence on all three 

identified main groups (system design, operational settings, and coal properties) and 

gives therefore an appreciate basis to recalculate the respective primary NOx level 

:���B�*@; and to evaluate the goodness of fit of the complete developed model.  

Another reason for choosing this reference plant was the fact that the special 

design of the furnace of FPP boiler 2 and its burning system would made it possible to 

fire a large variety of coals which would make the investigation of changing coal 

properties on the NOx behavior a bit more realistic and also practicable. Especially the 

special design of the combustion system allows rapid manipulation of programming 

changes because the unit DCS (Distributed Control System) system is nearly fully 

flexible to adjust to nearly every possible operational specification and therefore would 

also studies of various operational settings on the NOx behavior be more realistic and 

practicable. 

FPP boiler 2 is a tangentially fired two–pass 606 MWe unit equipped with a low–

NOx technique developed by the Combustion Engineering Company (USA)
19

. It is a 

supercritical balanced draft boiler which rated for 1,905 t / h steam flow at a superheat 

outlet steam pressure and temperature of 180 bar (absolute) and 540 °C. Originally 

design for East Decker sub–bituminous coal, with provisions for future Texas lignite 

firing. Currently the unit is fired by coal from several mines in the Southern Powder 

River Basin (PRB) area. A side view of the boiler arrangement is shown in Figure 25.  

                                                 
19 Since 2000 purchased by Alstom. 
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Figure 25. Dimensions of Fayette No. 2 in meters [202] 

Five burner levels are required for full–load operation although the combustion 

system consists of six burner elevations. Originally it was even designed for seven. The 

unused additional bottom elevation has also been included in the original design for the 

event that the unit switched to a lower ranked coal in the future. The furnace had been 

designed as air–staged combustion with a possible shift of approximately 30 % of the 

combustion air through two close coupled overfire air ports. Fuel and air are introduced 

into the furnace through four windbox assemblies located in the corners. Each windbox 

contains air and coal nozzles. The air stream is split into two different parts, primary and 

secondary air. The secondary combustion air is admitted to the auxiliary air 

compartments around the fuel nozzle through a set of dampers. Each set of dampers is 

operated by a damper drive cylinder located at the side of the windbox. The fuel and air 

streams are directed toward a firing cycle in the center of the furnace in order to create a 
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rotating vertex for most effective mixing. The primary air dries the coal as it is being 

pulverized and transports the mixture through the coal dust piping to the coal nozzles of 

the burners. It must be made sure that the outlet velocity of the primary air and coal 

mixture exceeds the speed of flame propagation. Behind the burner tip the stream rapidly 

spreads out with a corresponding decrease in velocity, especially as mixing occurs with 

the secondary air. More detail descriptions can be found in the work of Hwang [202].  

Prediction Precision 

Examining the data sets available from FPP–2 (Appendix 4) and comparing the 

respective ���B�+. with ���!+1 it can be concluded that the developed model fairly 

predict the reference values. The statistical results of the model precision concerning 

FPP–2 are listed in Table 13.  

Table 13. Regression analysis of NI vs. NOxRef for FPP–2 

Regression Statistics 

Coefficient Intercept g%� 143 

Coefficient X Variable g�� 19 

Multiple R 0.9585 

R Square 0.9187 

Adjusted R Square 0.9142 

Standard Error 18,4664 

Observations 20 

 

The plant data used for the model validation are introduced in Appendix 4. Table 

13 shows the results of the correlation analysis to determine the model prediction 
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adequateness in order to estimate the applicability of the developed approach to the real 

plant behavior. The regression results indicated that the demonstrated model precision 

seems to be a very good fit to the data based on the 20 observations available. Therefore 

it can be concluded that the adjusted model represents a suitable basis for further studies.  

Theoretical Application 

There are numerous technologies available to reduce the NOx emissions but all 

these methods range significantly in cost, effectiveness, complexity and extent of 

modifications required to achieve NOx reduction. When combustion modifications are 

planned, it is important to avoid adverse impacts on boiler operation as well as of the 

formation of other pollutants such as CO2 or CO while dealing with the interactions 

between combustion related process conditions. Scientific and industrial research projects 

indicate evidence that these changeable process factors belongs to three identified main 

groups (coal properties, operational settings, and system design) which have considerable 

influence on NOx emissions from pulverized coal–fired utilities. Very seldom is only one 

method or principle for NOx reduction used alone. The choice depends upon the type of 

combustion system, type of boiler, type of fuel and / or other energy conversion devices 

used. Available technologies will be narrowed by consideration of turndown ratio, 

stability of combustion, availability or access to burners, air supply controls, fuel 

impurities, and cost among other factors which needs to be considered for every possible 

practical application. A myriad of constraints must be balanced to allow owners and 

operators of coal–fired power plants a profitability operation of their generating units.  

For this background, the following exemplary application of the developed 

prediction approach shall be focused on the investigation of the interaction and individual 
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influences of different single influence factors on the total NOx emissions generated by 

the above described reference boiler FPP–2. The outcomes will additionally be compared 

to conclusions made in the literature. For thus several sensitivity analyses have been 

carried out by varying one parameter of the prediction model while holding the other 

parameters constant. The model parameters examined were given in Table 14. 

Table 14. Investigation parameters 

Investigation parameter Helping factor 	*� 
Coal properties and coal blending  

Fuel ratio, based on the effective volatile content :&�hii; 	� 

Nitrogen content 	� 

Volatile content 	� 

Boiler operation  

Total excess air 	j 

Air staging mode (overfire air) 	k 

Burner operation  

(burner zone stoichiometry, mill pattern) 

	l 

Boiler load (burner belt and furnace cross section) 	m 

Preheat air temperature 	m 

Boiler design  

Design of overfire air system  	k 

Burner–out–of–service (BOOS) 	k 

Burner design (air staging effectiveness) 2420 

                                                 
20 Burner index according to equation (VI–14) 
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Thereby that the theoretical model was verified by several practical generated 

experimental data it can be assumed that it behaves likely the real system would do and 

thus, it can be further assumed, that any model outcomes could be accepted as valid for 

the real system, at least within the calculated statistical relevance (Table 13).  

Coal Properties and Blending 

A thorough understanding of the coal, its respective burning characteristic, 

transportation inside and outside the boiler plant, its ash generation and disposal, the 

environmental aspects, and so on, is necessary for design, selection, operation, and 

maintenance of a utility boiler. All these can be attributed to the fuel properties. 

Therefore is perhaps no other parameter more important. A pulverized coal–fired boiler is 

being designed based mainly on the characteristics of the provided coal. The so called 

design coal or reference coal depend often on different available world–traded coals 

which are being mixed to specified coal blends. Whereas 20 years ago the most 

pulverized fuel–fired power plants have been fed by single coals which were available in 

the closer area around the power plant [205]. Nowadays the coal blends could have 

nearly every possible varying characteristic between a specified range. Consequently, the 

quality of the delivered coals as heating value, chemical composition, ash content and ash 

composition may vary significantly and can lead to higher furnace fouling rates with 

increasing deposits, shorten flame ignition points and promote flame impingement on 

walls, alter superheat and reheat distribution, promote boiler tube failures rates and other 

adverse factors. However, the boiler operation and performance suffer from variations in 

the coal properties in unscheduled outages, lower efficiency, maintenance effort, 

corrosion problems, increasing emission levels and consequently as an increase in 
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generation costs, is coal blending today an attractive easy way to influence the plant 

performance and emissions. With respect to NOx emissions means that, that the direct 

allocation of different influences is complicated by the fact that changes in the coal 

quality will change the combustion behavior inside the furnace.  

In this section, the theoretical application of the NOx prediction approach is 

conducted under consideration of varying coal properties. That means the definition of a 

coal parameter spectrum instead of single coal properties. The reference unit No. 2 of 

Fayette power station is reported to be burning coal with a heating value between 8,000 

and 9,000 Btu / lb and a sulfur content of up to 1 % [206]. On the basis of the USGS Coal 

Quality Database [18], over 200 different coal compositions could be identified when 

assuming that the unit is able to burn any available coal within the above specified range 

limits. These types of coal are all classified as US sub–bituminous coals. The whole 

range of the proximate and ultimate analysis is shown in Table 15.  

Table 15. Composition of used coals 

Coal 
Unit Range 

as received max min 

Lower Heating Value 

(LHV) 

Btu / lb 8,000 9,000 

MJ / kg 18.608 20.934 

Proximate Analysis 

Volatile Matter wt.–% 43.20 26.30 

Fixed Carbon wt.–% 43.90 27.80 

Moisture wt.–% 31.77 8.00 

Ash Content wt.–% 26.60 2.50 
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Coal 
Unit Range 

as received max min 

Ultimate Analysis 

Carbon wt.–% 65.60 44.80 

Hydrogen wt.–% 7.00 4.60 

Oxygen wt.–% 18.50 6.40 

Nitrogen wt.–% 1.51 0.50 

Sulfur wt.–% 0.09 1.00 

 

Table 15 shows that the selection process emphasized an interesting wide range. 

The volatile matter content ranged from 26 % to 43 wt.–%. The ranges of moisture, ash 

content and nitrogen content were from 8 to 32 wt.–%, 2.5 to 26 wt.–%, and 0.5 to 

1.5 wt.–% respectively. As stated above are the most important issues concerning the 

applicability of a coal defined by the spectrum of lower heating value, moisture content, 

and ash fraction. Therefore builds the extreme values of these coal characteristics also the 

basis for the procurement strategy of a plant.  

Figure 26 visualized the resulting permissible coal range described in Table 15.  
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Figure 26. Schema of the specified coal range for FPP–2 

The in Figure 26 inserted coal blends (black data points) are the coal properties 

measured during the research work of Hwang [202]. It can be seen that two blends are 

slightly out of the box. This is not unusual when buying different coals which are further 

being mixed to coal blends at the power stations coal storage. This belongs to changes in 

the heating value due to fluctuations in the actual ash and moisture content.  

As already mentioned was the NOx prediction approach conducted under 

consideration of varying coal properties under identical design surroundings and 

unchanged operational conditions. That means one reference scenario had been randomly 

selected from the research work of Hwang [202] which served as basis for all calculations 

within this section. The only variable according to equation (VI–1) was the coal helping 
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factor. The respective plant operational data can be found in Appendix 4 or in the work of 

Hwang [202] were it is termed as ‘Test 10B’.  

Fuel Ratio 

Considering the calculated NOx emissions by using the new approach on the basis 

of the identified coals from the USGS Coal Quality Database [18] and plotting the results 

in a diagram based on the new effective fuel ratio
21

 :�!X11; as function of the coal 

containing nitrogen content :�Z1; in wt.–% on a water free basis, than an interesting 

relationship could be recognized (see Figure 27). 

 

Figure 27. NOx expectation for FPP–2 depending on coal quality 

                                                 
21 According to equation (VI–6). 
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�Z1 is the coal containing nitrogen in wt.–% on a water free basis, and �!X11 is 

according to equation (VI–6) the new effective fuel ratio based on the corrected volatile 

content (&�X11, equation (VI–3)). The blue lines define the specified permissible range 

properties based on Table 15 and thus describes similar to Figure 26 all possible coal 

qualities. All 207 different coal compositions have been entered and colored according to 

their predicted NOx values (STPdry at 6 % O2). Figure 27 indicates clear boarders between 

the colored data points. It is obviously that NOx emissions increase when �Z1 and �!X11 

of the investigated coals increase likewise which is in principle also in line with the 

findings of Nakazawa et al. [94], in which he considered the original fuel ratio.  

Summarized it can be stated that by the use of Figure 27 it is possible to draw 

conclusions on the NOx emissions to be expected by burning a different coals under the 

conditions served as basis for Figure 27 (Hwangs [202] ‘Test 10B’). That means in short, 

coals can be categorized by their constituents to different emission rates which could 

significant improve the procurement strategy of the power plant according to 

performance at lowest cost. 

Furthermore it can be concluded that according to Figure 27 the general statement 

of some other researcher cannot confirmed. NOx emissions not forcibly decrease when 

the volatile matter content of a coal increase likewise, which is also confirmed by the fact 

that until now no statistical evidence for a single and direct relationship could be 

provided. Whereas the dependency of nitrogen content and fuel ratio are impressively 

shown in Figure 27. NOx emissions increase when nitrogen content and / or fuel ratio 

(based on the effective volatile matter content according to equation (VI–6)) increase. 
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Nitrogen Content 

Although, the chemically bound organic nitrogen is the main source for the total 

exhaust NOx emissions from pulverized coal combustion [69, 70] represents the 

measureable nitrogen content bound in the coal just a very rough and inaccurate 

indication on the NOx level to be expected. From a practical point of view it is not 

suitable as a good predictor [92, 207]. Figure 28 illustrated the dependency between 

calculated NOx emissions and the nitrogen content :�Z1; on the basis of the selected 

coals based on the quality specification in Table 15.  

 

Figure 28. NOxPred vs. N(wf) for FPP–2 depending on selected coal qualities 

Although, a certain significance can be observe it needs to be clear that the 

resulting relationship is mainly driven through the linear dependency of the coal nitrogen 

content :�Z1; in equation (VI–8) and the associated direct dependency to the parent NOx 

indicator �4� given in equation (VI–1). Nevertheless underlines this finding that 
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obviously �Z1 as single indicator will not be sufficient to make conclusions of the 

emission behavior due to the broad scattering of the data points. 

Effective Volatile Matter Content 

Focused on the volatile matter content it can be stated that also the most 

prevailing opinion regarding the fact, that higher volatile coals tends generally to lower 

NOx emissions [95, 103, 208] can be confirmed. Figure 29 shows the relationship 

between the ASTM proximate analysis volatile content &��, the transformed effective 

volatile content :&�X11; and predicted NOx level :���B�+.; based on Hwangs [202] 

‘Test 10B’.  

 

Figure 29. NOxPred vs. VM(wf) and VMeff (wf) for FPP–2 application 

On the left side are the predicted NOx values applied to proximate &� and the 

right diagram shows the same NOx values as calculated on the basis of &�X11 on a water 
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free basis. The blue vertical lines describes the range between the lowest and the highest 

VM value and the blue horizontal lines describes the range between the lowest and 

highest predicted NOx value.  

As Figure 29 indicated there is no certain relationship between NOx and volatile 

matter content observable. Although, the proximate volatile matter content seems to be 

more statistic relevant, better prediction precision can be achieved by using the effective 

VM. Anyway, it should be remarked that the general statement must be questioned 

because although, the general relationship is statistically relevant indicate the correlation 

between both axis in both diagrams that the relationship does not imply that &� or 

&�X11 causes ���B�+.. Which may be due to the fact that also small changes in the coal 

properties leads to a difference in the burning characteristics of the fuel which results e.g. 

in different combustion temperatures and residence time in the fuel–rich zone. What 

might be the explanation why until now no certain dependency could be found.  

Jones et al. [209] investigated the effects of coal quality on NO and unburnt 

carbon formation in an integrated full, pilot and laboratory–scale study. The observed 

coals from the US, UK, Colombia, South Africa, and Australia ranged in their nitrogen 

content from 1.62 – 2.01 wt.–% (wf) and in volatile matter content from 29.0 – 40.1 wt.–

%. No correlation between nitrogen content or VM could be observed under staged 

conditions but using a function based on the coal volatile matter release at high heating 

rates (HTVM
22

) and on nitrogen content together, the authors had observed a correlation. 

This may due to the fact, that coals are not being composed of defined amounts of 

volatile matter and fixed carbon [210]. In fact, Saji [211] has shown that also substantial 

                                                 
22 High temperature volatile matter content. 
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amounts of volatile matter may remain in the coal particles even after traveling through 

the furnace which had also been confirmed by the work of Badzioch and Hawksley [118]. 

Nevertheless, the amount and characteristic of volatile matter content depend on the 

combination of time and temperature acting the particles which are very complex to 

evaluate for a defined time.  

By the theoretical dependency established in equation (VI–8) the finding of Jones 

et al. [209] can be surely confirmed because function (VI–8) based also on both 

variables, a developed transformation for the volatile matter content :&�+11; and on the 

nitrogen content on a water free basis. Figure 30 visualized the linear dependency of the 

coal influence 	�� under the described conditions for the selected coal properties (Table 

15). 

 

Figure 30. NOxPred vs. h1 for various coals applying to FPP–2 



 
 

128 

The single vertical lines describe different specified NOx levels (y–axis). The 

scattering of the results around the theoretical regression line is due to the fact that 

besides the coal properties also the coal ignition behavior plays an important role. As 

described in chapter ‘Ignition Behavior’ is the optimum required amount of oxygen at the 

first combustion stage a function of the coals effective volatile content. That means, the 

more the actual burner air ratio is at its optimum, <�23 according to equation (VI–12), 

the less influence would occur due slightly changings in the coal effective volatile 

contents and the more the results shown in Figure 30 would describe a straight line. This 

circumstance is another good example for the superposition of different influence 

variables on the total NOx emissions and the resulting difficulty of isolating individual 

influences. Table 16 summarized the results shown in Figure 30. 

Table 16. Results of NOxPred vs. h1 for FPP–2 

Predicted NOx range h1 

≤ 300 mg / m³ STPdry at 6 % O2 ≤ 1.36 

≤ 400 mg / m³ STPdry at 6 % O2 ≤ 2.19 

≤ 500 mg / m³ STPdry at 6 % O2 ≤ 3.02 

> 500 mg / m³ STPdry at 6 % O2 > 3.02 

 

It should be mentioned, that Figure 30 just represents the effect of varying coal 

properties under absolute constant boundary conditions on NOx emissions under the 

described methodology within this thesis. Nevertheless, if considering the overall model 

precision of the NOx prediction approach and assuming that the individual helping factors 

are of similar significance, than it can be postulated that Figure 28 and Figure 30 can be 
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used as helpful tool for the evaluation of coals which could be possibly burned at Fayette 

power station with respect to NOx emissions.  

Operational Settings 

The boiler operating conditions specify the process boundary conditions and thus 

a major influence on NOx formation. These conditions specify the overall combustion 

process and give the largest possible influence at lowest costs because changes at the 

system operational settings can be accomplished fast and easily via the control room 

desk. The optimal operational settings for a certain coal and a certain energy demand 

requested by the grid will be analyzed based on the presented model within this section. 

Correction curves for NOx emissions will be created as possible system control 

optimization opportunities for minimal stack emissions and efficiency improvements. The 

mayor problem herewith, is to avoid the deterioration of the plant performance while 

changing these influence factors.  

Excess Air Ratio 

The generated energy distribution inside the furnace has besides on NOx also a 

significant impact on the efficiency of the boiler and its connected turbine. From the 

perspective of overall cycle efficiency, the furnace exit gas temperature should be as low 

as practicable while superheat and reheat steam temperatures should be achieve the 

defined set–points. This can be realized e.g. by reducing the excess air level at the 

furnace end. Beside the increase of the boiler efficiency it will also improve the NOx 

suppression. Unfortunately the reduction of the excess air level is limited due to 
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significant operating impairments, as increase of the CO level and the loss of ignition
23

, 

risk of reinforced slagging effects, and stronger furnace wall corrosion behavior and 

herewith decreasing of the boiler efficiency or also fouling and slagging can become 

problematically when the excess air level decreases [212, 213]. 

For this background is the primary focus while changing the air ratio with the 

boiler performance, i.e. the minimum excess air level with satisfactory performance. The 

definition of satisfactory depends herewith on the power plant owner. Considering the 

relatively low oxygen level during the test scenarios reported by Hwang [202] it can be 

assumed that the excess air level was already at its optimum. Therefore is the main 

objective not to define a new optimum situation rather than to investigate how the system 

would behave outside of the documented settings. The theoretical minimum practical 

level of excess air which can be achieved in FPP–2 depends on several factors but mainly 

on the type of coal fired. The burning behavior causes the onset of smoke or increasing 

CO emissions when the air ratio is reduced to levels far below the design value. Such 

boiler is usually being designed for achieving its required steam parameter between 80 % 

and 100 % boiler load at nearly constant oxygen level. The permissible excess air ratio 

range concerning that load range has been assumed to be 1.1 ≤ n ≤ 1.3.Therefore had the 

investigation been concentrated on this specific boiler load– and air–range. Additionally 

the operational settings of ‘Test 6’ as documented by Hwang [202] have been chosen as 

reference basis; active burner elevations (B.E.) 1 to 5, firing coal blend No. 6. For the 

settings of the other air streams, e.g. overfire air (OFA) it has been assumed that the total 

excess air ratio of the system is controlled by the forced draft fan. That means, if the 

damper positions of the auxiliary air and OFA would not be changed the split between 

                                                 
23 Unburnt carbon content in the ash (UBC). 
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these two air streams should be constant over the observed air range. Therefore is the 

OFA share of the total combustion air held constant over the investigated air range. The 

reported unburnt carbon content (UBC) in the ash is around 0.13 % which indicates a 

very efficient combustion. Figure 31 shows the results.  

 

Figure 31. NOxPred vs. air ratio and O2 level for FPP–2 

It can be seen that the full– and the 80 % part load operation apparently run 

parallel depending on the air ratio <�. However on closer inspection it is noticeable that 

the difference between the two load functions increase when the air ratio increase too. 

This could be due to the fact that the effect of the combustion air temperature on the total 

combustion temperature within the furnace is at lower energy densities higher than at 

higher energy densities. The effect of the seemingly parallel functions based on the fact 
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that the only difference between both sensitivity analyses are the incoming energy which 

has obviously just a small effect on the NOx formation because of the small effect on the 

average combustion temperature which is in line with the conclusion made by Okazaki et 

al. [141]. The authors stated that the conversion ratio from fuel–N to NOx increases with 

the stoichiometric ratio and the temperature has only a small effect on this relation. 

As basis condition for Figure 31 the ratio of primary air to overfire air had been 

held constant while changing the overall excess air ratio. This is because of the fact, that 

the boiler combustion system must be controlled in a way that an adequate proportioning 

of coal and air to all burners as well as to the air registers is guaranteed in order to avoid 

imperfect fuel–air mixing. Appleton and Heywood [213] stated that this could lead to 

inhomogeneities during the combustion which affects local stoichiometry and thus the 

fuel–nitrogen conversion. Therefore, it has been assumed that this definition provides 

most suitable predictions within an unchanged furnace air–staged environment. 

Furthermore, uniform distribution of coal and air to all burners has also been implied. 

Table 17 summarized the findings from Figure 31. 

Table 17. Results of NOxPred vs. excess oxygen for FPP–2 

Air ratio 

– 

O2 

Vol.–% dry 

Boiler load 

% 

���B�+. 

mg / m³ STPdry at 6 % O2 

1.30 4.88 100 365.63 

  80 347.32 

1.10 1.92 100 311.21 

  80 297.61 
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Considering the results given in Table 17 than are the predicted NOx reduction 

potentials for FPP–2, 14.9 % for full boiler load and 14.3 % for 80 % load operation 

calculated when lowering the air ratio by 15.4 % (from 1.3 to 1.1). These values are in 

very good agreement with the results obtained by Pershing [90]. Who reported NOx 

reductions of 20 % on the mean level by reducing the total excess air by 20 % 

respectively. Comparing to these results published for the reference case by Hwang 

[202], the results given in Table 17 fits tendencially but not in this accuracy. The author 

documented in his thesis that, decreasing the excess oxygen by 6 % (from n = 1.22 down 

to 1.15) had decreased the NOx emissions by 20 % for the full load operation when 

burner elevation 1–5 were in service. This might be due to slightly different operation 

variables due to limitations of the control system (limited samplings of oxygen), 

mechanical problems (furnace wall cleanliness) or flow characteristics of the combustion 

gases (flow stratification). Also taking the average values over the length of the test 

period of at least 12 hours could cause for differences because this considers also strong 

short outliers.  

FPP unit 2 is designed to achieve full load operation while one mill is out of 

service. Such design philosophy allows the mill–pattern–usage. Within this thesis also 

termed as burner–out–of–service (BOOS). The affected burners are removed from the 

coal supply and just served with a specific air flow so that the burner tips are cooled and 

covered against the heat radiation. This circumstances and the conclusion made above 

regarding the influence of different boiler loads and the herewith resulting difference in 

the energy density inside the furnace, on the NOx dependency on the excess air level 

raises the question, how differences in the primary NOx emission level :���B�*@; as 
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defined in equation (VI–13) would influence this relationship. For this background three 

different burner configurations for full load operation had been analyzed according to the 

information provided by the ‘Test 6’ experiments of Hwang [202], see Figure 32. 

 

Figure 32. NOxPred vs. air ratio (n) for different BOOS for FPP–2 

Figure 32 shows the different NOx dependencies on the overall stoichiometry for 

different burner configurations under unchanged conditions (the same operational 

conditions as used for Figure 31). The results are given in Table 18. 

Table 18. Results of NOxPred vs. excess oxygen and BOOS for FPP–2 

B.E. Air ratio ���B�*@ ���B�+. 

– – mg / m³ STPdry at 6 % O2 

1 – 5 
1.30 

785 
365.63 

1.10 311.21 
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B.E. Air ratio ���B�*@ ���B�+. 

– – mg / m³ STPdry at 6 % O2 

1 – 4 & 6 
1.30 

850 
429.83 

1.10 360.49 

2 – 6 
1.30 

860 
458.78 

1.10 382.21 

 

Hwang [202] stated that with increasing the elevation of burner configuration the 

NOx emissions of the boiler increase too, i.e. NOx, B.E. 2–6 > NOx, B.E. 1–4&6 > NOx, B.E. 1–5, 

which is absolute in line with the results obtained in Table 18. Table 18 reveal for burner 

configurations 1 – 5, 1 – 4 & 6, and 2 – 6, NOx reduction potentials of 14.9 %, 16.1 %, 

and 16.7 % respectively for the observed excess air range. That means, the more effective 

a primary combustion zone, the less influence takes the excess oxygen level on the NOx 

emissions. This conclusion is even for low–NOx systems an important finding, because 

the more effective the primary combustion situation of a boiler the less susceptible the 

system will respond to oxygen fluctuations during operation and the less emission peaks 

could be expected.  

The correction curves presented in Figure 31 could optimize the process for 

minimal stack emissions and efficiency improvements regarding FPP–2. Especially for 

the background of minimizing the operational and maintenance costs by e. g. reducing 

the excess air level, which leads to power and stress savings at the forced and induced 

draft fan, therefore the presented approach could be a powerful optimization tool. 
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Overfire Air Mode 

Furnace air staging is well proven for NOx reduction at coal–fired power stations. 

The application example in this section focused on the the air–staging influence 	k� 
described in the developed NOx prediction model (equation (VI–1)). The helping factor 

	k consist of two variables, first ��0% which is the percentage of the total combustion 

air shifted away from the burners and added at the individual point of OFA injection and 

second, ��0&  which is the distance in meter between the upper active burner plane and 

the individual point of overfire air system (OFA) injection. This section focused on the 

influence resulting due to operational changings of the OFA with respect to the reference 

boiler FPP–2, i.e. the air ratio supplied to the existing nozzles. Not to system geometry 

changings, i.e. the distance ��0& �. This question will be investigated in chapter 

‘System Modifications’ in the following.  

Hwang [202] performed and analyzed different test situations. The test series 10 

targeted to the effect of varying OFA damper openings. The author observed during his 

experiments
24

 that the NOx emissions decreased from 275 ppm
25

 (564.45 mg / m³ STPdry) 

to 190 ppm
25

 (389.98 mg / m³ STPdry) at economizer outlet when the OFA air damper 

openings had been increased from 10 % to 80 % during burner elevations (B.E.) 1 – 5 

were in service at full boiler load. Table 19 shows the main operational setting 

concerning test 10, other settings as coal properties or air distribution are given in 

Appendix 4 or in the work of Hwang [202], whereby ‘Test 10A’ had been excluded from 

the comparison due to a significant different burner tilt which disagreed from the other 

and influenced the location of the primary combustion zone inside the furnace.  

                                                 
24 Test 10C, and Test 10D in Hwang [202]. 
25 O2 uncorrected, values given at actual O2 level. 
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Table 19. OFA reference cases for FPP–2 

Reference 
No. in 

Hwang 
[202] 

Coal used 
Boiler 

load 

Reference 
oxygen 

level  
(O2) 

OFA 

damper 

opening 

Auxiliary 
air 

damper 
opening 

���!+1  

at 6 % O2 

– – [%] Vol.–%dry [%] [%] mg / m³ STPdry 

Test 10B Blend 11 100.0 2.50 50 59.2 355.92 

Test 10C Blend 12 100.3 2.60 10 70.3 459.68 

Test 10D Blend 13 100.3 2.42 80 51.5 314.44 

 

The major problem to be solved was the interpretation of the resulting secondary 

air proportion according to different damper positions. In order to find a traceable and 

reproducible solution the system design of FPP–2 needs to be considered in more detail. 

The main secondary air duct is the connection between the air preheater and the burners. 

The OFA air duct is designed as branch duct connected to the main air duct. After the 

OFA duct is decoupled from the main duct the remaining duct is termed as auxiliary air 

duct which serves the burners. This arrangement result in the situation that the auxiliary 

air dampers control the back pressure inside the main air duct and thus the prevailing 

pressure before the OFA dampers. However the auxiliary air dampers are downstream the 

OFA dampers is the resulting volume flowing quantity of the OFA at constant OFA 

damper opening nevertheless depending on the auxiliary air damper positions. The 

problem to be solved was herewith the interpretation of different damper positions 

reported by Hwang [202] according to the proportioning of the OFA and auxiliary air 

volume flows. Due to the fact that no air curves for FPP–2 were available there have been 

used known air curves of another boiler with similar arrangement as Figure 33 suggest. 
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Figure 33. Air volume flow according to damper opening 

Figure 33 shows the relation between resulting air stream volume as function of 

the respective damper opening in percent. The red colored function is the relationship 

assumed for the OFA and the blue colored function shows the downstream allocated 

auxiliary air relation. As mentioned above are both damper positions directly related and 

influenced by each other. For the background that the split into different air streams 

would have significant influence on the system NOx emissions, due to the strong OFA 

influence explained in equation (VI–10), it has been assumed that the direct relationship 

between both dampers can be simplified by the following equation. 

��0% = :� − &07�%; ∗ &��0% (VII–4) 

Where &07�% is the resulting auxiliary air volume flow and &��0% the resulting 

OFA air volume flow in percent depending on the respective damper positions according 

to Figure 33. Equation (VII–4) state, if 100 % secondary air flows through the main duct 

and the auxiliary air damper opening controls the system, than is the difference between 

secondary air and auxiliary air portion this part of the secondary air which could be 
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served to the OFA when the OFA damper would be fully open. If the OFA damper is not 

100 % open, it had been assumed to be reduced to the respective volume flow of the 

function given in Figure 33. In which the remaining portion of the air is back associated 

to the auxiliary air.  

Based on Figure 33 and equation (VII–4) the resulting OFA air proportion of the 

total controlled combustion air ��0%� according to the documented damper openings 

had been calculated as follows. 

Table 20. OFA air ratio for FPP–2 depending on damper position 

Auxiliary air 
damper opening 

Volume  
flow 

OFA damper 
opening 

Volume  
flow 

OFA air ratio 
share 

[%] [%] [%] [%] [%] 

51.5 78 80 96 21.1 

59.2 87 50 89 11.6 

70.3 93 10 46 3.2 

 

Substituting the dependencies described above in the prediction model the 

following results had been produced.  

Table 21. Prediction precision depending on OFA mode for FPP–2 

Reference 

No. 

OFA  

air ratio 

share  

OFA  

air ratio  

(nOFA) 

Total  

air ratio 

(ntotal) 

���!+1 ���B�+. 

– [%] – – mg / m³ STPdry at 6 % O2 

Test 10B 11.6 0.131 1.134 355.92 349.53 

Test 10C 3.2 0.037 1.140 459.68 414.42 

Test 10D 21.1 0.240 1.128 314.44 319.22 
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The experiments ‘Test 10’ done by Hwang [202] shows a measured reduction 

potential of 31.6 % when opening the OFA damper position from 10 % to 80 % and 

closing the auxiliary air damper position from 70.3 % to 51.5 %, without considering 

other effects coming through different coal properties, excess oxygen level, or boiler 

load. The results obtained by the prediction model under same conditions estimated 23 % 

reduction potential. The deviation might be due to errors within the assumption made on 

the expected air split between OFA and auxiliary air related to its damper positions. Also 

errors coming due to the 10 hours period of the reference measurement campaign could 

not be excluded. Nevertheless, compared to the results stated by Muzio et al. [214] the 

deviation is significantly lower. The author reported NOx reduction potential of 25 % 

when using conventional OFA installations. Allen et al. [215] stated that NOx emissions 

were reduced by 20 % when using 20 % over fire air amount. Both publications [214, 

215] referred to experimental results of tangentially–fired boilers and to these results fit 

the predicted 23 % very good. One can be found in any case, the predicted NOx values 

confirmed the conclusions made on the reducing effect of air staging on the NOx 

emissions. The more air is shifted away from the burners the lower the emissions. 

Assuming that the developed model precision concerning the OFA influence 

satisfied the precision expectations the investigation could go in more detail. In order to 

follow the methodology used so far, a sensitivity analysis on the basis of one specific 

reference scenario had been carried out. ‘Test 10 B’ reported by Hwang [202] had been 

chosen as reference case because the adjusted damper openings seemed to represent a 

very balanced relationship to each other and thus most transferable to the other test trials 

documented from a statistical point of view. Investigated was the NOx emission behavior 
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of the system while shifting the air away from the burners to the OFA injection nozzles. 

The operational data of ‘Test 10B’ used as reference for Figure 34 can be found in 

Appendix 4 or in the work of Hwang [202]. 

 

Figure 34. NOxPred vs. OFA air portion for FPP–2 

Figure 34 shows the resulting relationship between predicted NOx emissions as 

function of the overfire air portion referred to the total controlled combustion air under 

the conditions of constant overall excess air level (n = 1.134, or O2 = 2.5 Vol.–%, dry) 

when burner elevation 1 to 5 are in service for the full and for the 80 % part load 

operation. Considering the results given in Table 21 and these shown in Figure 34 it can 

be concluded that increasing the OFA air volume share would decrease the NOx 

emissions but it is also well proven that this air displacement will cause in increasing CO 

emissions and reducing the combustion efficiency because of rising unburnt carbon 
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content in the ash (UBC). The justification lies in the fact that a longer residence time in 

the fuel–rich zone caused a decrease in the conversion of coal–N to NOx whereas too 

long residence times in the fuel–rich zone will cause the char burnout efficiency to 

decrease [161]. Unfortunately are no data available regarding the CO and UBC 

dependencies on air staging and total excess air level and thus it shall just be remarked 

that such function would look at its best like a vertically mirrored NOx function as shown 

in Figure 34. Therefore this relationship cannot be analyzed and commented within this 

thesis but Botsford [216] documented 15 % NOx reductions without significant impact on 

overall combustion stability and burnout. Referred to the function shown Figure 34 

means that, 10 % of the total controlled combustion air could be shifted away from the 

burners before recognizing significant deterioration of UBC and CO.  

Nevertheless, the relatively strong influence of the air portion supplied to the 

OFA injection nozzles on the NOx reduction is another impressively example for the 

superposition effect of several individual influence factors. Because changing the OFA 

fraction while keeping the total air level constant results in changings in the primary air 

level (secondary x–axis in Figure 34) and on the other hand, changing the OFA air 

fraction while keeping the primary air level constant will change the total excess air level. 

That means, three of the five identified influence factors are directly related, i.e. air 

influence 	��, OFA influence 	��, burner influence 	��. Furthermore, if the boiler 

load decrease and the steam parameter will not be achieved through the insufficient flue 

gas volume flow, than the excess air level needs to be increased which means for part 

load operation that one additional influence factor will be directly connected to the 

others, i.e. furnace influence 	��. Therefore it can be concluded that the correlation 
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curve presented in Figure 34 could help to operate the boiler at a previously defined 

acceptable emission level depending on excess oxygen, load, and burner configuration 

with respect to combustion efficiency.  

Air staging will reduce NOx emissions as more air is shifted away from the burner 

area, but at the same time it will have a negative impact on the burnout which decrease 

the boiler efficiency and maybe increase the fouling and slagging tendency depending on 

coal properties. Therefore is the major objective not only with lowest possible NOx 

emissions. Rather the challenge is to balance the effects which work against each other in 

order to ensure the best possible boiler operation under consideration of all aspects in 

which the developed approach would certainly be a helpful tool. 

Burner Operation 

Due to the fact that only operational aspects shall be investigated during this 

chapter is the following application focused on changings which can be controlled by the 

boiler operator in the control room, i.e. burner zone stoichiometry and mill–out–of–

service patterns. System design influences, i.e. burner design factors (/*) as given in 

Table 7, will be investigated in the following chapter ‘System Modifications’. 

The operational mode of a burner can limit NOx formation by controlling the 

stoichiometric ratio and energy densities of the combustion process. Decreasing the 

availability of oxygen in the primary combustion zone inhibits fuel–NOx conversion 

[171]. The resulting delayed combustion influenced both thermal– and fuel–NOx. Figure 

34 shows already the relationship between NOx emissions and burner air portion under 

the conditions of constant overall excess air level at full boiler load, but based on one 

specific burner configuration. Therefore shows Figure 35 the results obtained in the 
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previous section extended by two other and different active burner elevations (B.E.) on 

the same operational data (‘Test 10B’) used as reference for Figure 34 which can be 

found in Appendix 4 or in the work of Hwang [202].  

 

Figure 35. NOxPred vs. burner air portion for FPP–2 

As mentioned in chapter ‘Excess Air Ratio’ the general statement of Hwang [202] 

regarding the burner–out–of–service patterns, i.e. NOx, B.E. 2–6 > NOx, B.E. 1–4&6 > 

NOx, B.E. 1–5 could be confirmed. However shows Figure 35 one more consistency. The 

author stated further that also the primary NOx emission level for the different 

configuration goes in the same direction. This had been explained by the circumstances 

that the operation with B.E. 2 – 6 requires more combustion air for the burner region than 

the operation of B.E. 1 – 5. This conclusion can also been seen in Figure 35. The 



 
 

145 

positioning of the functions inside the coordinate system shows that the function vertex 

based on the secondary x–axis of B.E. 2 – 6 indicate a higher value for the burner air 

share as for B.E. 1 – 5 which confirmed additionally the assumptions made on the 

primary NOx levels made in equation (VI–14). Table 22 summarized the effect coming 

due to burner–out–of–service (BOOS) patterns shown in Figure 35. 

Table 22. NOxPred vs. nBZ and BOOS for FPP–2 

B.E. 
Total  

air ratio 

(ntotal) 

Burner air 
ratio  

(nBZ) 

���B�*@ ���B�+. 

mg / m³ STPdry at 6 % O2 

1 – 5 1.134 
0.74 

785 
293.83 

1.08 422.44 

1 – 4 & 6 1.134 
0.74 

850 
345.95 

1.08 442.62 

2 – 6 1.134 
0.74 

860 
366.05 

1.08 472.46 

 

It shall be remarked that the maximum burner air ratio is assumed to be below the 

measured total excess air ratio. This is because of the assumption that also other areas of 

the boiler would be supplied with air during operation. That means the difference 

between the measured value at the economizer outlet and the maximum air supplied to 

the burners represents this part of the combustion air which is supplied to the system but 

not fed into the closer burner zone, e.g. various sealing air.  

For the background that the developed model approach, especially the part 

regarding the influence of burner air ratio in equation (VI–11) based on the results 

reported by Schlessing et al. [174] would a comparison only provide coincidence but also 
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the comparison with the result reported by Stamey–Hall [171] shows a very good 

agreement. Table 22 reveal a NOx reduction potential of 19.7 % between burner 

configurations 1 – 5 and 2 – 6 for the minimum burner air ratio scenario at full load 

operation and 10.2 % the maximum burner air ratio scenario. Stamey–Hall [171] 

documented for mill–pattern–usage (termed also as BOOS) during full–scale experiments 

that the NOx level varies by as much as 25 % depending upon which mill was out of 

service. However, it should bear in mind that the data published by Stamey–Hall [171] 

related to a 365 MWe single–wall coal–fired unit operating at 68 % load and firing sub–

bituminous coal without any information available regarding the burner air ratio. 

Therefore is the basis for comparison not unequivocally but it is very likely that the boiler 

primary zone operated in a sub–stoichiometric environment during the experiments and 

therefore it could be assumed that the minimum burner air ratio scenario is adequate basis 

for comparison. Nevertheless, the results in Table 22 related to the tangentially–fired 

606 MWe unit FPP boiler 2 operating at full load. Therefore the calculations made for 

Table 22 were performed again with reduced boiler load. Attention needs to be done 

when reducing the load down to 68 % because this would certainly increase the total 

excess air ratio in order to achieve furthermore the required steam parameters. 

Table 23 shows the prediction results for the 68 % part load operation at an 

economizer outlet oxygen level of 4 %, dry gas (n = 1.233).  
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Table 23. NOxPred vs. nBZ and BOOS for FPP–2 for 68 % part load 

B.E. 
Total  

air ratio 

(ntotal) 

Burner air 
ratio  

(nBZ) 

���B�*@ ���B�+. 

mg / m³ STPdry at 6 % O2 

1 – 5 1.233 
0.813 

785 
290.95 

1.183 458.00 

1 – 4 & 6 1.233 
0.813 

850 
347.18 

1.183 483.28 

2 – 6 1.233 
0.813 

860 
362.61 

1.183 507.94 

 

When considering burner configurations 1 – 5 and 2 – 6 for the minimum burner 

air at 68 % part load operation is the NOx reduction potential with 19.8 % absolute 

comparable to the full load operation. That lead to the conclusion, that the effect of lower 

energy density inside the furnace is being compensated by the effect of rising oxygen 

content at the furnace end. Figure 35 shows the effect of different burner air level under 

the condition of constant total excess air level while the air is shifted away from the 

burners to the OFA injection points. As shown, this will increase the OFA influence 

according to the air ratio supplied to it. Another possibility of application is to change the 

burner air level under the condition of constant OFA air share based on the total excess 

air level as shown in Figure 31, which will eliminate the influence coming through the air 

staging 	�� because the value of 	� remains constant for the complete scope of 

consideration. That means the OFA air level will be adjusted during the sensitivity 

analysis according to its original share of the total excess air ratio of the reference case 
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‘Test 10B’, same as used for Figure 35. Table 24 summarized the results which are 

comparable to Table 22.  

Table 24. NOxPred vs. nBZ and BOOS for FPP–2 

B.E. 

Total  

air ratio 
(ntotal) 

Burner air 

ratio  
(nBZ) 

���B�*@ ���B�+. 

mg / m³ STPdry at 6 % O2 

1 – 5 
0.89 0.74 

785 
229.87 

1.28 1.08 418.36 

1 – 4 & 6 
0.89 0.74 

850 
245.84 

1.28 1.08 463.09 

2 – 6 
0.89 0.74 

860 
256.02 

1.28 1.08 494.98 

 

Comparing the results given in Table 24 with these in Table 22 then it is striking 

that the ratio for the NOx reduction potential between burner configurations 1 – 5 and   

2 – 6 depending on the burner air scenario has turned. 10.2 % for the minimum burner 

air– and 15.5 % for the maximum burner air scenario at full load operation. That leads to 

the conclusion, that the air staging influence 	��, also named as OFA influence, must be 

the main driver for the NOx reduction potential in Table 22 while the air influence 	�� is 
kept constant. The more OFA is introduced the more reduction potential on the primary 

NOx emission level :���B�*@; is available. For Table 24 it is the other way around. The 

OFA influence has kept constant while the burner air ratio and the excess air ratio have 

been increased. That means, the more oxygen is available the more NOx will be generated 

depending on its initial primary NOx emission level and due to the fact of constant OFA 
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share on the total combustion air is the reduction potential smaller with higher oxygen 

concentrations. These relationships look graphically as follows.  

 

Figure 36. NOxPred vs. burner air ratio for FPP–2 

The resulting NOx functions for the different burner configurations in Figure 36 

are not linear. Three major effects describe the shape of the respective function which can 

be best described by a polynomial function of the third power. These effects are: air 

influence 	��, burner influence 	��, and furnace influence 	��. The other influence 

factors as coal influence 	�� and air staging influence 	�� remains constant for the 

complete scope of consideration. In order to get a better impression of the individual 

grade of influence responsible for the function shapes shown in Figure 36 the above 

mentioned main helping factors are plotted individually in Figure 37 for the burner 

configuration 1 – 5 to illustrate the relationship on the predicted NOx values. 
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Figure 37. Matrix plot of NOxPred vs. h2, h4, and h4 for FPP–2 

The continuously increase of the burner air ratio, while keeping the OFA air share 

of the total combustion air constant, lead to a rising total oxygen level which results in a 

continuously increasing air influence 	��. The burner influence 	�� decrease for the 

low air range until the optimal burner air ratio <�23� has been reached (blue line in 

Figure 36) but then the function increases continually with increasing air ratio. The 

slightly increase of the furnace influence 	�� based on the rising heat input to the 

furnace due to the increasing hot secondary air massflow through the burners (see Figure 

18). Interesting is that although, the influence of the burner air ratio 	�� decreases 

before the optimal burner air ratio <�23� has been reached the slope of the main 

function �4� seemed to be steeper than after. This might be due to the strong influence 

of the excess air ratio 	�� which nearly doubles within the specific part, whereas the 

burner influences 	�� decrease. However, after <�23 was achieved all influence factors 

consolidate together and describe the downstream slope of the main function. 

Considering the grade of influence it can be concluded that the change of the value for 

furnace influence is very small in contrast to the complementary effect of burner 	�� 
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and furnace influence 	�� which is possibly why these two factors are mostly named in 

the literature as main driver for NOx generation, e.g. by Schlessing et al. [174] and 

Pershing [90]. This analogy is not surprising because the developed model approach 

based on the results reported by both authors. The authors investigated the influence on 

NOx emissions while changing the reference O2 concentration at different points of 

interest. Pershing [90] focused on the overall combustion air ratio (secondary x–axis in 

Figure 36) and Schlessing et al. [174] to the excess air level within the primary 

combustion zone (primary x–axis in Figure 36).  

Precisely for this reason, could the above described relationships and illustration 

of superposition effects help for further investigations and experimental works to the 

research on the formation of NOx emissions in pulverized coal–fired utilities. Based on 

the findings obtained within this chapter and the resulting possible impacts on the 

operational settings of the reference boiler FPP–2 it can be concluded, that the evidence 

obtained during the former sections could be confirmed again. A reduction in the primary 

zone stoichiometric ratio caused a decrease in NOx emissions but it should also not forget 

that this will decrease particle burnout and increasing CO emissions.  

Boiler Load 

The relative importance of furnace load as one of greater predictor for NOx 

generation had been identified by Bartok et al. [88] and recently been reviewed by Boyd 

et al. [80]. In general it can be concluded that the thermal load of a boiler has an influence 

on its combustion intensity which affects the flame temperature and the residence time of 

the coal particles in the furnace. Therefore it can be assumed that lowering the unit gross 

load would decrease the reactant flow rate (fuel and oxidizer) into the furnace which 
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reduces the energy density inside the furnace (also termed as heat release rate) and thus 

reduces the NOx emissions. In order to find out how this theory can be transferred to the 

reference unit FPP–2 the potential effect of varying boiler loads on the NOx emissions 

will be investigated in this section. 

For the analysis it was assumed to be most beneficial to stay with the reference 

conditions mentioned in ‘Test 10B’ of Hwang [202] because of the fact that this scenario 

was also based as reference for the work done in the previous chapters. This makes it 

possible to take up again the results obtained in chapter ‘Coal Properties and Blending’ 

for the full load operation and extended the analysis for the 80 % and 60 % boiler load 

operation. Additionally, as mentioned in chapter ‘Excess Air Ratio’ it has been assumed 

that the reference boiler FPP–2 is able to achieve the steam design conditions between 

100 % and 80 % part load operation at constant excess oxygen level. For lower boiler 

loads it is more than likely that the controlled excess oxygen content at the evaporator 

outlet must be increase simultaneously. This can be explained by the fact that FPP–2 is a 

boiler / turbine combination with a steam reheater system and without the possibility of 

flue gas recirculation. That means the convective heat absorption part of the boiler needs 

to be served by an adequate amount of flue gas in order to meet the steam temperature 

defined by the turbine for both superheated steam (SH) and reheated steam (RH) flow. 

What is necessary to avoid imbalances inside the turbine due to temperature differences 

between SH and RH. Such sufficient flue gas quantity could be ensured by increasing the 

excess air level during lower boiler load operation. Since the necessary amount of excess 

oxygen content for the part load operation of such boilers depends mainly on coal 

properties, which has been specified in Table 15, it was determined that the oxygen 
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content in the flue gas has to be increase for the 60 % part load operation lineally up to 

5 Vol.–% O2, dry gas at the economizer outlet according to the respective boiler load 

which is a plausible value for such boiler systems.  

Figure 38 shows the results of the furnace influence 	�� based on ‘Test 10B’ for 

several different coals in order to provide the best possible basis for comparison with the 

results obtained in chapter ‘Coal Properties and Blending’. 

 

Figure 38. NOxPred vs. h5 and h1 for FPP–2 

The blue line in Figure 38 represents the initial situation of ‘Test 10B’ based on 

the original coal properties with a coal influence factor 	�� of 1.78 according to 

equation (VI–8). The added grew scenarios represents the effect of furnace influence 

	�� on NOx emissions based on other coal compositions from the USGS Coal Quality 

Database [18] which satisfy the specified condition given in Table 15. The yellow areas 
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describe the range where the exact value of 	� could be located for respective boiler 

loads depending on its coal properties. That means, the grade of furnace influence 	�� is 
not equal for all coals, not even for the same load case. As in equation (VI–19) shown the 

furnace influence depends on the total energy supplied to the furnace which is according 

to Figure 18 the sum of all superimposed material flows, especially the thermal energy of 

the combustion air plays an important role. The necessary air flow for a constant air–fuel 

ratio varies between the coals because it depends on the heating value and on the oxygen 

demand of the specific coal compositions. The yellow range represents thus fluctuations 

in the thermal load due to fluctuations in the hot secondary air energy. Table 25 

summarized almost some of the data shown in Figure 38 in numbers. 

Table 25. NOxPred vs. boiler load and h1 for FPP–2 

Boiler load 100 % 80 % 60 % 

O2 Vol.–%, dry
26

 2.5 2.5 5.0 

Coal influence 	�� Stoich. O2 requ.
27

 

kg / kg 

���B�+.				
mg / m³ STPdry at 6 % O2 

1.15 1.418 273.00 262.27 292.81 

1.78 1.426 349.53 332.51 387.25 

3.00 1.531 496.58 467.22 567.43 

 

Interesting is the changing curvature behavior of the NOx functions when the 

value of the coal influence 	�� increase (Figure 38). Considering the difference between 

full and 80 % part load scenarios for 	� = 1.15, 1.78, and 3.00, the NOx emissions have 

                                                 
26 At economizer outlet. 
27 Exactly the required amount of oxygen which is consumed when all fuel is burned. 
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been predicted to decrease by 3.9 %, 4.9 %, and 5.9 % respectively. These results are in 

quiet good agreement with the finding of Richards et al. [217] obtained by pilot–scale 

tests. The authors reported 5.8 % NOx reduction for the respective load range. Boyd et al. 

[80] stated that in general NOx emissions increase with increasing boiler load. Figure 38 

confirmed that statement as long as the oxygen level is unchanged. Especially for the 

results given in Table 25 based on the reference unit FPP–2 are the differences between 

full and 60 % part load scenarios for 	� = 1.15, 1.78, and 3.00, in NOx emissions 

predicted to increase by 7.3 %, 10.8 %, and 14.3 % respectively.  

Therefore it can be concluded that the NOx formation depends much more on the 

excess oxygen concentration as on the thermal rating of the furnace. Although the furnace 

influence factor 	�� decreases according to lower thermal heat input to the furnace is the 

NOx suppression effect reinforced by the air influence factor 	�� which covers the effect 

and completely reversed the behavior of the function.  

Furthermore shows Figure 38 the higher the value of the coal influence factor 

	�� the more influenced the furnace energy density the total NOx generation. Which can 

be explained by the fact that, if the coal influence factor increases it will both increase 

simultaneously the parent NOx indicator �4� (equation (VI–1)) and the resulting grade 

of influence coming due to a load change 	��. In order to illustrate this finding Figure 

30 has been extended by the results obtained during this section.  
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Figure 39. NOxPred vs. h1 depending on load for FPP–2 

Figure 39 shows the predicted NOx values as function of the coal influence factor 

	�� for the selected coal properties (Table 15) for the three considered thermal loads. 

The single vertical line describes the reference coal scenario for ‘Test 10B’ of Hwang 

[202]. The scattering of the predicted NOx values can be explained by the fact that all 

coals have been used under identical operation conditions. Especially the set burner air 

ratio <23� is sometimes more, sometimes less far away from the optimal burner air ratio 

<�23� depending on the coal volatile content (see Table 15).  

Summarized it can be concluded that based on the furnace load influence 	�� the 

developed approach could be a helpful tool to operate pulverized coal–fired systems. 

Figure 38 and Figure 39 would allow making assumptions of a possible boiler load range 

under consideration of coal qualities and a specific emission limits. Furthermore these 
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diagrams could give fast and easy predictions of the boiler emissions under consideration 

of coal qualities and boiler load which could be helpful for the purchasing strategy of a 

plant. Furthermore it can be said that the results obtained matches with those of other 

researcher. Bartok et al. [88], Lim et al. [91] and Boyd et al. [80] stated in general that 

NOx emissions decrease with decreasing boiler load which can be confirmed as long as 

the excess oxygen level keeps constant. But in the end is the necessary operating load 

dictated by the grid demand, which makes this technique obviously not to a practical 

method of NOx control except in several instances.  

Preheat Air Temperature 

Another found hint in the available literature regarding NOx control possibilities 

due to a change in the operational settings of a boiler is to reduce the preheat temperature 

of the hot combustion air [5, 88, 91, 212, 218–220]. The theory is simple, since NOx 

emissions are influenced by the effective peak temperature of the combustion process 

would any change in that temperature profile result in a change in NOx emissions. For the 

developed model approach means that, a change in the furnace influence factor 	�� due 

to a change in the thermal energy fed to the furnace :Ab I
=; (equation (VI–22)).  

In order to investigate the grade of influence of reducing the secondary air 

temperature a sensitivity analysis had been taken out on the above used reference case 

(‘Test 10B’). The secondary air temperature was reduced from 370 °C to 150 °C while all 

other parameter had been kept unchanged. Figure 40 shows the results.  
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Figure 40. NOxPred vs. sec. air temperature for FPP–2 

This control strategy was originally established for natural gas–fired systems 

where in particular NOx emissions were reduced by 15 % at full load with a 45 K 

reduction in combustion air temperature [218]. Principally the results in Figure 40 

confirmed the general statement that with reducing the air preheat the NOx formation can 

be suppressed also for pulverized coal–fired systems which had already been identified to 

have relatively small reduction potentials [221]. Based on Figure 40 this can be explained 

by the fact, that lowering the secondary air temperature will reduce the thermal energy 

supplied to the furnace and lowers the average energy density. That means, the influence 

referred mainly to the combustion temperature and thus influences the thermal–NOx 

formation [91, 222, 223]. The grade of influence due to reduced air preheat on the NOx 

generation is therefore even lower for low ranked coals as for high ranked coals because 
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low ranked coals generate almost fuel–NOx due to lower combustion temperatures in the 

primary combustion zone as usual for high ranked coals. For the reference scenario used 

here means that an almost negligible reduction in NOx emissions.  

Above all, if considering that lowering the secondary air down to 150 °C will 

significant rise the flue gas heat loss which would lead to a substantial reduction in the 

boiler efficiency. In addition, a reduction of the secondary air temperature is also limited 

by the necessary primary air temperature supplied to the pulverizer which is controlled by 

the water content of the coal, the required primary air–fuel ratio which ensured a 

continuous transport of the particles through the mill to the burners, and a defined 

classifier outlet temperature. Depending on these variables a certain temperature of the 

primary air is required for the grinding and drying process of the raw coal. Furthermore, 

reducing the air preheat temperature can be a critical issue for low ranked coals. A stable 

self–sustaining ignition of such coals is very sensitive and lowering the combustion air 

temperature can lead to combustion instabilities which would require the continuous use 

of support firing, e.g. oil or gas which would eliminate the effect of lower combustion 

temperatures on the NOx emissions. From the capital– and operational expenditure 

(CAPEX and OPEX) site of view it can be concluded that this technique has initially low 

equipment costs, but due to high operating costs resulting from losses in unit efficiency, 

is the least desirable of the system evaluated. Therefore it seems not to be suitable for an 

effective NOx suppression for coal–fired steam generators and should be carefully 

examined and weighed before bring to bear.  
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System Modifications 

In the previous chapters the effect of coal properties and operational settings had 

shown to have a significant influence on the NOx emission behavior of the reference 

boiler FPP–2. The following chapter dealt with the investigation on possible hardware 

combustion modifications and how changes in some design features of FPP–2 would 

theoretically change the NOx generation of the whole boiler. It is important in this respect 

to distinguish retrofit amendment techniques and original design features. The 

effectiveness of boiler combustion control technologies depend on the extent of 

equipment already fitted. While switching the furnaces may not be an option for utilities, 

it should be clear that the following chapter focused on retrofit amendment techniques 

which will affect the boundary conditions as air staging and burner design.  

Overfire Air Design 

Overfire air (OFA) injection is a critical component of an air–staged low–NOx 

firing system. Because how and where the OFA is introduced in an air–staged low–NOx 

system have significant effects on NOx, CO and loss of ignition (LOI), among other 

things. Therefore was a separate task devoted to this aspect of the air–staged process. The 

design of an overfire air system can vary significantly between different boilers 

depending on the state of the art of the respective manufacturer at the time the system 

was designed. In pulverized coal–fired boilers separate overfire air injectors (nozzles) are 

typically located at different elevations above the upper main burners. Older systems 

utilize a single elevation whereas newer systems or latest retrofits provide rather more 

levels depending on the space situation around the boiler and specifications made by the 

power plant owner. Generally the injection of the overfire air can be accomplished in a 
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number of different methods depending on the equipment supplier but due to the fact that 

the objective of this research work was not to consider or to evaluate specific design or 

control philosophies, the present chapter focused on general combustion process related 

assumptions, e.g. amount of overfire air and injection elevation which can easily be 

transferred to other facilities instead of flow, stream velocities, distribution etc. For this 

background, sensitivity analyses were carried out on overfire air configurations that can 

be categorized in two groups, as follows: 

1. The existing OFA system of FPP–2 is considered to be replaced, i.e. the 

location of the existing OFA register could be varied.  

2. Additional separate OFA registers will be provided at a certain elevation, 

i.e. the location of the additional OFA register could be varied.  

From a combustion point of view the OFA must be injected at an elevation that 

guaranteed sufficient residence time exists downstream of the point of OFA injection to 

largely complete combustion prior to entering the convective heating surfaces [217]. This 

specific time period is determined by the char reactivity, particle size, density and the 

combustion environment of the respective original equipment manufacturer (OEM). 

Especially the design philosophy of the OEMs depends on several individual design 

specifications which have been developed mainly through experience and well–kept 

corporate knowledge. But due to the comparisons of installed systems with its 

combustion parameters it can be postulated that this necessary time must be in between 

1 second and 2 seconds.  

Based on this, the maximum allowable residence time for the reactants in a sub–

stoichiometric environment can be derived. If the approximately minimum time needed 
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to complete the combustion process is at least 1 second than must the maximum 

allowable time for the burning particles less than 1 second in order not to interrupt the 

chemical reactions. Similar to the specific time frames described above a specific flue gas 

velocity of 8 to 9 meter / second has evolved to be most suitable over the years and 

experience. This range builds the perfect balance between combustion and 

thermodynamic process related issues. By the help of these assumptions the remaining 

furnace height above the main burners of the reference boiler FPP–2 can easily be 

allocated and divided according to minimum and maximum permissible OFA vertical 

spacing ��0& � between burners and OFA injection.  

With the prerequisite that the existing closed–coupled overfire air (CCOFA) will 

be replaced to the system without any changings on design geometry or operational mode 

conditions the maximum distance between upper active burner elevation (B.E.) and OFA 

can be describe as follows: 

��0& ��
� = �	=+G ∗ �. � @=+G = �. �	@	~	�	@ (VII–5) 

The maximum available vertical distance between main burner top row and 

furnace exit is 23.5 m (see Figure 25). The lowest possible active burner elevation during 

full boiler load is according to B.E. 1 – 5 the fifth burner elevation. In this case the actual 

distance is already 5 m and the investigation is thus limited to the range between 5 m and 

8 m. However, to a better impression of the relationship between NOx emissions and 

vertical spacing of the OFA the range had been extended by additional 10 m. Figure 41 

shows the course of the relationship based on Hwangs [202] test procedure ‘Test 10B’ 

(same as used during chapter ‘Overfire Air Mode’) extended by consideration of two 
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main burner zone configurations. Consisting of the lowest– (B.E. 1 – 5) and highest 

primary NOx emission level (B.E. 2 – 6). 

 

Figure 41. NOxPred vs. OFAVS for FPP–2 

The vertical blue line given in Figure 41 represents the maximum permissible 

vertical spacing as described above (residence time between upper active burners and 

OFA < 1 sec, see equation (VII–5)). As shown NOx emissions can be reduced as the 

distance between the staged air injector (OFA port) and the burner exit increases; 

however, if the distance exceeds a given value the loss of ignition (LOI) and CO 

emissions increase significantly. This circumstance decreases combustion efficiency 

because the residual concentration of oxygen turns out to be rather low at the end of 

primary combustion zone, and this substantially retards the burnout of the remaining fuel 

in burnout zone. Nevertheless, if assuming that these effects will only negligible increase 
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within the permissible vertical spacing then shows up especially when burner elevation 

(B.E.) 2 – 6 is operating a significant influence on the boiler NOx emissions.  

Table 26. NOxPred vs. OFAVS1 for FPP–2 

B.E: 
Total  

air ratio 

(ntotal) 

��0%�  

[%] 

OFAVS1  

[m] 

���B�+. 

[mg / m³ STPdry 

at 6 % O2] 

1 – 5 1.134 11.6 
5 349.53 

8 338.60 

2 – 6 1.134 11.6 
2.5 411.47 

8 377.66 

 

Table 26 summarized the results obtained from the sensitivity analysis. It shows 

for B.E. 1 – 5 and B.E. 2 – 6 a NOx reduction potential of 3.1 % and 8.2 % respectively. 

It shall be remarked that this reduction belongs only to the increasing distance between 

burners and OFA register not the amount of air supplied to it. Although it is known that 

NOx reduction efficiency grows with increasing the distance from the overfire air nozzle 

to the top pulverized coal nozzle have only limited research been done on the impact of 

these factors. Since the development of the OFA sub–model approach based on the only 

one available results published by Gwosdz [163] (Figure 14) can no further cross–

comparison be made. Therefore additional investigations in that area would be 

appreciated.  

As stated above, the air staging within the reference boiler FPP–2 could also be 

changed by a second variant, i.e. integration of a second separate OFA register (SOFA) at 

a specific elevation. The particular arrangement consist of the assumption that the 
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existing close–coupled overfire air (CCOFA) elevation remains unchanged and one 

additional SOFA with variable distance ��0& �� downstream the CCOFA location will 

be added. Additionally it has been assumed that the OFA air share ��0%� remains 

constant but the OFA volume stream is uniform distributed to both registers. All other 

parameters unchanged. Figure 42 is a schematic of a possible OFA configuration for the 

reference boiler FPP–2. Details of the furnace dimensions can be found in Figure 25. 

 

Figure 42. Schema of varying OFA elevation for FPP–2 

To define the possible range in which a separate overfire air register (SOFA) 

could be allocated the conditions present at FPP–2 needs to be analyzed. As mentioned 

above a certain particle travel time is needed in order to largely complete combustion 

prior to entering the convective heating surfaces. Based on this fact, the required distance 
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between SOFA elevation and furnace exit (VSFE) which guaranteed sufficient residence 

time can be calculated as follows: 

��0& �X = �. �	=+G ∗ �.� @=+G = ��. ��	@	~	��	@ (VII–6) 

The maximum available vertical distance between CCOFA and furnace exit is 

according to the dimensions given in Figure 25 approximately 21 m and thus is the 

possible remaining furnace height where OFA elevations could be allocated around 8 m. 

As stated in equation (VII–5) is the maximum permissible vertical spacing of air 

injection also 8 m. Why exactly one additional SOFA elevation had been considered for 

the sensitivity analysis shown in Figure 43.  

 

Figure 43. NOxPred vs. OFAVS2 (OFA%2 = 5.8 %) for FPP–2 

Figure 43 shows the results obtained from the sensitivity analysis extended by 

additional 5 m distance in order to get a better impression of the relationship between 
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NOx emissions and vertical spacing of the SOFA, similar as done for Figure 41. Table 27 

summarized the numbers of Figure 43.  

Table 27. NOxPred vs. OFAVS2 (OFA%2 = 5.8 %) for FPP–2 

B.E: 
Total  

air ratio 

(ntotal) 

��0%�  

[%] 

OFAVS2  

[m] 

���B�+. 

[mg / m³ STPdry 

at 6 % O2] 

1 – 5 1.134 
��. ��  

2.5 344.74 

8 338.42 

2 – 6 1.134 
��. ��  

2.5 400.92 

8 390.08 

 

Table 27 shows for B.E. 1 – 5 and B.E. 2 – 6 a NOx reduction potential of 6 mg 

and 10 mg (1.8 % and 2.7 %) respectively. It shall be remarked that this reduction 

belongs only to the increasing distance between CCOFA and SOFA register with equal 

amount of air supplied to both elevations. Based on the results and under consideration of 

the operational parameters chosen it can be quite clearly say that retrofitting of a separate 

overfire air elevation promises no appreciable success. This can mainly be explained by 

the fact that the OFA air portion per elevation of the total combustion air was reduced by 

half to keep the total OFA air portion constant. Therefore it can be concluded that the 

grade of influence is much more significant with the OFA air quantity instead of the 

injection elevation.  

To proof the previous conclusion the reference operational settings for Figure 43 

had been changed by the assumption, that every OFA elevation will supported by the 

same amount of combustion air while keeping the overall combustion oxygen level 
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constant. That means, the necessary amount of combustion air has been taken from the 

burners and shifted to the additional SOFA elevation. The results are shown in Figure 44. 

 

Figure 44. NOxPred vs. OFAVS2 (OFA%2 = 11.6 %) for FPP–2 

Table 28 summarized the numbers of Figure 44.  

Table 28. NOxPred vs. OFAVS2 (OFA%2 = 11.6 %) for FPP–2 

B.E: 

Total  

air ratio 
(ntotal) 

��0%�  

[%] 

OFAVS2  

[m] 

���B�+. 

[mg / m³ STPdry 

at 6 % O2] 

1 – 5 1.134 11.6 
2.5 300.59 

8 290.87 

2 – 6 1.134 11.6 
2.5 358.79 

8 341.04 
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Table 28 shows for B.E. 1 – 5 and B.E. 2 – 6 a NOx reduction potential of 3.2 % 

and 4.9 % respectively. That means, by doubling the amount of air per OFA elevation the 

reduction potential has almost doubled. Table 29 compared all obtained results. 

Table 29. NOx reduction potential trough OFA for FPP–2 

Total  

air ratio 
(ntotal) 

B.E: 
��0%�  

[%] 

OFAVS1  

[m] 

��0%�  

[%] 

OFAVS2  

[m] 

NOx 

reduction 
potential 

[%] 

1.134 

1 – 5 

11.6 5 to 8 – – 3.1 

5.8 2.5 5.8 2.5 to 8 1.8 

11.6 2.5 11.6 2.5 to 8 3.2 

2 – 6 

11.6 2.5 to 8 – – 8.2 

5.8 2.5 5.8 2.5 to 8 2.7 

11.6 2.5 11.6 2.5 to 8 4.9 

 

It can be concluded that under the assumption made within this section the grade 

of influence regarding NOx reduction potential is much more significant with the air 

quantity instead of the injection location. From the model point of view, the greatest NOx 

reduction would be achieved when injecting the highest possible air amount to the 

highest possible OFA elevation. Unfortunately, this is not feasible in practice. As 

mentioned in the previous chapters the air staged combustion process is a complicated 

process that can quickly get out of balance. That means, the combustion process needs to 

be fed by the right amount of air at the right time in order to let the combustion reactions 

continuing until the flue gas leaves the furnace. What is reason, why nowadays it is 

preferred to install several OFA registers over the complete furnace height.  
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It is known that NOx reduction efficiency increases with increasing stage–two air 

(OFA) rate. However not limitless, as described above leads too much burnout air to an 

increased in unburned carbon content in the fly ash, but also it increase the slagging and 

fouling behavior and high–temperature corrosion on the water wall in the burner belt due 

to the lack of oxygen. Furnace air–staged combustion can achieve high combustion 

efficiency if the burnout air position is optimized in combination with the air–staging 

rate. It shall be remarked, that from the model point of view, especially according to 

equation (VI–10), an OFA system can also has a negative effect on the NOx formation. If 

the vertical distance between the upper active burners and the point of burnout air being 

injected becomes less than one meter the value of 	� will be getting greater than one, 

which causing an increase of the NOx Indicator �4� according to equation (VI–1) and 

thus results in higher NOx level prediction. This is mainly justified by the fact that in such 

case the residence times of the coal particles in the sub–stoichiometric zone becomes too 

low (less than 100 ms) and, thereby the particles devolatilization process extends well 

into secondary zone with higher oxygen concentrations. This is a critical issue about 

staged combustion because the fate of char–nitrogen which devolatilize in the late and 

oxidizing region is being exposed to further oxidation during final burnout and increase 

the NOx level [151, 160]. Additionally the CO afterburning process could become such 

intensive that the reaction temperature rises over the critical value for thermal–NOx 

generation and as a result, the total NOx emission value will increase further. Objectively, 

it is questionable whether a OFA supplied such closed to the burner would be definable 

as overfire air or whether it is an upper air which should rather be assigned to the burner 

air streams directly.  
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From the NOx emission perspective the developed prediction model can help to 

optimize any existing or new build boiler regarding lowest NOx emissions but at any time 

must also the other factors to be considered in this context in order to establish a balanced 

mix with respect to availability, reliability and performance.  

Permanent Burner–Out–of–Service 

In case where no OFA elevations are installed can be the closure of the upper 

burner elevation an option to create air staging within the furnace with lowest cost [171]. 

This is accomplished by removing the coal supply from the upper burner row while 

keeping the air register open. The balance of the fuel is redirected to the lower burners, 

creating fuel–rich conditions in those burners. This technique is within the literature also 

known as burner–out–of–service (BOOS) but the major difference to the thesis at hand is 

that the system changed permanently. That means it become a system design 

modification instead of a changed operational setting. This possible system modification 

would combine two major system improvements. It creates an air staging environment 

and reduces the primary emission level due to the increased residence time of the particle 

within a sub–stoichiometric environment depended on the BOOS pattern selected.  

Due to the fact that the initial conditions of such air–staging variant is absolutely 

identical with the principles of operation shown in the previous section the evaluation of 

this variant was dispensed. The results already achieved would only be repeated. What 

makes this method, however, a very cost effective way to reduce NOx emissions 

efficiently. 
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Burner Design 

The design of low–NOx burners is even more critical than designing an overfire 

air system. Even minor changes in the discharge configuration of the nozzle design can 

result in a significant change in the emission behavior [172, 224]. As mentioned in 

chapter ‘Burner Influence’ it is recommendable not to focus only on burner details, rather 

than to consider the whole primary zone. Nakata et al. [97], Alfonso et al. [99] and 

Makino et al. [114] based their NOx prediction techniques on describing different primary 

combustion conditions by the help of function coefficients which describes the boundary 

conditions based on a combination of variation possibilities (see Table 7). The analogy, 

to the approach presented in this thesis is, instead of various function coefficients the new 

approach described the primary zone conditions by the help of a burner index 24� (see 

equation (VI–13)). On the basis of the assumptions made in chapter ‘Aerodynamic 

Effectiveness’ and ‘Furnace Influence’ is the 24 and the primary NOx level :���B�*@; 
directly related to the NOx indicator �4�. From this it follows, a change in ���B�*@ will 

cause a change in the overall NOx emission level 8���!+19. In order to illustrate the 

correctness of this conclusion as well as to investigate the grade of influence, a sensitivity 

analysis had been carried out based on the reported experimental data of Hwang [202]. It 

shall be remarked that according to the findings obtained in chapter ‘Operational 

Settings’ every burner configuration of FPP–2 have different primary NOx levels but it 

has been assumed that the primary NOx level of all three known burner configurations 

(e.g. see Table 18) will decrease likewise. Figure 45 shows the relationship. 
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Figure 45. NOxPred vs. NOxPrim reduction for FPP–2 

It has been shown that two sets of operational data represent the maximal and 

minimal possible relationship between ���B�+. and ���B�*@. As Figure 45 suggest are 

the data available of Hwangs [202] ‘Test 4’ with active burner elevations (B.E.) 2 – 6 

(black line in Figure 45) most susceptible for NOx reductions whereas Hwangs [202] 

‘Test 10D’ with active burner elevations (B.E.) 1 – 5 (red line in Figure 45) at least. It 

can be seen that the average grade of influence (blue line in Figure 45) of all data sets 

decrease as more the ���B�*@ level will be reduced. Based on this, it can be concluded 

that higher ���B�*@ levels and thus older and ineffective combustion systems seems to 

be more capable for NOx reductions as newer low–NOx systems with lower primary NOx 

emission levels. What confirms the conclusions made in chapter ‘Burner Operation’. 
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This degree of dependence shall be illustrated by the following example. As 

mentioned in chapter ‘Aerodynamic Effectiveness’, there are two possible procedures to 

evaluate and define the primary emission level of a coal–fired furnace. 

1. Reverse arithmetic via goal seek function according to a known target 

value, i.e. overall NOx emission level 8���!+19 as objective, primary 

NOx level :���B�*@; as variable. 

2. Direct comparison with similar furnace conditions, i.e. matching 

parameters according to Table 7and Table 8. 

Due to the fact that the research work done in this thesis based on real operational 

plant data, i.e. reference NOx vales were available, the first procedure were used and thus 

a detailed description of the procedure is omitted since the equation (VI–1) has only one 

unknown. For that background the focus shall be on the second approach, especially 

since it can also provide information to which extent the underlying systems can be 

compared. 

A comparison basement could be built on the basis of rough plant parameters 

which enabling to draw conclusions on expected primary emission levels after retrofit by 

the help of similar known parameter of other units. But even that is only possible with 

prudence. Because the design features of burners and its direct furnace condition can 

limit NOx formation by controlling the stoichiometric and temperature profiles of the 

combustion process. These features influence the aerodynamic distribution and mixing of 

the fuel and air. Add to this, every boiler have individual load parameters (see Table 9) 

which define the average heat density within the furnace. Significant influence on the 

NOx behavior of a boiler have the firing mode (wall– or tangential–fired) [97], the 
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furnace size as well as type, burner configuration, and thermal capacity [197]. Referred to 

the assumptions made in chapter ‘Furnace Influence’ for the grade of the primary 

emission level respectively. Therefore it is recommendable not to compare every system 

with every system. Comparison criteria have to be defined in order to evaluate potential 

similarities of similar systems. Based on the reference unit used so far (FPP–2) means 

that, looking for tangential sub–bituminous coal–fired dry bottom boilers with similar 

thermal capacity. Table 30 shows such possible comparison done based on the reference 

units (see chapter ‘Basis for Comparison’). 

Table 30. Primary emission levels of tangentially–fired units 

Utility 

Thermal 

rating 

MWt 

Design 

stage 
Coal type 

Active 

burner 
rows  

22&�! 

MWt / m² 

���B�*@ 

mg / m³ 
STPdry

28
 

Proprietary
29

 1,728 n.s. 
High  

Vol. C Bit. 
1 – 5 0.725 633 

Fayette No. 2 1,567 1979 Sub–bit. C 1 – 5 0.428 785 

Maasvlakte 
No. 2 

1,300 1988 
Medium 
Vol. Bit. 

2 – 5 0.621 565 

 

22&�! is the burner belt volume heat release rate which is the quotient of the 

thermal capacity (Ab )	) and the burner belt volume (22&) according to equation (VI–20). 

All three boilers listed in Table 30 based on the tangential–fired concept and have been 

designed by Combustion Engineering Company (USA)
30

. In addition, the fuels used are 

not very far apart in terms of quality and thus these other two plants should be capable for 

                                                 
28 Corrected to 6 % O2 
29 Data based on the work of Zhou et al. [203]. 
30 Since 2000 purchased by Alstom. 
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comparison. Unfortunately the design stage of the largest boiler is not specified but due 

to the relatively high 22&�! and the lower ���B�*@ compared to FPP–2 it could be 

assumed to be somewhere in the middle or late 90’s. Comparing the data given in Table 

30 and taking into account that furnaces with larger dimensions are generally more 

capable for NOx minimizing and completing carbon burnout [73, 123], than it could be 

assumed that a primary NOx emission level of approximately 500 mg / m³ STPdry at 6 % 

O2 for the burner configuration (B.E.) 1 – 5 should be achievable even under conservative 

estimations. Nevertheless, in order to get a broader understanding three different 

reduction potentials have been investigated. Table 31 summarized the results obtained for 

primary NOx level reductions of 25 %, 35 % and 45 % according to the relationship 

shown in Figure 45. 

Table 31. Dependency of different NOxPrim on NOxPred for FPP–2 

���B�*@ 

reduction 

% 

Reference 

acc. to 

Hwang [202] 

B.E. 

���B�*@ ���B�+. 

reduction 

% 

mg / m³ 

STPdry
31

 

25 
Test 10D 1 – 5 589 21.40 

Test 4 2 – 6 645 26.65 

35 
Test 10D 1 – 5 510 27.42 

Test 4 2 – 6 559 33.89 

45 
Test 10D 1 – 5 432 32.37 

Test 4 2 – 6 473 39.74 

 

                                                 
31 Corrected to 6 % O2. 
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As stated above, even very minor changes in the discharge configuration of the 

burner tips can result in NOx changes on the order of 25 – 30 % [172]. Nalbandian [225] 

reported that NOx reduction potential of 30 – 50 % can be achieved with an acceptable 

content of unburnt carbon in the fly ash only by installation of new low–NOx burners.  

The results of the sensitivity analysis given in Figure 45 indicating that a burners 

retrofit would decrease the ���B�*@ potential by 36.3 % (equivalent to 500 mg / m³ 

STPdry at 6 % O2 for ‘Test 10D’). That means, the NOx emissions at the economizer outlet 

would decrease by 30.9 % for the mean value. This result is in very good agreement with 

available literature also compared to other firing configuration, e.g. Douglas [226] 

reported 50 – 60 % reduction for wall–fired boilers with cell–burner arrangement. 

Normal wall–fired systems equipped with circular burners show a reduction efficiency of 

35 – 40 % without overfire air [227].  

In summary, low–NOx burners appear very attractive, with potential NOx 

reductions of up to 50 %, depending on its former design stage. A number of advanced 

burner designs are being developed and tested to reduce NOx emissions of coal–fired 

utility boilers and although these research efforts focused on new installations but they 

can also be retrofitted to older units. Especially for retrofit applications, burner 

modifications have the advantage of requiring minor changes in current boiler design and 

operation why it might be the preferred combustion modification technique for coal–fired 

utility boilers.  

Another cost effective alternative method which reduces the excess air available 

in the primary combustion zone is the biased–burner–firing technique (BBF) [91]. It 

consists of firing the lower rows of burners more fuel rich than the upper rows of burners. 
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This can be accomplished by adjusting the fuel flow so that a greater amount of fuel 

enters the furnace through the lower burner elevations than through the upper elevations 

while maintaining normal air distribution. An additional add–on could be to distribute the 

air vice versa. A portion of the combustion air is shifted away from the lower burners to 

the upper burners which reinforced the effect of firing air rich. This method should 

suppressed fuel– and thermal–NOx formation.  

Summary 

NOx formation during coal combustion is very complicated by the complexity of 

factors involved. Even with 40 years of effort to understand NOx formation in coal 

combustion systems it remains quite difficult to predict the effectiveness of a low–NOx 

combustion system. The major reason is that relationships between the constituents that 

comprise each single influence factor and NOx emissions are masked by the impact of 

other factors. Each of these influence factors can consist of several sub–factors of more 

or less importance. The detailed understanding of their differences and their interactions 

within a specific furnace environment gain the possibility to optimize combustion 

systems with respect to efficiency and reliability under environmental awareness. 

Focused on the prediction of expected NOx emissions means that the investigation on the 

influence of combustion variables and constraints with reasonable computational effort. 

The chapter ‘Comparison with the Literature’ shows the theoretical application of 

the developed NOx prediction approach on an existing coal–fired utility boiler. The 

chosen reference unit 2 of Fayette power plant stands exemplary for all dry bottom coal–

fired units. On the basis on operational data documented by J. Hwang (1997) [202] 

during his full–scale experiments, sensitivity analysis were carried out by varying a 
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parameter while holding the other parameter constant as far as that was plausible with 

respect to real operation conditions. The results show very good conformities of the 

model history and observations reported by other researchers which provide evidence 

concerning the applicability of the whole prediction model.  

It can be concluded that the developed approach acts as good approximation, 

especially the strong statistical model correlation coefficient indicate that the developed 

interpolative NOx prediction technique could serve a very useful tool in identifying key 

variables that affect NOx formation and highlights general trends in order to achieve 

required NOx emission levels. A number of potential problems due to superpositioning of 

different influence factors which cannot be decoupled in practical experiments were 

shown, at least in full–scale applications. Precisely for this reason, could the described 

relationships and illustration of superposition effects help for further investigations and 

experimental works to the understanding of NOx formation in self–sustaining pulverized 

coal–fired utilities.  

Furthermore it shall be remarked, that in 2004 the reference boiler FPP–2 was 

modified and shows now significant lower NOx emissions with minimal effects on boiler 

performance [228]. This could be realized by changing the primary combustion zone 

conditions plus an additional modification on the overfire air system. Thanks to these 

efforts became FPP the first coal–fired facility in Texas to be recognized at the gold level 

by the Texas Commission on Environmental Quality Clean Texas Program for taking 

steps beyond regulatory requirements to reduce its impact on the environment in 2009 

[229]. A prime example for the implementation of today's options regarding combustion 

system optimizations with respect to efficiency under environmental awareness. 
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VIII. SUMMARY, CONCLUSION AND RECOMMENDATIONS 

Summary 

Although, coal combustion generates high quantities of NOx emissions which are 

a significant driver for photochemical smog and acid rain, is nearly every economic 

engine primarily fueled by coal. Coal will continue to be one of the major sources of 

electricity generation for the world for indefinite time but it needs to be reliable, 

economical and definitely ecological too in order to protect life, environment and ensure 

climate stability. Increasing competition and stricter emission legislation force power 

plant operators to improve the economic and combustion performance of their boilers.  

The formation process of NOx is a very complicated result of burning pulverized 

coal due to inherent nitrogen in both the coal particle and the combustion air. 

Fundamental investigations to determine the mechanism of NOx formation during coal 

combustion has been done for many years but it is still an imperfectly understood 

phenomenon. At the same time NOx emissions can be influenced by process modification 

more than any other pollutant. Practical testing is expensive and time consuming. 

Consequently numerical models which can predict various combustion performances 

under certain boundary conditions and individual input factors are becoming increasingly 

important. Many chemistry and physical aspects have to be coupled in a way that allows 

realistic prediction of NOx formation of practical coal–fired boilers with reasonable 

computational effort.  
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For this background a comprehensive literature research focused on published 

NOx prediction approaches from scientific publications based on fundamental 

quantitative relationships, empirical algorithms and statistical relationships were carried 

out in order to summarize all the efforts already undertaken and to show / take up 

possible synergy effects. It can be concluded that although, a considerable number of 

prediction techniques are available, these models usually related to a small part of 

fundamental combustion variables and do not consider significant boundary conditions 

described by the interplay between furnace design, operational settings and coal 

properties. Consequently, a more empirical approach had been developed in this study 

which is within a reasonable range independent of the previous mentioned conditions. 

The approach based on systematically targeted extending investigations under the 

requirement of objectivity and repeatability. Focused on the prediction of NOx emissions 

means that, the investigation on the interaction of combustion variables and constraints, 

and possible relationships between collected available information and numerically 

calculated helping factors. The developed model shows a strong statistical significance 

with a coefficient of determination of 0.9876 and a standard error of 28 mg / m³ STPdry at 

6 % O2 based on 142 observations coming from 28 utility units. Sensitivity analyses have 

been carried out and direct comparisons between model history and observations reported 

by other researchers have also shown very good conformities. Why this thesis forms a 

good basis for identifying individual factors which contributes to system related NOx 

emissions in order to investigate how variations in the process parameters affect the 

emission level. Perhaps, as contribution to the understanding of NOx formation during 

coal combustion, or as basis for possible process optimization which might find 
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application on pulverized coal–fired boilers. It is noted that since the data base was 

limited, the model should only be examined for general trends. Indeed it should not be 

considered predictive, but interpolative. Nevertheless, the above described model 

accuracy should be more than sufficient, to interpretate and optimize the operation of any 

pulverized coal–fired furnace, to evaluate economical investigations for possible system 

improvements or modifications, and to assess the environmental impact of traded coals 

from geographically diverse sources, with respect to efficiency and reliability under 

environmental awareness. 

Conclusion 

Towards that end, the following conclusions can be made from the foregoing 

research regarding NOx formation in dry bottom pulverized coal–fired systems: 

• The performed literature research identified nineteen approaches established by 

other researcher between 1971 and 2004. Including the developed approach in this 

thesis results the register in twenty NOx prediction techniques. Thus, this thesis 

includes the most comprehensive and completest register of NOx prediction 

techniques based on fundamental quantitative relationships, empirical algorithms 

and statistical relationships at the present time. 

• The developed model is the first model which considers changes in the magnitude 

of variables which belongs to all three major groups of NOx influences (furnace 

design, operational parameter, coal properties) at the same time. The model key 

variables for staged–air low–NOx firing systems are: 

o Coal volatile portion, fixed carbon hydrogen and nitrogen content. 

o Main burner zone stoichiometry. 
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o Primary zone mixing effectiveness. 

o Furnace burner belt heat density. 

o Overfire air portion. 

o Overfire air elevation above main burners. 

o Excess oxygen content. 

Thus, this research work successfully attempted to combine experimental 

results of previous studies, operational field data, and scientific and industrial 

knowhow into one framework. 

• The model consists of different sub–models which were developed mainly via 

multiple regression analysis. First and second orders as well as exponential 

growing sub–models were required to fit the NOx emissions data compiled as 

discussed in chapter ‘Model Basis’. Therefore it can be concluded that NOx 

formation is usually nonlinear with fundamental combustion parameters. Which 

can be confirmed by the fact that first order model does not correlate the data 

successful. 

• The model based on the assumption that for lowest NOx combustion special 

attention needs to be done regarding the optimum oxygen concentration within the 

closed flame area (see chapter ‘Ignition Behavior’). It has been postulated that 

lower ranked coals would need a higher oxygen concentration than higher ranked 

coals. This contradicts the general opinion that lower O2 levels within the primary 

combustion zone leads always to lower NOx production as rather that the right O2 

level for lowest NOx emissions depends on the coal volatile content.  
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• The market for retrofit demands on existing coal–fired boilers will be significant 

for the next several years as plant owners have to comply with the Clean Air Act 

and Ambient Air Quality environmental regulations. The here presented model 

methodology allows every interested process engineer to draw conclusions on 

expected NOx emission levels under given conditions. Especially the possibility to 

adjust coefficients of the sub–models according to any available field data makes 

the use of the model very flexible. 

• The model includes a way of estimating coal properties regarding their NOx 

emission behavior without the necessarily of a certain combustion environment. 

By using the first helping factor (equation (VI–8)) alone it is possible to estimate 

whether NOx emissions will increase or decrease compared to the reference coal if 

assuming that all other process conditions remains unchanged. 

• It has been stated by others that the contribution of char nitrogen under oxidizing 

conditions is lower than the contribution of volatile nitrogen [72, 214, 230] but 

higher pyrolysis temperatures during the devolatilization process leads to an 

additional release of nitrogen with the volatiles [103, 231–233]. Due to the fact 

that the real pyrolysis temperature during the devolatilization process deemed as 

an unknown variable most research works relies on the adiabatic flame 

temperature
32

 as indicator for the activation energy. This adiabatic flame 

temperature depends mainly on the carbon and hydrogen content of the coal. 

Therefore tends a low volatile coal (high ranked) to much higher adiabatic flame 

temperatures as high volatile coals (low ranked) and for thus, the possibility of 

                                                 
32  The adiabatic flame temperature results from a complete combustion process that occurs without any 

heat exchange or changes in kinetic or potential energy. 
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NOx formation is smaller for coals containing more volatile matter, than for coals 

containing less volatile matter.  

• The estimation of the effective volatile content based on proximate and ultimate 

analysis measurements which are usually fixed in contracts. A procurement 

strategy could be based on the decision whether a particular coal should be burned 

in a power plant of interest or not. Because the increased international trade in 

coal makes it essential that the environmental impact of traded coals from 

geographically diverse sources can be assessed accurately. Much has been 

published on coal switching as a method of meeting Clean Air Act compliance for 

sulfur dioxide, e.g. [234–236]. Very little has been published on NOx. 

• Although a detailed mechanistic explanation of volatile evolution has not been 

described so far, some certain influence factors are discernible. Volatile evolution 

depends on fuel–composition and heating rate. If the weight loss of a coal particle 

under real flame conditions exceeds the proximate volatile matter contents by 10 –

 100 % [133] the test procedure of the standard test method for volatile matter in 

the analysis sample of coal and coke (ASTM D3175–11) needs to be overthought. 

The model includes a possible correction of the volatile matter content according 

to its burning and ignition characteristics. The new described effective volatile 

content based on the mass proportion of the key components carbon and hydrogen 

related to the mass of all volatile ingredients.  

Recommendations 

Even with 40 years of effort to understand NOx formation in coal combustion 

systems, it remains difficult to predict the effectiveness of low–NOx combustion systems. 
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A number of research recommendations were identified which could lead to a better 

understanding on NOx production and could allow the coal industry to be able to respond 

effectively to trends in NOx control technologies.  

NOx Formation Pathways for Pulverized Coal Flames 

The principle NOx formation pathways established by e.g. De Soete [237], 

Fiveland and Wessel [42], Bowman [38], Smoot [238], Visona and Stanmore [138], 

Daood et al. [175] during the coal pyrolysis and combustion under laboratory conditions 

based on the observation of previous prepared particles entering the furnace. That means, 

the research focused on the time when the coal devolatilization process of the particles 

starts due to the self–sustaining heat generation inside the combustion chamber. Thus, the 

formation process of NOx is a result of inherent nitrogen in the coal particle and the 

combustion air reacting in the furnace. But under full–scale applications it can be 

postulated that the coal particles are being accompanied by already devolatilize nitrogen 

portions when entering the furnace due to the particle grinding process. Therefore the 

formation process of NOx within a furnace at a very early point could be considered as a 

result of inherent nitrogen in the coal particle and in the combustion air extended by 

already existing volatile nitrogen which has been driven–off the particles during the 

grinding. The coal devolatilization process occurs in two steps. First the grinding process 

where the cool particles come in content with hot secondary air or / and hot flue gas 

which provides the thermal energy needed for the vaporization of the water and the 

heating of the coal, and second the extreme heating pyrolysis during the primary 

pyrolysis at the burner outlet inside the furnace. The coal particles are already preheated 

at temperature of around 80 to 170 °C during the grinding process and will be injected 
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into the furnace with a specific amount of residual inherent moisture (typically ~ 2 –

 3 %). It is therefore recommended to extent the NOx formation pathway by third factor, 

i.e. existing volatile nitrogen. 

Volatile Matter Content of Coals 

Volatile evolution depends on fuel–composition and heating rate. Due to the fact 

that the heating rates under real furnace conditions are much higher than these occurring 

during the standard test method (ASTM D3175–11) it is recommended to overthink the 

test procedure in order to describe the effective volatile content of coals based on 

practical conditions. Therefore it is recommended to change to extremer heating rates for 

more realistic results.  

Primary NOx Value 

Due to the variety of possible influence factors which determine the actual 

conditions of the primary combustion zone within utility boilers and the limited access to 

the required detailed information concerning the in Table 7 and Table 8 listed influence 

factors it was not possible to identify any reasonable relationship according to the 

estimated burner influence factors given in equation (VI–13). Future research in this area 

would certainly help to improve the presented NOx prediction technique as well as to gain 

the understanding concerning major influence factors and relationships contributing to 

NOx emissions. 

Boiler Types 

Due to the fact that there are several different utility boiler designs in widespread 

use would it be of great importance to extent, adjust or modify the developed NOx 
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prediction approach according to other boiler applications which have been excluded 

within this thesis. In the area of pulverized coal–fired boilers, these are for example slag–

tap firing systems (see Figure 4), e.g. U–shaped or W–shaped downshot–fired units. 

Furthermore, cyclone–fired or turbo–fired furnaces but also for utility boilers which work 

without burners as stoker–fired or fluidized–bed boilers, will be a need for simple models 

suitable for use by coal marketers and plant operators to allow the prediction of NOx 

emissions from utility boilers for different coals.  

CO Emissions and Loss of Ignition 

As stated even small changings on an air–staged low–NOx system can have 

significant effects on NOx, CO emissions and loss of ignition (LOI). The developed 

approach focused exclusively on NOx emissions but special attention needs to be made 

on CO and LOI when the NOx level getting improved. The inclusion of CO emission and 

LOI predictions could be help to draw conclusions on the reverse acting factors which 

improve the optimization possibilities regarding more objectives. Any research focused 

on a model extension by these factors would be appreciated.  
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APPENDIX 1 – NOTATION 

ACIRL Australian Coal Industry Research Laboratories 

AE Austin Energy  

APH Air preheater 

ar As received 

ASTM The American Society for Testing and Materials 

b burner design factor 

B.E. Burner elevation 

BI Burner index 

BMCR Boiler maximum continuous rating 

BOOS Burner–out–of–service 

C Carbon 

CAPEX Capital expenditure 

CCOFA Closed–coupled overfire air  

CFD Computational fluid dynamic 

CHx Hydrocarbons radicals 

CO Carbon monoxide 

CO2 Carbon dioxide 

CQIM Coal Quality Impact Model 

CR Conversion ratio 

daf Dry ash free 
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db Dry basis 

DCS Distributed control system 

DIN 
Deutsches Institut für Normung (German Institute for 

Standardization) 

dmmf dry–mineral–matter–free 

ECON Economizer 

EPA US Environmental Protection Agency 

EPRI Electric Power Research Institute 

FC Fixed carbon 

FeCl3 Iron(III) chloride 

FF Fuel factor 

FFW Furnace firing wall 

FGR Flue gas recirculation 

FR Fuel ratio 

H Hydrogen 

h helping factor 

H2O Water 

HCN Hydrogen cyanide 

HR Heat release 

HRBZ Heat release per burner area 

HRBZA Heat release per burner zone area 

HRI Heat release impact 

HTWM High temperature wire mesh 

IEA The International Energy Agency 

ISO The International Organization for Standardization 
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LCRA Lower Colorado River Authority  

LHV Lower heating value 

LOI Loss of ignition 

M Atomic weight 

MM Mineral matter 

mmf Mineral–matter–free 

moist, mmf Moisture, mineral–matter–free 

N Nitrogen 

n.s. Not specified 

N2 Molecular nitrogen 

N2O Nitrous oxide 

N2O2 Dinitrogen dioxide 

N2O3 Dinitrogen trioxide 

N2O4 Dinitrogen tetroxide 

N2O5 Dinitrogen pentoxide 

NAAQS National Ambient Air Quality Standards 

nBB Air ratio at the burner belt exit 

nBZ Air ratio for the closed burner zone 

nOFA Air ratio for the overfire air 

NH3 Ammonia 

NI NOx Indicator 

NL The Netherlands 

NO Nitrogen oxide 

No. Number 

NO2 Nitrogen dioxide 
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NOx Nitrogen oxides 

NSPS New Source Performance Standards 

O2 Molecular oxygen 

O3 Trioxygen (ozone) 

OECD Organization for Economic Co–operation and Development 

OEM Original equipment manufacturer  

OFA Overfire air 

OPEX Operational expenditure 

OSC Off–stoichiometric combustion 

PA Primary air 

PdN Pyridinic nitrogen 

PF Pulverized fuel 

PRB Southern Powder River Basin 

PrN Pyrrolic nitrogen 

QN Quaternary nitrogen 

R Coefficient of correlation 

R² Coefficient of determination 

R²(adj) Adjusted coefficient of determination 

RH Reheater 

S Residual standard deviation 

SA Secondary air 

SGR Separate gas recirculation 

SH Super heater 

SI International System of Units 

SO2 Sulfur dioxide 
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SOFA Separate overfire air 

SOx Sulfur oxides 

SR Stoichiometric ratio 

STP Standard temperature and pressure 

SWA Side wall air system 

UBC Unburnt carbon content 

UK United Kingdom 

US United States 

USA United States of America 

USGS US Geological Survey 

V Gas volume 

VBA Visual Basic for Applications 

VM Volatile matter content 

VOC Volatile organic compounds 

VSFE Vertical spacing until furnace exit 

waf Water–ash–free basis 

wf Water–free basis 

XPS X–ray photoelectron spectroscopy 
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Table A2–1. Reference data of boiler 1 

Opposed–fired boiler with partition wall, Western Europe (bituminous coal) 

Fuel rating (BMCR)  1,073.00 MWt 

Primary NOx level  585 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 32 – 

Burner elevations (B. E.) 4 – 

Partition wall surface (inside burner belt) 562 m² 

Furnace depth (furnace side walls) 12.806 m 

Furnace width (burner walls, hopper trapezia)  19.286 m 

Furnace height (without hopper) 34.700 m 

B. E. vertical spacing 4.305 m 

Distance between lower B. E. and hopper edge 1.617 m 

Distance between upper B. E. and OFA  7.000 m 

Hopper height 12.915 m 

Hopper angle 55 ° 
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Table A2–2. Reference data of boiler 2 and 3 (pre– and post–retrofit) 

Allwall–fired boiler, Western Europe (bituminous coal) 

 Pre– Post– retrofit 

Fuel rating (BMCR) 730.00 799.00 MWt 

Primary NOx level 495 475 
mg / m³ STPdry 

at 6 % O2 

System design   

Burner installed 12 – 

Burner elevations (B. E.) 3 – 

Furnace depth (furnace side walls) 12.086 m 

Furnace width  12.086 m 

Furnace height (without hopper) 31.380 m 

B. E. vertical spacing 5.742 m 

Distance between lower B. E. and hopper edge 1.914 m 

Distance between upper B. E. and OFA 4.454 m 

Hopper height 7.070 m 

Hopper angle 52 ° 
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Table A2–3. Reference data of boiler 4 and 5 (pre– and post–retrofit) 

Front–fired boiler, Western Europe (bituminous coal) 

 Pre– Post– retrofit 

Fuel rating (BMCR) 90.00 90.00 MWt 

Primary NOx level 537 465 
mg / m³ STPdry 

at 6 % O2 

System design modifications    

Distance between upper B. E. and OFA 1 – 1.800 m 

Distance between upper OFA 1 and OFA 2 – 1.550 m 

System design   

Burner installed 6 – 

Burner elevations (B. E.) 3 – 

Furnace depth (furnace side walls) 6.960 m 

Furnace width (burner wall, hopper trapezia)  6.000 m 

Furnace height (without hopper) 13.000 m 

B. E. vertical spacing 2.850 m 

Distance between lower B. E. and hopper edge 1.600 m 

Hopper height 2.142 m 

Hopper angle 55 ° 
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Table A2–4. Reference data of boiler 6 

Opposed–fired boiler with partition wall, Western Europe (bituminous coal) 

Fuel rating (BMCR)  1,712.00 MWt 

Primary NOx level  630 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 48 – 

Burner elevations (B. E.) 4 – 

Partition wall surface (inside burner belt) 1,130 m² 

Furnace depth (furnace side walls) 19.548 m 

Furnace width (burner wall, hopper trapezia)  15.319 m 

Furnace height (without hopper) 50.238 m 

B. E. vertical spacing 4.486 m 

Distance between lower B. E. and hopper edge 1.647 m 

Distance between upper B. E. and OFA  9.967 m 

Hopper height 10.082 m 

Hopper angle 55 ° 
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Table A2–5. Reference data of boiler 7 and 8 (pre– and post–retrofit) 

Opposed–fired boiler, Western Europe (bituminous coal) 

 Pre– Post– retrofit 

Fuel rating (BMCR) 1,190.00 1,190.00 MWt 

Primary NOx level 610 535 
mg / m³ STPdry 

at 6 % O2 

System design   

Burner installed 12 – 

Burner elevations (B. E.) 3 – 

Furnace depth (furnace side walls) 12.086 m 

Furnace width (burner walls, hopper trapezia) 16.086 m 

Furnace height (without hopper) 50.000 m 

B. E. vertical spacing 11.000 m 

Distance between lower B. E. and hopper edge 2.800 m 

Distance between upper B. E. and OFA 5.294 m 

Hopper height 11.170 m 

Hopper angle 56 ° 
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Table A2–6. Reference data of boiler 9 and 10 (pre– and post–retrofit) 

Opposed–fired boiler with partition wall, Western Europe (bituminous coal) 

 Pre– Post– retrofit 

Fuel rating (BMCR) 1,240.00 1,240.00 MWt 

Primary NOx level 640 430 
mg / m³ STPdry 

at 6 % O2 

System design modifications    

Distance between upper B. E. and OFA 1 – 3.000 m 

Distance between OFA 1 and OFA 2 – 3.408 m 

Distance between OFA 2 and OFA 3 – 2.592 m 

System design   

Burner installed 32 – 

Burner elevations (B. E.) 4 – 

Partition wall surface (inside burner belt) 760 m² 

Furnace depth (furnace side walls) 14.486 m 

Furnace width (burner walls, hopper trapezia)  19.286 m 

Furnace height (without hopper) 35.230 m 

B. E. vertical spacing 4.028 m 

Distance between lower B. E. and hopper edge 1.615 m 

Hopper height 12.915 m 

Hopper angle 55 ° 
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Table A2–7. Reference data of boiler 11 

Allwall–fired boiler, Central Asia (bituminous coal) 

Fuel rating (BMCR)  414.00 MWt 

Primary NOx level  460 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 8 – 

Burner elevations (B. E.) 2 – 

Furnace depth (furnace side walls) 11.370 m 

Furnace width (hopper trapezia) 11.260 m 

Furnace height (without hopper) 21.000 m 

B. E. vertical spacing 4.000 m 

Distance between lower B. E. and hopper edge 1.820 m 

Distance between upper B. E. and OFA 1 3.700 m 

Distance between OFA 1 and OFA 2 4.000 m 

Hopper height 6.000 m 

Hopper angle 50 ° 
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Table A2–8. Reference data of boiler 12 

Opposed–fired boiler with partition wall, Northwestern Europe (bituminous coal) 

Fuel rating (BMCR)  1,550.00 MWt 

Primary NOx level  725 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 48 – 

Burner elevations (B. E.) 5 – 

Partition wall surface (inside burner belt) 450 m² 

Furnace depth (furnace side walls, hopper trapezia) 12.120 m 

Furnace width (Burner walls) 25.600 m 

Furnace height (without hopper) 21.500 m 

B. E. vertical spacing 2.300 m 

Distance between lower B. E. and hopper edge 1.600 m 

Distance between upper B. E. and OFA 5.580 m 

Hopper height 7.300 m 

Hopper angle 53 ° 
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Table A2–9. Reference data of boiler 13 

Opposed–fired boiler, Northwestern Europe (bituminous coal) 

Fuel rating (BMCR)  1,330.00 MWt 

Primary NOx level   755 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 48 – 

Burner elevations (B. E.) 4 – 

Furnace depth (furnace side walls, hopper trapezia) 9.220 m 

Furnace width (Burner wall) 29.600 m 

Furnace height (without hopper) 23.485 m 

B. E. vertical spacing 2.946 m 

Distance between lower B. E. and hopper edge 1.316 m 

Distance between upper B. E. and OFA 1 4.389 m 

Distance between OFA 1 and OFA 2 4.237 m 

Hopper height 5.588 m 

Hopper angle 54 ° 
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Table A2–10. Reference data of boiler 14 

Opposed–fired boiler, Western Europe (bituminous coal) 

Fuel rating (BMCR)  1545.00 MWt 

Primary NOx level  502 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 36 – 

Burner elevations (B. E.) 3 – 

Furnace depth (furnace side walls, hopper trapezia) 14.600 m 

Furnace width (Burner walls) 21.200 m 

Furnace height (without hopper) 36.500 m 

B. E. vertical spacing 4.000 m 

Distance between lower B. E. and hopper edge 4.300 m 

Distance between upper B. E. and OFA 1 6.100 m 

Distance between OFA 1 and OFA 2 3.000 m 

Hopper height 8.100 m 

Hopper angle 50 ° 
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Table A2–11. Reference data of boiler 15 

Tangentially–fired boiler, Western Europe (bituminous coal) 

Fuel rating (BMCR)  1,300.00 MWt 

Primary NOx level  B. E. 1–3&5 
    B. E. 2–5 

 
585 
565 

mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed (corner registers) 4 – 

Pulverized fuel injectors installed  24 – 

Burner elevations (B. E.) 6 – 

Furnace depth (furnace side walls, hopper trapezia) 14.600 m 

Furnace width  17.300 m 

Furnace height (without hopper) 29.400 m 

B. E. vertical spacing 2.200 m 

Distance between lower B. E. and hopper edge 4.300 m 

Distance between upper B. E. and OFA 1 1.300 m 

Distance between OFA 1 and OFA 2 0.430 m 

Distance between OFA 2 and OFA 3 0.430 m 

Distance between OFA 3 and OFA 4 0.430 m 

Hopper height 10.081 m 

Hopper angle 56 ° 
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Table A2–12. Reference data of boiler 16 

Opposed–fired boiler with partition wall, South Africa (bituminous coal) 

Fuel rating (BMCR)  1,486.50 MWt 

Primary NOx level   1,150.00 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 24 – 

Burner elevations (B. E.) 3 – 

Partition wall surface (inside burner belt) 750 m² 

Furnace depth (furnace side walls) 20.186 m 

Furnace width (Burner walls, hopper trapezia) 17.186 m 

Furnace height (without hopper) 39.000 m 

B. E. vertical spacing 7.287 m 

Distance between lower B. E. and hopper edge 3.589 m 

Hopper height 11.000 m 

Hopper angle 54 ° 
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Table A2–13. Reference data of boiler 17 

Tangentially–fired boiler, East Asia (bituminous coal) 

Fuel rating (BMCR)  1,728.00 MWt 

Primary NOx level   633 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed (corner registers) 4 – 

Pulverized fuel injectors installed  20 – 

Burner elevations (B. E.) 5 – 

Furnace depth (furnace side walls) 19.558 m 

Furnace width (hopper trapezia) 16.433 m 

Furnace height (without hopper) 47.567 m 

B. E. vertical spacing 1.608 m 

Distance between lower B. E. and hopper edge 4.986 m 

Distance between upper B. E. and OFA 1 2.724 m 

Distance between OFA 1 and OFA 2 0.642 m 

Hopper height 7.716 m 

Hopper angle 45 ° 
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Table A2–14. Reference data of boiler 18 

Tangentially–fired boiler, East Asia (sub–bituminous coal) 

Fuel rating (BMCR)  2,860.00 MWt 

Primary NOx level   865 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed (corner registers) 12 – 

Pulverized fuel injectors installed  48 – 

Burner elevations (B. E.) 3 – 

Furnace depth (furnace side walls) 25.080 m 

Furnace width (hopper trapezia) 25.080 m 

Furnace height (without hopper) 66.114 m 

B. E. vertical spacing 8.653 m 

Distance between lower B. E. and hopper edge 7.835 m 

Distance between upper B. E. and OFA 1 11.280 m 

Hopper height 16.434 m 

Hopper angle 54 ° 
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Table A2–15. Reference data of boiler 19 

Opposed–fired boiler, Southeast Asia (sub–bituminous coal) 

Fuel rating (BMCR)  1,315.00 MWt 

Primary NOx level   617.4 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed 24 – 

Burner elevations (B. E.) 3 – 

Furnace depth (furnace side walls, hopper trapezia) 16.032 m 

Furnace width (Burner walls) 22.214 m 

Furnace height (without hopper) 35.500 m 

B. E. vertical spacing 5.000 m 

Distance between lower B. E. and hopper edge 4.000 m 

Distance between upper B. E. and OFA 1 10.000 m 

Distance between OFA 1 and OFA 2 5.190 m 

Distance between OFA 2 and OFA 3 3.000 m 

Hopper height 10.300 m 

Hopper angle 55 ° 
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Table A2–16. Reference data of boiler 20 

Tangentially–fired boiler, North America (sub–bituminous coal) 

Fuel rating (BMCR)  1,567.32 MWt 

Primary NOx level  B. E. 1–5 
    B. E. 1–4&6 

    B. E. 2–6 

 
785 
850 

860 

mg / m³ STPdry 

at 6 % O2 

System design   

Burner installed (corner registers) 4 – 

Pulverized fuel injectors installed  24 – 

Burner elevations (B. E.) 6 – 

Furnace depth (furnace side walls, hopper trapezia) 16.050 m 

Furnace width  19.810 m 

Furnace height (without hopper) 45.300 m 

B. E. vertical spacing 2.500 m 

Distance between lower B. E. and hopper edge 6.000 m 

Distance between upper B. E. and OFA 1 2.500 m 

Hopper height 10.600 m 

Hopper angle 55 ° 

 

  



233 

Table A2–17. Reference data of boiler 21 

Tangentially–fired boiler, Southern Europe (lignite) 

Fuel rating (BMCR)  995.00 MWt 

Primary NOx level    1,085 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed (with vapor separation) 16 – 

Pulverized fuel injectors installed  16 – 

Burner elevations (B. E.) 2 – 

Furnace depth (furnace side walls, hopper trapezia) 17.280 m 

Furnace width  17.280 m 

Furnace height (without hopper) 36.500 m 

B. E. vertical spacing 8.570 m 

Distance between lower B. E. and hopper edge 4.500 m 

Distance between upper B. E. and OFA 10.000 m 

Hopper height 11.000 m 

Hopper angle 54 ° 
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Table A2–18. Reference data of boiler 22 and 23 (pre– and post–retrofit) 

Tangentially–fired boiler, Southeastern Europe (lignite) 

 Pre– Post– retrofit 

Fuel rating (BMCR) 660.00 660.00 MWt 

Primary NOx level 965 185 
mg / m³ STPdry 

at 6 % O2 

System design modifications    

Distance between upper B. E. and OFA 1 – 16.750 m 

Distance between OFA 1 and OFA 2 – 2.000 m 

Distance between OFA 2 and OFA 3 – 1.500 m 

System design   

Burner installed (with vapor separation) 8 – 

Pulverized fuel injectors installed  16 – 

Burner elevations (B. E.) 2 – 

Furnace depth (furnace side walls, hopper trapezia) 12.240 m 

Furnace width 14.620 m 

Furnace height (without hopper) 36.730 m 

B. E. vertical spacing 6.690 m 

Distance between lower B. E. and hopper edge 1.780 m 

Hopper height 8.512 m 

Hopper angle 55 ° 
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Table A2–19. Reference data of boiler 24 

Tangentially–fired boiler, Central Europe (lignite) 

Fuel rating (BMCR)  635.00 MWt 

Primary NOx level    1,020 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed (with vapor separation) 16 – 

Pulverized fuel injectors installed  8 – 

Burner elevations (B. E.) 2 – 

Furnace depth (furnace side walls, hopper trapezia) 12.000 m 

Furnace width  10.200 m 

Furnace height (without hopper) 23.030 m 

B. E. vertical spacing 5.600 m 

Distance between lower B. E. and hopper edge 1.600 m 

Distance between upper B. E. and OFA 1 5.750 m 

Distance between OFA 1and OFA 2 5.050 m 

Hopper height 5.960 m 

Hopper angle 54 ° 
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Table A2–20. Reference data of boiler 25 and 26 (pre– and post–retrofit) 

Tangentially–fired boiler, Western Europe (lignite) 

 Pre– Post– retrofit 

Fuel rating (BMCR) 1,770.00 1,770.00 MWt 

Primary NOx level 886.4 793.4 
mg / m³ STPdry 

at 6 % O2 

System design modifications    

Distance between upper B. E. and OFA 1 11.860 18.273 m 

Distance between OFA 1 and OFA 2 21.350 8.783 m 

System design   

Burner installed (without vapor separation) 16 – 

Pulverized fuel injectors installed  32 – 

Burner elevations (B. E.) 2 – 

Furnace depth (furnace side walls) 20.000 m 

Furnace width (hopper trapezia) 20.000 m 

Furnace height (without hopper) 48.930 m 

B. E. vertical spacing 6.668 m 

Distance between lower B. E. and hopper edge 5.000 m 

Hopper height 13.567 m 

Hopper angle 55 ° 
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Table A2–21. Reference data of boiler 27 

Opposed–fired boiler, Central Europe (lignite) 

Fuel rating (BMCR)  196.00 MWt 

Primary NOx level    535 
mg / m³ STPdry 
at 6 % O2 

System design   

Burner installed (without vapor separation) 12 – 

Pulverized fuel injectors installed  24 – 

Burner elevations (B. E.) 2 – 

Furnace depth (furnace side walls, hopper trapezia) 8.125 m 

Furnace width  9.125 m 

Furnace height (without hopper) 16.155 m 

B. E. vertical spacing 1.200 m 

Distance between lower B. E. and hopper edge 0.965 m 

Distance between upper B. E. and OFA 1 7.042 m 

Hopper height 5.875 m 

Hopper angle 56 ° 
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Table A2–22. Reference data of boiler 28 

Opposed–fired boiler, East Asia (lignite) 

Fuel rating (BMCR)  1,523.25 MWt 

Primary NOx level    1,110 
mg / m³ STPdry 
at 6 % O2 

System design   

Swirl–burner installed (without vapor separation) 35 – 

Burner elevations (B. E.) 4 – 

Furnace depth (furnace side walls, hopper trapezia) 16.840 m 

Furnace width  22.187 m 

Furnace height (without hopper) 34.451 m 

B. E. vertical spacing 3.620 m 

Distance between lower B. E. and hopper edge 3.414 m 

Distance between upper B. E. and OFA 1 7.129 m 

Hopper height 10.832 m 

Hopper angle 54 ° 
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Table A2–23. Reference coal compositions 

Coal No. 

LHV Analysis results in wt.–% on a as received basis 

MJ / kg 
Proximate Ultimate 

VM W Ash C H S O N 

1 23.762 31.59 13.70 11.21 61.00 4.06 0.67 8.13 1.23 

2 16.100 14.67 4.61 43.00 42.50 2.90 0.54 5.70 0.75 

3 25.100 32.90 13.50 7.10 64.10 4.40 0.60 8.95 1.35 

4 24.709 26.36 8.90 13.69 63.54 3.77 0.62 8.00 1.48 

5 29.740 29.08 6.64 5.44 77.20 4.78 0.49 4.21 1.24 

6 23.123 26.45 12.09 16.92 58.64 3.69 2.19 5.08 1.39 

7 28.252 28.73 8.50 8.20 70.50 4.50 3.30 3.80 1.20 

8 28.750 25.13 10.10 6.13 72.40 4.41 0.82 4.79 1.35 

9 25.690 22.60 7.00 14.00 67.72 3.60 0.50 5.45 1.73 

10 25.300 32.70 13.80 6.10 65.80 4.14 0.68 8.11 1.37 

11 25.290 27.50 10.60 10.40 65.51 3.76 0.56 7.68 1.49 

12 25.960 35.50 12.20 3.70 66.36 4.17 0.35 11.94 1.28 

13 25.050 28.30 10.70 9.70 64.41 3.92 0.52 9.40 1.35 

14 25.790 25.00 6.90 12.20 65.62 3.98 0.88 9.29 1.13 

15 25.750 32.20 10.90 8.70 66.64 4.54 0.60 7.41 1.21 

16 25.660 28.50 9.50 10.60 66.00 4.10 0.70 7.90 1.20 

17 22.496 27.01 14.00 12.00 59.42 3.61 0.43 9.83 0.71 

18                   

19 28.070 31.23 8.21 7.96 71.56 4.56 0.91 5.59 1.21 

20 23.620 30.26 12.89 12.27 62.19 4.26 0.70 6.47 1.22 

21 17.720 21.06 6.00 27.92 53.17 2.61 0.83 8.24 1.23 
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Coal No. 

LHV Analysis results in wt.–% on a as received basis 

MJ / kg 
Proximate Ultimate 

VM W Ash C H S O N 

22 16.830 18.15 6.90 31.56 49.99 2.39 1.18 6.89 1.09 

23 17.150 18.94 6.60 31.03 50.67 2.44 1.13 7.02 1.11 

24 25.231 24.22 7.57 13.49 65.99 3.66 0.31 7.39 1.59 

25 25.807 30.17 11.27 8.61 67.30 4.46 1.36 5.43 1.57 

26 26.100 31.60 9.50 8.80 68.20 4.50 0.90 6.50 1.60 

27 25.054 27.98 12.61 9.39 65.08 3.83 1.28 6.41 1.40 

28 5.310 20.58 51.49 17.41 19.51 1.44 0.69 8.94 0.52 

29 5.266 19.97 51.17 18.20 19.07 1.42 0.56 9.07 0.51 

30 5.521 19.94 52.45 16.69 19.49 1.44 0.57 8.84 0.52 

31 24.720 18.92 9.40 17.54 64.14 3.63 0.99 3.11 1.19 

32 19.092 31.47 27.39 5.16 51.47 2.65 0.30 12.34 0.69 

33 19.014 31.48 27.61 5.13 50.86 2.58 0.30 12.84 0.68 

34 19.317 30.90 26.88 5.42 52.77 2.27 0.35 11.64 0.67 

35 18.848 30.73 27.63 5.14 51.85 2.65 0.24 11.82 0.67 

36 18.610 30.85 28.88 4.99 50.44 2.61 0.33 11.99 0.76 

37 18.429 30.77 30.18 4.62 49.71 2.58 0.32 11.90 0.69 

38 18.728 30.63 28.14 4.85 51.21 2.58 0.27 12.21 0.74 

39 19.014 31.22 28.10 4.96 51.80 2.67 0.33 11.44 0.70 

40 18.801 30.99 28.54 5.11 51.74 2.56 0.32 11.05 0.68 

41 18.760 30.58 29.55 5.18 50.15 2.56 0.30 11.63 0.63 

42 18.754 31.48 28.39 5.17 51.29 2.47 0.30 11.64 0.74 

43 18.938 31.18 27.88 4.77 52.64 2.52 0.30 11.23 0.66 
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Coal No. 

LHV Analysis results in wt.–% on a as received basis 

MJ / kg 
Proximate Ultimate 

VM W Ash C H S O N 

44 18.524 29.98 28.91 4.87 51.94 2.52 0.29 10.76 0.71 

45 18.876 30.62 27.45 5.24 53.13 2.66 0.31 10.53 0.68 

46 25.000 29.90 11.00 9.00 65.50 3.50 0.32 9.16 1.52 

47 24.800 28.70 11.80 8.60 65.50 3.26 0.39 8.99 1.46 

48 26.100 30.50 8.90 9.00 65.00 3.59 0.47 11.91 1.13 

49 24.500 31.30 13.60 7.30 62.50 3.98 0.41 11.29 0.92 

50 26.900 24.50 8.10 11.00 70.00 3.67 0.41 5.58 1.24 

51 24.200 30.80 13.50 8.40 61.50 3.99 0.41 11.03 1.17 

52 24.700 29.90 13.90 7.80 63.00 3.94 0.48 9.71 1.17 

53 25.100 28.60 11.80 9.50 64.50 3.72 0.47 8.82 1.19 

54 25.800 29.70 8.50 11.00 66.50 3.63 0.61 8.56 1.20 

55 26.900 29.20 7.50 9.90 68.00 4.20 0.66 8.20 1.54 

56 24.600 25.80 9.00 14.10 63.00 3.57 0.57 8.21 1.55 

57 25.600 26.40 9.00 12.30 65.00 3.57 0.55 7.94 1.64 

58 24.200 31.10 12.80 9.50 66.00 3.80 0.53 5.97 1.40 

59 25.200 35.60 13.30 5.00 70.00 4.10 0.40 6.10 1.10 

60 24.500 28.20 9.90 12.00 64.87 4.00 0.66 7.07 1.50 

61 26.000 26.80 7.50 12.20 64.87 4.00 0.53 9.30 1.60 

62 27.500 29.40 6.90 10.30 65.50 3.90 1.15 10.73 1.52 

63 27.100 28.10 7.00 11.20 65.58 3.82 1.05 9.85 1.50 

64 27.200 29.30 7.30 10.60 65.50 3.90 1.20 10.10 1.40 

65 26.800 32.80 8.00 11.10 65.58 3.82 1.14 9.06 1.30 
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Coal No. 

LHV Analysis results in wt.–% on a as received basis 

MJ / kg 
Proximate Ultimate 

VM W Ash C H S O N 

66 25.900 28.70 9.70 10.60 65.50 3.90 0.97 8.03 1.30 

67 25.000 31.00 13.90 7.00 68.00 3.50 0.40 6.00 1.20 

68 25.500 34.60 12.10 8.20 66.71 3.63 0.59 7.57 1.20 

69 24.600 23.80 8.00 15.40 64.11 3.49 0.68 6.79 1.53 

70 25.100 29.20 10.00 11.80 65.58 3.82 0.63 6.80 1.37 

71 8.569 19.14 51.70 11.70 25.95 2.04 1.16 7.21 0.24 

72 8.479 19.02 52.30 11.10 25.69 2.08 1.20 7.41 0.22 

73 8.625 19.21 52.00 10.80 25.89 2.06 1.08 7.95 0.22 

74 8.504 19.06 52.90 10.20 25.60 2.05 1.16 7.87 0.22 

75 9.164 19.91 51.80 9.20 27.23 2.17 1.01 8.37 0.22 

76 8.453 18.99 51.30 12.50 25.32 2.01 1.14 7.51 0.22 

77 24.541 19.74 12.53 14.22 64.00 4.00 0.92 2.81 1.54 

78 7.033 18.55 54.18 13.86 21.17 1.77 1.85 6.80 0.37 

79 6.698 18.05 54.48 14.75 20.34 1.70 1.84 6.53 0.36 

80 6.899 18.35 53.42 14.81 20.78 1.74 1.88 7.00 0.37 

81 26.069 28.11 15.00 8.00 64.51 3.99 0.41 6.53 1.56 

82 23.667 24.75 17.00 10.00 57.89 3.17 1.00 9.98 0.96 

83 14.070 25.08 31.10 17.08 37.33 2.74 0.56 10.49 0.70 

84 14.370 25.21 31.90 15.87 38.50 2.76 0.52 9.75 0.70 

85 13.780 24.85 32.50 15.98 35.00 2.72 0.50 12.60 0.70 

86 26.495 33.50 3.00 16.20 66.29 4.61 1.97 6.87 1.06 

87 19.467 34.29 26.00 4.06 52.08 3.10 0.89 12.82 1.05 
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Coal No. 

LHV Analysis results in wt.–% on a as received basis 

MJ / kg 
Proximate Ultimate 

VM W Ash C H S O N 

88 8.931 21.40 55.39 4.77 27.60 1.97 0.30 9.66 0.31 

89 18.153 80.00 7.10 0.30 51.50 7.40 0.20 33.20 0.30 

90 14.500 28.04 26.04 21.06 36.78 3.12 0.91 11.65 0.44 

91 5.464 21.50 49.93 17.85 18.00 1.37 0.64 11.73 0.48 
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Table A2–24. Reference NOx emissions 

Ref. 

No. 

Boiler 

No. 

Coal 

No. 

Fuel 

rating 

MWt 

Active 

B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 
(at 6 % O2) SA PA 

1 1 5 1,073.00 1–4 330.0 90.0 2.20 489.000 

2 2 19 730.00 1–3 340.0 90.0 1.80 304.000 

3 2 24 708.10 1–3 340.0 90.0 1.79 425.000 

4 3 1 798.40 1–3 340.0 90.0 1.80 321.000 

5 5 7 90.00 1–3 300.0 87.0 2.51 380.000 

6 6 8 1,712.00 1–4 300.0 70.0 1.80 396.000 

7 7 3 1,190.00 1–3 344.0 85.0 1.65 319.000 

8 11 2 414.00 1–2 324.0 110.0 1.80 320.000 

9 10 4 1,242.00 1–4 330.0 90.0 1.26 303.000 

10 14 9 1,520.00 1–3 300.0 90.0 2.08 364.620 

11 14 9 1,520.00 1–3 300.0 90.0 2.22 397.580 

12 14 9 1,520.00 1–3 300.0 90.0 2.00 441.870 

13 14 10 1,520.00 1–3 300.0 90.0 1.97 266.770 

14 14 10 1,520.00 1–3 300.0 90.0 1.97 269.860 

15 14 10 1,520.00 1–3 300.0 90.0 2.00 290.460 

16 14 11 1,520.00 1–3 300.0 90.0 2.00 320.330 

17 14 11 1,520.00 1–3 300.0 90.0 2.00 329.600 

18 14 11 1,520.00 1–3 300.0 90.0 2.00 364.620 

19 14 12 1,520.00 1–3 300.0 90.0 2.05 202.910 

20 14 12 1,520.00 1–3 300.0 90.0 2.05 211.150 

21 14 12 1,520.00 1–3 300.0 90.0 2.00 224.540 
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Ref. 
No. 

Boiler 
No. 

Coal 
No. 

Fuel 
rating 

MWt 

Active 
B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 

(at 6 % O2) SA PA 

22 14 13 1,520.00 1–3 300.0 90.0 1.93 300.760 

23 14 13 1,520.00 1–3 300.0 90.0 1.93 311.060 

24 14 13 1,520.00 1–3 300.0 90.0 2.00 317.240 

25 3 1 799.00 1–3 340.0 90.0 1.96 300.000 

26 3 20 799.00 1–3 340.0 90.0 1.99 385.000 

27 3 25 799.00 1–3 340.0 90.0 1.97 395.000 

28 3 26 799.00 1–3 340.0 90.0 1.90 355.000 

29 10 4 1,240.00 1–4 330.0 90.0 2.79 350.000 

30 10 27 1,240.00 1–4 330.0 90.0 2.98 390.000 

31 10 4 1,240.00 1–4 330.0 90.0 2.88 310.000 

32 9 4 1,240.00 1–4 330.0 90.0 2.14 1.110.000 

33 16 21 1,402.00 1–3 290.0 104.0 1.64 1.654.282 

34 16 22 1,430.00 1–3 290.0 104.0 1.57 1.788.667 

35 16 23 1,430.00 1–3 290.0 104.0 1.46 2.100.781 

36 7 31 1,329.12 1–3 336.0 85.0 1.39 525.000 

37 4 7 90.00 1–3 300.0 87.0 2.51 682.000 

38 12 6 1,550.17 1–5 294.4 88.2 2.05 606.540 

39 12 6 1,117.30 1–5 276.7 85.2 2.11 533.500 

40 20 32 1,567.32 2–6 370.7 65.4 2.15 435.437 

41 20 33 1,567.32 2–6 370.7 65.4 2.15 425.472 

42 20 33 1,567.32 2–6 370.7 65.4 2.15 504.343 

43 20 34 1,567.32 2–6 370.7 65.4 2.15 459.446 
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Ref. 
No. 

Boiler 
No. 

Coal 
No. 

Fuel 
rating 

MWt 

Active 
B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 

(at 6 % O2) SA PA 

44 20 35 1,567.32 1–5 370.7 65.4 2.14 304.627 

45 20 36 1,567.32 1–5 370.7 65.4 2.15 336.412 

46 20 37 1,569.90 1–4&6 370.7 65.4 2.15 389.755 

47 20 38 1,567.32 1–4&6 370.7 65.4 2.15 410.082 

48 20 39 1,500.00 1–5 370.7 65.4 2.15 316.640 

49 20 40 1,575.06 1–5 370.7 65.4 2.15 372.887 

50 20 41 1,567.32 1–5 370.7 65.4 2.15 355.922 

51 20 42 1,572.48 1–5 370.7 65.4 2.15 459.676 

52 20 43 1,572.48 1–5 370.7 65.4 2.15 314.436 

53 20 41 1,575.06 1–5 370.7 65.4 2.15 330.320 

54 20 41 1,572.48 2–6 370.7 65.4 2.15 465.719 

55 20 42 1,569.90 1–5 370.7 65.4 2.15 309.301 

56 20 43 1,569.90 1–5 370.7 65.4 2.15 396.811 

57 20 43 1,567.32 1–5 370.7 65.4 2.15 322.422 

58 20 44 1,567.32 1–5 370.7 65.4 2.15 327.079 

59 20 45 1,505.24 1–5 370.7 65.4 2.15 319.763 

60 15 14 1,300.00 1–3&5 300.0 80.0 2.00 440.000 

61 15 14 1,302.50 1–3&5 300.0 80.0 2.00 468.000 

62 15 14 1,300.00 1–3&5 300.0 80.0 2.00 440.000 

63 15 14 1,327.50 1–3&5 300.0 80.0 2.00 462.000 

64 15 14 1,300.00 2–5 300.0 80.0 2.00 514.000 

65 15 16 1,300.00 1–3&5 300.0 80.0 2.00 421.000 
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Ref. 
No. 

Boiler 
No. 

Coal 
No. 

Fuel 
rating 

MWt 

Active 
B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 

(at 6 % O2) SA PA 

66 15 16 1,300.00 1–3&5 300.0 80.0 2.00 417.000 

67 15 16 1,300.00 1–3&5 300.0 80.0 2.00 401.000 

68 15 16 1,300.00 1–3&5 300.0 80.0 2.00 427.000 

69 15 16 1,312.50 2–5 300.0 80.0 2.00 425.000 

70 15 15 1,300.00 1–3&5 300.0 80.0 2.00 398.000 

71 15 15 1,300.00 1–3&5 300.0 80.0 2.00 407.000 

72 15 15 1,302.50 1–3&5 300.0 80.0 2.00 392.000 

73 15 15 1,300.00 1–3&5 300.0 80.0 2.00 396.000 

74 15 15 1,300.00 2–5 300.0 80.0 2.00 452.000 

75 15 46 1,300.00 1–3&5 300.0 80.0 2.00 389.000 

76 15 46 1,300.00 1–3&5 300.0 80.0 2.00 414.000 

77 15 46 1,300.00 1–3&5 300.0 80.0 2.00 468.000 

78 15 47 1,300.00 1–3&5 300.0 80.0 2.00 418.000 

79 15 47 1,300.00 1–3&5 300.0 80.0 2.00 442.000 

80 15 47 1,300.00 1–3&5 300.0 80.0 2.00 479.000 

81 15 48 1,300.00 1–3&5 300.0 80.0 2.00 405.000 

82 15 48 1,300.00 1–3&5 300.0 80.0 2.00 435.000 

83 15 48 1,300.00 1–3&5 300.0 80.0 2.00 485.000 

84 15 49 1,300.00 1–3&5 300.0 80.0 2.00 323.000 

85 15 49 1,300.00 1–3&5 300.0 80.0 2.00 357.000 

86 15 50 1,300.00 1–3&5 300.0 80.0 2.00 478.000 

87 15 50 1,300.00 1–3&5 300.0 80.0 2.00 495.000 
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Ref. 
No. 

Boiler 
No. 

Coal 
No. 

Fuel 
rating 

MWt 

Active 
B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 

(at 6 % O2) SA PA 

88 15 50 1,300.00 1–3&5 300.0 80.0 2.00 539.000 

89 15 51 1,300.00 1–3&5 300.0 80.0 2.00 413.000 

90 15 51 1,300.00 1–3&5 300.0 80.0 2.00 442.000 

91 15 51 1,300.00 1–3&5 300.0 80.0 2.00 511.000 

92 15 52 1,300.00 1–3&5 300.0 80.0 2.00 387.000 

93 15 52 1,300.00 1–3&5 300.0 80.0 2.00 439.000 

94 15 52 1,300.00 1–3&5 300.0 80.0 2.00 483.000 

95 15 53 1,300.00 1–3&5 300.0 80.0 2.00 392.000 

96 15 53 1,300.00 1–3&5 300.0 80.0 2.00 428.000 

97 15 53 1,300.00 1–3&5 300.0 80.0 2.00 478.000 

98 15 54 1,300.00 1–3&5 300.0 80.0 2.00 422.000 

99 15 54 1,300.00 1–3&5 300.0 80.0 2.00 464.000 

100 15 55 1,300.00 1–3&5 300.0 80.0 2.00 442.000 

101 15 55 1,300.00 1–3&5 300.0 80.0 2.00 472.000 

102 15 55 1,300.00 1–3&5 300.0 80.0 2.00 483.000 

103 15 56 1,300.00 1–3&5 300.0 80.0 2.00 482.000 

104 15 56 1,300.00 1–3&5 300.0 80.0 2.00 530.000 

105 15 57 1,300.00 1–3&5 300.0 80.0 2.00 453.000 

106 15 57 1,300.00 1–3&5 300.0 80.0 2.00 513.000 

107 15 57 1,300.00 1–3&5 300.0 80.0 2.00 551.000 

108 21 30 994.77 1–2 275.0 175.0 0.00 350.270 

109 21 28 795.82 1–2 275.0 175.0 0.00 275.130 
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Ref. 
No. 

Boiler 
No. 

Coal 
No. 

Fuel 
rating 

MWt 

Active 
B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 

(at 6 % O2) SA PA 

110 21 29 596.86 1–2 275.0 175.0 0.00 325.007 

111 18 17 2,859.24 1–3 350.0 75.0 1.62 420.000 

112 24 71 586.70 1–2 285.3 130.0 0.00 373.000 

113 24 72 560.20 1–2 282.6 140.0 0.00 390.000 

114 24 73 529.20 1–2 281.9 136.0 0.00 439.000 

115 24 74 500.70 1–2 279.2 95.0 0.00 387.000 

116 24 75 471.90 1–2 283.6 110.0 0.00 429.000 

117 24 76 454.30 1–2 274.5 111.0 0.00 478.000 

118 8 77 1,190.00 1–3 336.0 85.0 1.54 470.000 

119 23 78 651.72 1–2 254.0 125.0 0.00 147.000 

120 23 79 514.16 1–2 245.0 125.0 0.00 155.000 

121 23 80 431.38 1–2 230.0 125.0 0.00 150.000 

122 22 78 653.00 1–2 254.0 125.0 0.00 367.000 

123 17 81 1,727.80 1–5 300.0 100.0 2.25 746.340 

124 17 81 1,716.93 1–5 300.0 100.0 2.25 732.940 

125 17 81 1,677.83 1–5 300.0 100.0 2.29 777.870 

126 17 81 1,685.07 1–5 300.0 100.0 2.22 906.530 

127 17 81 1,656.11 1–5 300.0 100.0 2.34 784.640 

128 17 82 1,580.43 1–5 300.0 100.0 2.30 644.750 

129 17 82 1,594.89 1–5 300.0 100.0 2.23 620.170 

130 17 82 1,584.37 1–5 300.0 100.0 2.25 713.910 

131 17 82 1,581.74 1–5 300.0 100.0 2.26 671.720 
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Ref. 
No. 

Boiler 
No. 

Coal 
No. 

Fuel 
rating 

MWt 

Active 
B. E. 

Air temp. °C 
PA/ PF 

ratio 

������
 

mg/m³ STPdry 

(at 6 % O2) SA PA 

132 17 81 1,308.52 1–5 300.0 100.0 2.54 638.760 

133 17 81 1,035.52 1–5 300.0 100.0 3.21 632.940 

134 17 82 1,572.54 1–5 300.0 100.0 2.27 659.320 

135 28 83 1,396.80 1–3 369.0 65.0 2.51 458.400 

136 28 84 1,142.84 1–3 319.0 65.0 2.56 698.200 

137 28 85 761.89 1–3 306.0 65.0 2.62 771.300 

138 13 86 1,330.05 1–4 280.0 85.0 2.45 386.000 

139 19 87 1,315.00 1–3 325.0 70.0 2.00 250.000 

140 25 88 1,770.39 1–2 337.0 155.0 0.50 223.000 

141 26 88 1,770.39 1–2 337.0 155.0 0.52 230.000 

142 27 90 196.00 1–2 350.0 150.0 1.27 306.000 
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Table A2–25. Reference Air ratios 

Ref. 
No. 

nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 
O2 

Vol.–%, dry 

1 0.932 1.117 0.081 – – – 1.198 3.549 

2 0.750 0.950 0.250 – – – 1.200 3.576 

3 0.780 0.980 0.220 – – – 1.200 3.557 

4 0.906 1.070 0.150 – – – 1.220 3.859 

5 0.905 1.011 0.145 0.052 – – 1.208 3.698 

6 0.826 0.826 0.354 – – – 1.180 3.273 

7 0.752 0.964 0.216 – – – 1.180 3.262 

8 0.753 0.847 0.170 0.170 – – 1.188 3.385 

9 0.848 1.033 0.051 0.051 0.051 – 1.186 3.348 

10 0.800 0.800 0.183 0.183 – – 1.165 3.027 

11 0.800 0.800 0.208 0.208 – – 1.216 3.789 

12 0.800 0.800 0.221 0.221 – – 1.242 4.163 

13 0.800 0.800 0.172 0.172 – – 1.143 2.688 

14 0.800 0.800 0.195 0.195 – – 1.191 3.432 

15 0.800 0.800 0.231 0.231 – – 1.263 4.449 

16 0.800 0.800 0.180 0.180 – – 1.160 2.942 

17 0.800 0.800 0.194 0.194 – – 1.188 3.372 

18 0.800 0.800 0.230 0.230 – – 1.261 4.413 

19 0.800 0.800 0.173 0.173 – – 1.145 2.706 

20 0.800 0.800 0.193 0.193 – – 1.186 3.348 

21 0.800 0.800 0.236 0.236 – – 1.271 4.550 

22 0.800 0.800 0.183 0.183 – – 1.167 3.055 
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Ref. 

No. 
nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 

O2 

Vol.–%, dry 

23 0.800 0.800 0.205 0.205 – – 1.210 3.699 

24 0.800 0.800 0.231 0.231 – – 1.262 4.427 

25 0.900 1.030 0.150 – – – 1.180 3.268 

26 0.930 1.060 0.150 – – – 1.210 3.725 

27 0.930 1.060 0.120 – – – 1.180 3.276 

28 0.930 1.060 0.120 – – – 1.180 3.273 

29 0.860 1.010 0.057 0.057 0.057 – 1.180 3.259 

30 0.860 1.010 0.057 0.057 0.057 – 1.180 3.264 

31 0.843 0.973 0.069 0.069 0.069 – 1.181 3.274 

32 1.300 1.300 – – – – 1.300 4.921 

33 1.145 1.245 – – – – 1.245 4.180 

34 1.136 1.236 – – – – 1.236 4.060 

35 1.265 1.365 – – – – 1.365 5.670 

36 0.769 0.988 0.236 – – – 1.224 3.937 

37 1.160 1.260 – – – – 1.260 4.427 

38 0.971 0.971 0.182 – – – 1.153 2.841 

39 1.011 1.011 0.178 – – – 1.189 3.411 

40 1.022 1.072 0.065 – – – 1.137 2.560 

41 1.015 1.065 0.068 – – – 1.133 2.490 

42 1.091 1.141 0.005 – – – 1.146 2.700 

43 1.015 1.065 0.071 – – – 1.135 2.519 

44 0.872 0.922 0.212 – – – 1.135 2.519 

45 0.937 0.987 0.160 – – – 1.147 2.710 
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Ref. 

No. 
nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 

O2 

Vol.–%, dry 

46 0.922 0.972 0.164 – – – 1.136 2.530 

47 0.949 0.999 0.142 – – – 1.141 2.620 

48 0.879 0.929 0.207 – – – 1.136 2.540 

49 0.932 0.982 0.153 – – – 1.135 2.520 

50 0.953 1.003 0.131 – – – 1.134 2.503 

51 1.053 1.103 0.037 – – – 1.140 2.595 

52 0.839 0.889 0.240 – – – 1.128 2.411 

53 0.869 0.919 0.218 – – – 1.137 2.559 

54 1.033 1.083 0.055 – – – 1.138 2.570 

55 0.834 0.884 0.250 – – – 1.134 2.500 

56 1.047 1.097 0.110 – – – 1.207 3.630 

57 0.840 0.890 0.267 – – – 1.157 2.870 

58 0.888 0.938 0.223 – – – 1.161 2.940 

59 0.833 0.883 0.264 – – – 1.147 2.720 

60 0.770 0.770 0.109 0.109 0.109 0.109 1.207 3.665 

61 0.770 0.770 0.125 0.125 0.125 0.125 1.268 4.514 

62 0.770 0.770 0.104 0.104 0.104 0.104 1.186 3.346 

63 0.770 0.770 0.111 0.111 0.111 0.111 1.214 3.772 

64 0.770 0.770 0.106 0.106 0.106 0.106 1.193 3.452 

65 0.770 0.770 0.111 0.111 0.111 0.111 1.215 3.788 

66 0.770 0.770 0.121 0.121 0.121 0.121 1.253 4.321 

67 0.770 0.770 0.104 0.104 0.104 0.104 1.186 3.361 

68 0.770 0.770 0.113 0.113 0.113 0.113 1.223 3.895 



254 

Ref. 

No. 
nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 

O2 

Vol.–%, dry 

69 0.770 0.770 0.115 0.115 0.115 0.115 1.230 4.002 

70 0.770 0.770 0.113 0.113 0.113 0.113 1.223 3.918 

71 0.770 0.770 0.121 0.121 0.121 0.121 1.254 4.345 

72 0.770 0.770 0.104 0.104 0.104 0.104 1.187 3.381 

73 0.770 0.770 0.113 0.113 0.113 0.113 1.223 3.918 

74 0.770 0.770 0.112 0.112 0.112 0.112 1.216 3.811 

75 0.770 0.770 0.091 0.091 0.091 0.091 1.132 2.493 

76 0.770 0.770 0.110 0.110 0.110 0.110 1.208 3.668 

77 0.770 0.770 0.140 0.140 0.140 0.140 1.328 5.255 

78 0.770 0.770 0.108 0.108 0.108 0.108 1.201 3.556 

79 0.770 0.770 0.131 0.131 0.131 0.131 1.294 4.827 

80 0.770 0.770 0.151 0.151 0.151 0.151 1.374 5.773 

81 0.770 0.770 0.096 0.096 0.096 0.096 1.152 2.811 

82 0.770 0.770 0.111 0.111 0.111 0.111 1.216 3.770 

83 0.770 0.770 0.140 0.140 0.140 0.140 1.329 5.250 

84 0.770 0.770 0.094 0.094 0.094 0.094 1.147 2.744 

85 0.770 0.770 0.120 0.120 0.120 0.120 1.249 4.252 

86 0.770 0.770 0.089 0.089 0.089 0.089 1.124 2.367 

87 0.770 0.770 0.098 0.098 0.098 0.098 1.164 3.007 

88 0.770 0.770 0.126 0.126 0.126 0.126 1.274 4.594 

89 0.770 0.770 0.105 0.105 0.105 0.105 1.189 3.396 

90 0.770 0.770 0.124 0.124 0.124 0.124 1.265 4.470 

91 0.770 0.770 0.155 0.155 0.155 0.155 1.388 5.957 



255 

Ref. 

No. 
nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 

O2 

Vol.–%, dry 

92 0.770 0.770 0.094 0.094 0.094 0.094 1.147 2.741 

93 0.770 0.770 0.118 0.118 0.118 0.118 1.241 4.141 

94 0.770 0.770 0.140 0.140 0.140 0.140 1.332 5.312 

95 0.770 0.770 0.097 0.097 0.097 0.097 1.159 2.934 

96 0.770 0.770 0.117 0.117 0.117 0.117 1.239 4.111 

97 0.770 0.770 0.142 0.142 0.142 0.142 1.338 5.383 

98 0.770 0.770 0.084 0.084 0.084 0.084 1.107 2.055 

99 0.770 0.770 0.100 0.100 0.100 0.100 1.172 3.125 

100 0.770 0.770 0.084 0.084 0.084 0.084 1.107 2.063 

101 0.770 0.770 0.095 0.095 0.095 0.095 1.151 2.815 

102 0.770 0.770 0.107 0.107 0.107 0.107 1.200 3.562 

103 0.770 0.770 0.081 0.081 0.081 0.081 1.095 1.847 

104 0.770 0.770 0.101 0.101 0.101 0.101 1.172 3.135 

105 0.770 0.770 0.081 0.081 0.081 0.081 1.094 1.843 

106 0.770 0.770 0.100 0.100 0.100 0.100 1.172 3.129 

107 0.770 0.770 0.125 0.125 0.125 0.125 1.268 4.509 

108 0.953 1.050 0.170 – – – 1.220 3.810 

109 0.955 1.075 0.151 – – – 1.226 3.890 

110 1.173 1.283 0.194 – – – 1.477 6.800 

111 0.910 1.000 0.200 – – – 1.200 3.557 

112 0.870 1.170 0.080 0.120 0.027 – 1.397 6.060 

113 0.905 1.205 0.080 0.120 0.027 – 1.432 6.430 

114 0.976 1.276 0.080 0.120 0.027 – 1.503 7.120 



256 

Ref. 

No. 
nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 

O2 

Vol.–%, dry 

115 1.028 1.328 0.080 0.120 0.027 – 1.555 7.590 

116 1.103 1.403 0.080 0.120 0.027 – 1.630 8.210 

117 1.174 1.474 0.080 0.120 0.027 – 1.701 8.750 

118 0.769 0.959 0.239 – – – 1.198 3.568 

119 0.800 0.950 0.060 0.060 0.060 – 1.129 2.445 

120 0.850 1.000 0.064 0.064 0.064 – 1.192 3.447 

121 0.850 1.000 0.062 0.062 0.062 – 1.185 3.329 

122 1.050 1.150 – – – – 1.150 2.788 

123 1.000 1.010 0.103 0.069 – – 1.182 3.295 

124 1.000 1.010 0.082 0.092 – – 1.184 3.327 

125 1.000 1.010 0.145 0.009 – – 1.164 3.019 

126 1.105 1.115 0.047 0.004 – – 1.165 3.031 

127 1.058 1.068 0.053 0.027 – – 1.148 2.760 

128 1.000 1.010 0.096 0.064 – – 1.170 3.099 

129 1.000 1.010 0.095 0.064 – – 1.169 3.078 

130 1.100 1.110 0.036 0.024 – – 1.170 3.090 

131 1.050 1.060 0.072 0.048 – – 1.180 3.240 

132 1.000 1.010 0.248 0.016 – – 1.274 4.602 

133 0.950 0.960 0.305 0.019 – – 1.284 4.729 

134 1.050 1.060 0.066 0.044 – – 1.170 3.089 

135 0.861 0.891 0.300 – – – 1.191 3.411 

136 1.103 1.133 0.100 – – – 1.233 4.026 

137 1.301 1.326 0.050 – – – 1.376 5.800 



257 

Ref. 

No. 
nBZ nBB nOFA2 nOFA2 nOFA3 nOFA4 nTotal 

O2 

Vol.–%, dry 

138 0.890 0.905 0.090 0.209 – – 1.203 3.630 

139 0.820 0.970 0.115 0.058 0.058 – 1.200 3.538 

140 0.800 0.850 0.210 0.290 – – 1.350 5.495 

141 0.900 0.950 0.100 0.140 – – 1.190 3.390 

142 0.950 1.000 0.120 – – – 1.120 2.295 
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APPENDIX 3 – INPUT DATA SET FOR REGRESSION ANALYSIS 

Table A3–1. Results obtained from the field data 

Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  
at 6 % O2 

�	
���
 �	
��

 

1 4.450 1.945 0.877 1.812 1.325 18.216 489.108 489.000 

2 3.629 1.950 0.733 1.269 1.375 9.046 314.882 304.000 

3 5.448 1.950 0.760 1.285 1.362 14.139 411.649 425.000 

4 3.002 1.997 0.832 1.295 1.422 9.183 317.470 321.000 

5 4.089 1.969 0.885 1.330 1.315 12.466 379.862 380.000 

6 5.424 1.900 0.502 1.835 1.407 13.342 396.501 396.000 

7 3.244 1.899 0.737 1.703 1.226 9.476 323.037 319.000 

8 4.064 1.919 0.619 1.251 1.544 9.318 320.044 320.000 

9 4.495 1.915 0.802 1.145 1.357 10.716 346.609 303.000 

10 6.453 1.860 0.533 1.342 1.548 13.287 395.453 364.620 

11 6.453 1.987 0.503 1.342 1.547 13.398 397.564 397.580 

12 6.453 2.044 0.489 1.342 1.548 13.409 397.763 441.870 

13 3.378 1.798 0.547 1.289 1.548 6.631 268.997 266.770 

14 3.378 1.928 0.517 1.289 1.548 6.724 270.748 269.860 

15 3.378 2.084 0.479 1.289 1.548 6.729 270.845 290.460 

16 4.446 1.845 0.536 1.301 1.547 8.855 311.240 320.330 

17 4.446 1.919 0.519 1.301 1.547 8.918 312.442 329.600 
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Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  

at 6 % O2 

�	
���
 �	
��

 

18 4.446 2.080 0.480 1.301 1.547 8.934 312.739 364.620 

19 2.921 1.803 0.546 1.291 1.546 5.738 252.022 202.910 

20 2.921 1.916 0.520 1.291 1.546 5.809 253.364 211.150 

21 2.921 2.099 0.475 1.291 1.546 5.813 253.438 224.540 

22 3.997 1.865 0.532 1.297 1.547 7.951 294.071 300.760 

23 3.997 1.973 0.507 1.297 1.547 8.014 295.264 311.060 

24 3.997 2.082 0.479 1.297 1.547 8.001 295.021 317.240 

25 3.002 1.900 0.827 1.286 1.419 8.611 306.611 300.000 

26 3.244 1.974 0.831 1.365 1.423 10.337 339.408 385.000 

27 4.224 1.900 0.859 1.376 1.424 13.508 399.660 395.000 

28 4.019 1.900 0.859 1.363 1.424 12.724 384.758 355.000 

29 4.495 1.900 0.781 1.162 1.349 10.456 341.655 350.000 

30 4.203 1.900 0.781 1.141 1.350 9.598 325.370 390.000 

31 4.495 1.902 0.739 1.138 1.347 9.692 327.153 310.000 

32 4.495 2.145 1.000 3.872 1.364 50.920 1.110.487 1.110.000 

33 4.139 2.050 1.000 7.780 1.231 81.249 1.686.725 1.654.282 

34 4.373 2.032 1.000 7.879 1.235 86.503 1.786.563 1.788.667 

35 4.242 2.220 1.000 8.721 1.239 101.734 2.075.952 2.100.781 

36 6.186 2.005 0.725 1.743 1.257 19.709 517.470 525.000 

37 4.089 2.078 1.000 2.521 1.324 28.375 682.124 682.000 

38 3.950 1.825 0.762 2.578 1.600 22.662 573.580 606.540 

39 3.950 1.924 0.773 2.710 1.403 22.325 567.180 533.500 
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Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  

at 6 % O2 

�	
���
 �	
��

 

40 1.840 1.780 0.949 3.370 1.544 16.163 450.094 435.437 

41 1.799 1.768 0.947 3.347 1.542 15.530 438.061 425.472 

42 1.799 1.806 0.996 3.559 1.548 17.820 481.573 504.343 

43 1.871 1.774 0.944 3.362 1.543 16.262 451.984 459.446 

44 1.901 1.772 0.740 2.623 1.534 10.026 333.486 304.627 

45 1.953 1.808 0.799 2.674 1.537 11.598 363.355 336.412 

46 1.839 1.774 0.876 3.115 1.430 12.741 385.071 389.755 

47 1.981 1.791 0.892 3.155 1.432 14.297 414.639 410.082 

48 1.891 1.776 0.746 2.625 1.506 9.893 330.962 316.640 

49 1.868 1.772 0.805 2.673 1.541 10.988 351.777 372.887 

50 1.785 1.769 0.830 2.698 1.537 10.870 349.532 355.922 

51 1.870 1.787 0.949 2.906 1.549 14.285 414.418 459.676 

52 1.858 1.752 0.711 2.614 1.534 9.275 319.217 314.436 

53 1.785 1.780 0.734 2.619 1.534 9.372 321.062 330.320 

54 1.785 1.782 0.957 3.401 1.546 15.996 446.927 465.719 

55 1.870 1.769 0.701 2.615 1.530 9.289 319.485 309.301 

56 1.858 1.967 0.863 2.905 1.549 14.198 412.771 396.811 

57 1.858 1.837 0.690 2.614 1.531 9.427 322.119 322.422 

58 2.026 1.849 0.734 2.635 1.536 11.129 354.451 327.079 

59 1.969 1.808 0.690 2.614 1.507 9.686 327.043 319.763 

60 4.329 1.967 0.795 1.594 1.643 17.740 480.064 440.000 

61 4.329 2.093 0.780 1.594 1.645 18.531 495.081 468.000 
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Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  

at 6 % O2 

�	
���
 �	
��

 

62 4.329 1.915 0.801 1.594 1.643 17.390 473.413 440.000 

63 4.329 1.984 0.793 1.594 1.661 18.039 485.732 462.000 

64 4.329 1.932 0.799 1.517 1.861 18.863 501.397 514.000 

65 3.764 1.986 0.793 1.587 1.644 15.466 436.856 421.000 

66 3.764 2.066 0.783 1.587 1.644 15.893 444.962 417.000 

67 3.764 1.916 0.801 1.587 1.644 15.068 429.293 401.000 

68 3.764 2.003 0.791 1.587 1.644 15.558 438.602 427.000 

69 3.764 2.019 0.789 1.509 1.873 16.956 465.171 425.000 

70 3.220 2.005 0.791 1.587 1.646 13.338 396.426 398.000 

71 3.220 2.068 0.783 1.587 1.646 13.624 401.862 407.000 

72 3.220 1.918 0.801 1.587 1.648 12.931 388.691 392.000 

73 3.220 2.005 0.791 1.587 1.646 13.338 396.426 396.000 

74 3.220 1.988 0.793 1.510 1.864 14.287 414.462 452.000 

75 3.962 1.765 0.817 1.587 1.643 14.884 425.788 389.000 

76 3.962 1.970 0.795 1.587 1.643 16.171 450.250 414.000 

77 3.962 2.182 0.766 1.587 1.643 17.275 471.228 468.000 

78 4.087 1.952 0.797 1.586 1.643 16.569 457.814 418.000 

79 4.087 2.136 0.774 1.586 1.643 17.605 477.493 442.000 

80 4.087 2.227 0.757 1.586 1.643 17.956 484.165 479.000 

81 3.213 1.824 0.811 1.587 1.640 12.365 377.938 405.000 

82 3.213 1.987 0.793 1.587 1.640 13.179 393.396 435.000 

83 3.213 2.183 0.766 1.587 1.640 13.992 408.842 485.000 
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Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  

at 6 % O2 

�	
���
 �	
��

 

84 2.738 1.809 0.812 1.590 1.642 10.505 342.591 323.000 

85 2.738 2.057 0.784 1.590 1.642 11.539 362.242 357.000 

86 4.943 1.740 0.819 1.599 1.645 18.529 495.058 478.000 

87 4.943 1.856 0.807 1.599 1.645 19.481 513.138 495.000 

88 4.943 2.104 0.778 1.599 1.645 21.295 547.610 539.000 

89 3.134 1.923 0.800 1.589 1.642 12.582 382.049 413.000 

90 3.134 2.088 0.781 1.589 1.642 13.326 396.186 442.000 

91 3.134 2.237 0.754 1.589 1.642 13.796 405.132 511.000 

92 3.357 1.808 0.812 1.587 1.643 12.855 387.253 387.000 

93 3.357 2.041 0.787 1.587 1.643 14.050 409.941 439.000 

94 3.357 2.186 0.766 1.587 1.643 14.653 421.398 483.000 

95 3.632 1.844 0.808 1.586 1.643 14.106 411.023 392.000 

96 3.632 2.037 0.787 1.586 1.643 15.172 431.263 428.000 

97 3.632 2.194 0.764 1.586 1.643 15.867 444.477 478.000 

98 3.498 1.682 0.825 1.586 1.643 12.646 383.281 422.000 

99 3.498 1.878 0.805 1.586 1.643 13.778 404.788 464.000 

100 4.353 1.682 0.825 1.586 1.644 15.752 442.280 442.000 

101 4.353 1.821 0.811 1.586 1.644 16.766 461.551 472.000 

102 4.353 1.950 0.797 1.586 1.644 17.647 478.296 483.000 

103 4.691 1.642 0.829 1.590 1.643 16.671 459.755 482.000 

104 4.691 1.879 0.805 1.590 1.643 18.529 495.060 530.000 

105 4.883 1.641 0.829 1.589 1.642 17.335 472.359 453.000 
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Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  

at 6 % O2 

�	
���
 �	
��

 

106 4.883 1.878 0.805 1.589 1.642 19.266 509.051 513.000 

107 4.883 2.094 0.780 1.589 1.642 20.806 538.319 551.000 

108 0.893 1.998 0.726 5.607 1.245 9.040 314.760 350.270 

109 0.828 2.010 0.753 5.606 1.193 8.389 302.393 275.130 

110 0.843 2.254 0.739 6.259 1.145 10.063 334.202 325.007 

111 2.769 1.950 0.668 3.332 1.213 14.576 419.945 420.000 

112 1.153 2.242 0.704 4.720 1.627 13.975 408.523 373.000 

113 1.136 2.255 0.710 4.750 1.594 13.776 404.749 390.000 

114 1.136 2.244 0.722 4.858 1.556 13.914 407.372 439.000 

115 1.142 2.206 0.730 4.976 1.523 13.935 407.772 387.000 

116 1.162 2.106 0.740 5.201 1.490 14.048 409.918 429.000 

117 1.101 1.962 0.750 5.556 1.471 13.236 394.486 478.000 

118 7.015 1.945 0.717 1.440 1.227 17.297 471.643 470.000 

119 1.078 1.754 0.629 0.589 1.362 0.955 161.139 147.000 

120 1.042 1.932 0.624 0.588 1.276 0.944 160.933 155.000 

121 1.073 1.912 0.634 0.588 1.225 0.938 160.822 150.000 

122 1.078 1.817 1.000 4.435 1.358 11.797 367.134 367.000 

123 4.478 1.905 0.854 2.151 2.065 32.348 757.604 746.340 

124 4.478 1.910 0.849 2.151 2.056 32.109 753.063 732.940 

125 4.478 1.857 0.874 2.151 2.022 31.617 743.718 777.870 

126 4.478 1.859 0.957 2.552 2.043 41.541 932.277 906.530 

127 4.478 1.811 0.928 2.354 2.011 35.607 819.534 784.640 
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Ref. 

No. 
�� �� �� �� �� �� 

mg / m³ STPdry  

at 6 % O2 

�	
���
 �	
��

 

128 3.553 1.874 0.862 2.170 1.933 24.067 600.273 644.750 

129 3.553 1.871 0.863 2.170 1.945 24.202 602.829 620.170 

130 3.553 1.873 0.946 2.558 1.948 31.363 738.896 713.910 

131 3.553 1.899 0.896 2.347 1.940 27.512 665.737 671.720 

132 4.478 2.104 0.810 2.151 1.730 28.400 682.599 638.760 

133 4.478 2.120 0.774 2.012 1.537 22.716 574.606 632.940 

134 3.553 1.873 0.903 2.347 1.932 27.250 660.750 659.320 

135 1.789 1.927 0.610 5.897 1.441 17.853 482.201 458.400 

136 1.837 2.025 0.853 6.473 1.357 27.848 672.112 698.200 

137 1.747 2.228 0.931 7.463 1.227 33.189 773.589 771.300 

138 2.706 1.958 0.616 2.517 1.557 12.789 386.000 386.000 

139 2.090 1.950 0.613 1.728 1.305 5.632 250.011 250.000 

140 1.184 2.206 0.327 3.399 1.448 4.209 222.971 223.000 

141 1.184 1.926 0.518 2.676 1.449 4.579 229.997 230.000 

142 1.190 1.726 0.811 1.528 3.370 8.579 305.998 306.000 
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Table A4–1. General FPP–2 reference data 

Tangential–fired boiler (606 MWe) located in USA, Texas 

System design    

Burner elevations 6 – 

Furnace depth 16.05 m 

Furnace width 19.81 m 

Furnace height 45.30 m 

Burner elevation vertical spacing 2.50 m 

Distance between burner elevation 1 and hopper 6.00 m 

Distance between burner elevation 6 and CCOFA 2.50 m 

Width of slagging slot 1.20 m 

Hopper height 10.604 m 

General operational settings   

Primary NOx level (BE 1– 5, BE 1–4&6, BE 2–6) 785, 850, 860 mg / m³ STPdry
1
 

Air ratio (miscellaneous)  0.05 – 

Secondary air temperature 370.65 °C 

Classifier outlet temperature 65.35 °C 

Air / coal ratio 2.15 – 

Average combustion temperature 1,400 °C 

  

                                                 
1 Corrected at 6 % O2. 
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Table A4–2. FPP–2 reference coal compositions 

Reference 
test No. 

acc. to 
Hwang 

[202] 

LHV Analysis results in wt.–% on a as received basis 

MJ / kg 

Proximate Ultimate 

VM W Ash C H S O N 

2 19.092 31.47 27.39 5.16 51.47 2.65 0.30 12.34 0.69 

3A 19.014 31.48 27.61 5.13 50.86 2.58 0.30 12.84 0.68 

3C 19.014 31.48 27.61 5.13 50.86 2.58 0.30 12.84 0.68 

4 19.317 30.90 26.88 5.42 52.77 2.27 0.35 11.64 0.67 

5 18.848 30.73 27.63 5.14 51.85 2.65 0.24 11.82 0.67 

6 18.610 30.85 28.88 4.99 50.44 2.61 0.33 11.99 0.76 

7 18.429 30.77 30.18 4.62 49.71 2.58 0.32 11.90 0.69 

8 18.728 30.63 28.14 4.85 51.21 2.58 0.27 12.21 0.74 

9 19.014 31.22 28.10 4.96 51.80 2.67 0.33 11.44 0.70 

10A 18.801 30.99 28.54 5.11 51.74 2.56 0.32 11.05 0.68 

10B 18.760 30.58 29.55 5.18 50.15 2.56 0.30 11.63 0.63 

10C 18.754 31.48 28.39 5.17 51.29 2.47 0.30 11.64 0.74 

10D 18.938 31.18 27.88 4.77 52.64 2.52 0.30 11.23 0.66 

11A 18.760 30.58 29.55 5.18 50.15 2.56 0.30 11.63 0.63 

11B 18.760 30.58 29.55 5.18 50.15 2.56 0.30 11.63 0.63 

12 18.754 31.48 28.39 5.17 51.29 2.47 0.30 11.64 0.74 

13A 18.938 31.18 27.88 4.77 52.64 2.52 0.30 11.23 0.66 

13B 18.938 31.18 27.88 4.77 52.64 2.52 0.30 11.23 0.66 

14 18.524 29.98 28.91 4.87 51.94 2.52 0.29 10.76 0.71 

15 18.876 30.62 27.45 5.24 53.13 2.66 0.31 10.53 0.68 
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Table A4–3. FPP–2 reference NOx emissions for all tests 

Reference 
test No. acc. 

to Hwang 
[202] 

Burner 

elevation 

Boiler 
load 

Fuel 
rating 

Oxygen 
level 

NOx  
economizer outlet 

MWe MWt %, dry ppm mg / m³ STPdry
2
 

2 2 – 6 607 1,567.32 2.56 261 435.437 

3A 2 – 6 607 1,567.32 2.49 256 425.472 

3C 2 – 6 607 1,567.32 2.70 300 504.343 

4 2 – 6 607 1,567.32 2.52 276 459.446 

5 1 – 5 607 1,567.32 2.52 183 304.627 

6 1 – 5 607 1,567.32 2.71 200 336.412 

7 1 – 4& 6 608 1,569.90 2.53 234 389.755 

8 1 – 4& 6 607 1,567.32 2.62 245 410.082 

9 1 – 5 579 1,500.00 2.54 190 316.640 

10A 1 – 5 610 1,575.06 2.52 224 372.887 

10B 1 – 5 607 1,567.32 2.50 214 355.922 

10C 1 – 5 609 1,572.48 2.60 275 459.676 

10D 1 – 5 609 1,572.48 2.42 190 314.436 

11A 1 – 5 610 1,575.06 2.56 198 330.320 

11B 2 – 6 609 1,572.48 2.57 279 465.719 

12 1 – 5 608 1,569.90 2.50 186 309.301 

13A 1 – 5 608 1,569.90 3.63 224 396.811 

13B 1 – 5 607 1,567.32 2.87 190 322.422 

14 1 – 5 607 1,567.32 2.94 192 327.079 

15 1 – 5 582 1,505.24 2.72 190 319.763 

                                                 
2 Corrected at 6 % O2. 



269 

Table A4–4. FPP–2 air volume flow according to damper opening
3
 

Reference 
test No. acc. 

to Hwang 
[202] 

Damper opening Air volume flow 
OFA 

share of 

total air 

Air ratio 

Aux. air OFA Aux. air OFA OFA Total 

2 72.5 % 80 % 94 % 96 % 5.8 % 0.065 1.137 

3A 72.0 % 100 % 94 % 100 % 6.0 % 0.068 1.133 

3C 100.0 % 10 % 99 % 45 % 0.5 % 0.005 1.146 

4 71.6 % 80 % 94 % 96 % 6.2 % 0.071 1.136 

5 54.2 % 80 % 81 % 96 % 18.7 % 0.212 1.135 

6 58.6 % 80 % 86 % 96 % 13.9 % 0.160 1.147 

7 58.3 % 80 % 85 % 96 % 14.4 % 0.164 1.136 

8 60.7 % 80 % 87 % 96 % 12.5 % 0.142 1.141 

9 54.5 % 80 % 81 % 96 % 18.2 % 0.207 1.136 

10A 59.7 % 80 % 86 % 96 % 13.4 % 0.153 1.135 

10B 59.2 % 50 % 87 % 89 % 11.6 % 0.131 1.134 

10C 70.3 % 10 % 93 % 46 % 3.2 % 0.037 1.14 

10D 51.5 % 80 % 78 % 96 % 21.1 % 0.240 1.134 

11A 53.9 % 80 % 80 % 96 % 19.2 % 0.218 1.137 

11B 74.4 % 80 % 95 % 96 % 4.8 % 0.055 1.138 

12 51.0 % 80 % 77 % 96 % 22.1 % 0.250 1.134 

13A 67.0 % 80 % 91 % 96 % 9.1 % 0.110 1.207 

13B 50.8 % 80 % 76 % 96 % 23.0 % 0.267 1.157 

14 53.8 % 80 % 80 % 96 % 19.2 % 0.223 1.161 

15 50.0 % 80 % 76 % 96 % 23.0 % 0.264 1.147 
 

                                                 
3 According to Figure 34. 
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