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Chapter 4  Nitrogen
4.1 Introduction

Probably the most damaging of the hazardous nitrogen compounds formed
during combustion are nitric oxide (NO) and nitrogen dioxide (NO2). These
are commonly referred to as NOx. Of the NOx emissions, some 95 % or
more usually is NO, whereas the fraction of NO2 remains less than 5 %.
Later on, in the atmosphere a large part of the nitric oxide is oxidized to
nitrogen dioxide, so the environmental effects of emissions of both these
compounds are very similar. Acid fall-out and participation in the formation
of photochemical smog and ozone in big cities with lively traffic are some
of the well-known harmful effects of NOx for the evironment.

Nitrogen oxides have not been in focus of research as long as the sulfur
oxides (SOx). The nitrogen oxides started to attract the necessary attention
during the 1970s. Whereas due to various actions the emissions of SOx have
been reduced in Europe some 60 % since 1980, the NOx emissions have
decreased in the same period by about 15 %, after increasing still until 1990

(Acid News, 2000). Figure 4.1
shows the emission of nitrogen
oxides in Europe in 1994,
which looks very similar to the
picture for sulphur oxides
(Figure 3.1).

At this moment the annual
man-made NOx emission in
Europe is in the order of 7 Mt
N. Main sources of NOx are
traffic and the combustion
processes in heating and power
plants. In Western Europe
traffic is responsible for most
of the emissions, whereas in
Eastern Europe and Russia the
NOx emissions mainly
originate from combustion of

coal. Tighter NOx emission limits have been set on both sources in Western
Europe, without which the NOx emissions would have increased a lot more
as a result of increased traffic and power consumption.

Figure 4.1 Annual emissions of NOx in
Europe in 1994, in tonnes of N (picture from
Ågren and Elvingson, 1997)
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The NOx emissions in Finland were about 0.082 Mt N in 1987, of which 60
% was due to traffic. The share of combustion processes for heat and
power generation was about 30 %, and the remainder originated mainly
from other industrial processes. Finland is committed by international
agreements to stabilize the NOx emissions to the 1980 level by 1995.
Finland has also signed a proclamation that calls for reducing the NOx
emissions approximately 30 % by 1998, as reckoned from the 1980 level.
This objective means an annual NOx emission of about 0.056 Mt N.

Since the 1980s, attention has been drawn to a third nitrogen oxide, the
nitrous oxide (N2O) also known as laughing gas. The concentration of
nitrous oxide in the atmosphere is about 320 ppbv (volumetric parts per
billion), and it is observed to increase by 0.2 % annually. This increase is
entirely due to human activity. Until recently it was thought that nitrous
oxide is environmentally inert and harmless, but now it is generally accepted
that it is an important factor in the destruction of ozone in the higher
atmosphere. The nitrous oxide is also what is referred to as a greenhouse
gas, and its effect in changing the climate is significant. As compared to
various other pollutants, the nitrous oxide is a very stable compound in the
atmosphere. Its lifetime in the atmosphere is estimated to be some 150
years, at a global warming potential (GWP) of 310 (for CO2, GWP=1) (US,
1997). Figure 4.2 illustrates the role of nitrous oxide as a greenhouse gas and
in ozone layer depletion.

According to flue
gas
measurements
done in the early
1980s,
combustion
processes and
burning coal in
fluidised beds, in
particular, were
characterised by
high N2O
emissions. These
conclusions,
however, turned
out to be wrong.
The reason for
the initially high

measured N2O emissions at coal combustion was the formation of nitrous
oxide from nitric oxide when water and sulphur dioxide were present in a
sample bag that was analysed off-line (de Soete, 1988). New measuring

Figure 4.2 The role of N2O as a greenhouse gas and in
ozone layer depletion (picture from Pels, 1995)
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methods where
the formation of
nitrous oxide is
prevented show
that the N2O
emission from
most
combustion
processes is less
than 5 ppmv.
The only
exception seems
to be fluidized
bed
combustion,
where the
emission of

nitrous oxide is significant. For instance, a typical N2O emission for
fluidized bed combustion of coal ranges between 10 and 150 ppmv. Some
methods for reducing NO, e.g., adding of urea in SNCR (Thermal DeNox)
processes (* section 4.9.2), may have as side effect significant N2O
emissions as well. Data presented by de Soete in 1990 on global
antropogenic and natural sources are given in Figure 4.3.

The global emission of nitrous oxide from the combustion processes for
heat and power generation is currently estimated to amount to between 0.1
and 0.3 Mt N annually. This is less than 10 % of all N2O emissions caused
by human action. The largest contributors to nitrous oxide emissions due to
human activity are agriculture (fertilized fields, rice cropping, burning of
biomass when clearing land for agriculture), sewers, used automobile
catalysts, and industries such as the production of nylon (adipic acid) and
nitric acid.

It is noted that significant amounts of nitrogen are emitted into the
environment in the form of ammonia, NH3, mainly by agricultural activities.
This is illustrated by Figures 4.4 and 4.5, which give the emissions of NH3

and the combined deposition of NOx and NH3, respectively, in Europe in
1994 (Ågren and Elvingson, 1997). In fact, the emissions of NH3 appear to
exceed those of NOx as given in Figure 4.1. In the environment NH3 is
eventually oxidised which leads to acidification of soils, for example.

Table 4.1 gives a shortlist on emissions of nitrogen compounds as a result
of human activities.

Figure 4.3  Global sources of N2O. “100% FBC” indicates a
situation where all stationary coal and peat combustion would
be in FBC. Note that natural sources are ~ 3x anthropogenic
sources. (de Soete, 1990, picture from Pels, 1995)
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Table 4.1 Emissions of nitrogen compounds and human activities

Sources for NOx Traffic ~ 60 %
Fossil fuel-fired heat and power ~ 30 %

Industry ~ 10 %

Sources for NH3 Agriculture ~ 80 %

Sources for N2O Fossil fuel-fired heat and power ~ 30 %
Forest fires, landgain, ….. ~ 60 %

Industry (e.g. adipic acid production) ~ 10 %

In this chapter, a short discussion on nitrogen in fuels will be given first.
Then we address the formation and decomposition mechanisms of nitrogen
oxides during combustion in burners, and present combustion methods
developed for limiting the NOx formation. The importance of chemical
reaction kinetics is illustrated by a few examples. The treatment is focused
mainly on nitric oxide, since it is usually the only significant nitrogen oxide
in the combustion environment. The formation and decomposition
reactions involving nitrogen dioxide is discussed only briefly.

After that, De-NOx methods such as selective catalytic reduction (SCR) and
selective non-catalytic reduction (SNCR) are described. The second
important issue are nitrogen oxides from fluidized bed combustion, and

Figure 4.4 Annual emissions of NH3 in
Europe in 1994, in tonnes of N (picture from
Ågren and Elvingson, 1997)

Figure 4.5 Annual deposition of
NH3 + NOx in Europe in 1994,
in mg N/m² (picture from
Ågren and Elvingson, 1997)
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factors affecting the chemistry of their formation and reduction. Also the
effect of pressure on the reactions of nitrogen compounds in the
pressurized combustion and gasification processes will be discussed. This is
followed by a short analysis on the removal of NH3 and HCN from
gasification product gases and NO emissions from gas turbine combustion.
Finally, NO emission control from transport vehicles is briefly addressed.

4.2 Nitrogen in fuels

The amounts of nitrogen found in different types of fuel vary significantly.
Some natural gases contain virtually no nitrogen, whereas e.g. urea-
formaldehyde glue found in wood waste from furniture manufacturing may
contain more than 30% nitrogen. Table 4.2 lists the nitrogen contents of the
most common fuels. Whilst in natural gases nitrogen is usually present as
N2, it is found in a chemically bound organic form in other fuels. In coal, a
large part of the fuel-nitrogen (“fuel-N”) is bound in aromatic structures
such as pyridines and pyrroles, whilst more amino-type structures are found
in wood and peat. Figure 4.6 shows several model compounds considered
by Hämäläinen et al. (1994) as model compounds in a study on nitrogen
oxides formation from (solid) fuel-N. Based on studies like these some
explanation was found for the fact that coal releases much fuel-N in the
form of HCN, whilst “younger” fuels like peat and wood release most of

Figure 4.6 Model compounds
representing typical nitrogen-containing
structures in fossil fuels and biomass
(picture from Hämälainen et al., 1994)
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the fuel-N as NH3 during the pyrolyis/ devolatilisation stage. As will be
discussed below, this may determine whether the fuel-N will leave the
process as NOx, N2O or N2.

A second factor of importance is what fraction of the fuel-N is released
from the fuel as volatile nitrogen compounds and what fraction remains in
the char as char-N. NOx abatement techniques, i.e. furnace design and
operation methods aiming at NOx emission reduction are less effective in
controlling the fate of char-N than volatile-N. Hence, information on the
nitrogen content of char is essential for the prediction of NOx emissions
from furnaces and boilers (Rozendaal, 1999).

Table 4.2 Typical values for the nitrogen content of fuels (dry %-wt)

Fossil fuels Biomasses  & waste - derived fuels
Coal 0.5 – 3 Wood 0.1 – 0.5

Bark ~ 0.5
Oil < 1 Straw 0.5 – 1

Natural gas 0.5 – 20
Light fuel oil ~ 0.2 Sewage sludge ~ 1
Heavy fuel oil ~ 0.5 Car tyre scrap ~ 0.3

Municipal solid waste
(MSW)

1 – 5

Peat 1 – 2 Refuse derived fuel
(RDF)

~ 1

Packaging derived fuel
(PDF)

~ 1

Petroleum coke ~ 3 Auto shredder residue
(ASR)

~ 0.5

Leather waste ~ 12

Orimulsion™ ~ 4 Black liquor solids 0.1 - 0.2

For waste-derived fuels the situation is more complex, mainly due to the
presence of nitrogen-containing polymers and plastics fractions. Nylon
(poly amides) and poly urethane foams found in auto shredder residues and
end-of-life refrigerators, for example, have nitrogen contents of the order of
10%-wt. In what form and at what point this fuel-N is released during
combustion or gasification is largely unknown (Zevenhoven et al., 2000,
1999, Bockhorn et al., 1996, Cullis and Hirschler, 1981). Besides some
industrial wastes, nitrogen-containing fractions represent only a small
fraction in typical waste-derived fuels, though. Sewage sludge contains
nitrogen in the form of urea (Werther and Ogada, 1999).
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4.3 Emission standards for NOx

Maximum allowable NOx emissions are dependent on the type of fuel and
the size, type and location of the facility from which they arise. Tabelised
data is presented and frequently updated by various authorities which, in
general, show lower allowable emissions with each update. Typically, new
and existing facilities are distinguished in order to reduce economic burden
on older facilities. For coal and peat, NOx emission standards for Finland
(1995) and the European Community (1988) are given in Tables 4.3 and 4.4.
The World Bank suggests a worldwide emission limit for all new coal-fired
units of 750 mg/m³STP (dry) @ 6 % O2 (McConville, 1997.)

Table 4.3 NOx (as NO2) emission standards for Finland (1995)

Type of plant New /
Existing

Plant size
(MWth)

Emission standard
(mg/m3STP dry 6% O2)

Comments

Combustor, hard coal New 50 - 150 405 Guideline

Combustor, peat, lignite New 50 – 300 405 Guideline

Combustor, peat, lignite New > 300 135 Guideline

Utility, hard coal New > 150 135 Guideline

Combustor, hard coal,
tangential firing

Existing* > 100 485 Guideline

Combustor, hard coal,
wall firing

Existing* > 100 620 Guideline

Combustor, hard coal,
others

Existing* > 100 405 Guideline

Combustor, peat,
pulverised fuel firing

Existing* > 100 485 Guideline

Combustor, peat, stoker
firing

Existing* > 100 150 Guideline

* lifetime > 15000 hours after 1.1.95

Table 4.4 NOx (as NO2) emission standards for the European
Community (1988)

Type of plant New /
Existing

Plant size
(MWth)

Emission standard
(mg/m3STP dry 6% O2)

Comments

Combustion, coal New * < 50 650

Combustion, coal New * > 50 1300 volatiles < 10%

* construction licence after July 1 1988
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For waste firing, the NOx emission standard for Finland (as of 1.8.1994) is
50 mg/m³STP (dry) @ 10 % O2 (Finland, 1994). For cement plant the value
lies at 800 mg/m³STP (dry) @ 10 % O2 as of 1.1.2001. The future value that
is proposed by the European commission (2000) is 200 mg/m³STP (dry) @
10 % O2, (daily mean) for waste firing, and  500 mg/m³STP (dry) @ 10 % O2

for cement plants.

4.4 Nitrogen oxides: thermodynamics versus chemical
kinetics

Figure 4.7 shows typical measured NO concentrations for combustion of
coal, oil, or natural gas in a boiler without any means of reducing the NO
concentration. The corresponding thermodynamic nitric oxide equilibrium
concentration has also been drawn in the figure. It is seen that the nitric
oxide equilibrium concentration is practically independent of the fuel,
because the nitrogen contained in the fuel is only a small fraction
(approximately 1/1000) of the total amount of nitrogen entering the
combustion unit. At a typical furnace temperature of 1400 to 1500°C the
magnitude of the nitric oxide equilibrium concentration is about 1000
ppmv. However, the NO equilibrium concentration drops steeply at a
falling temperature and is only about 1 ppmv at a temperature of 600°C. At
the end of the flue duct, at a temperature of 150°C, the NO equilibrium
concentration is practically zero. If the NO concentration would reach
equilibrium in the
combustion unit, the NO
emission should be
insignificant. However, the
NO concentration in flue
gases is usually several
hundreds of ppmv,
depending on the fuel used.
This is mainly due to the
slow kinetics of nitric oxide
reactions.

An example of the slowness
of the reactions is seen also
in Figure 4.7. In the
combustion zone at a
temperature of 1300 to
1700°C, the NO
concentration does not rise

Figure 4.7 Formation of nitric oxide in pulverized
coal, oil, and natural gas firing, respectively,
without any NO reduction methods, and
comparison to corresponding thermodynamic
equilibrium concentrations (Kilpinen, 1995)
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to the equilibrium level because of the slowness of the NO formation
reactions, but significant amounts of NO are yet formed. As the flue gases
cool down, the NO decomposition reactions, on the other hand, become
slow and the NO concentration almost ”freezes” at the level reached in the
combustion zone.

It is obvious that describing the combustion NO emission requires
knowledge on the kinetics of nitric oxide formation and decomposition
reactions. This holds also for nitrogen dioxide (NO2) and nitrous oxide
(N2O). The nitrogen oxide formation and decomposition kinetics in
combustion are quite complicated. Since a good understanding of the basics
of formation and decomposition of nitrogen oxides is one prerequisite for
reducing nitrogen oxide emissions, the formation and decomposition
mechanisms of nitrogen oxides have been under extensive study during the
past five decades. The nitrogen oxide emission components are interesting
in the sense that their formation in combustion may, in contrast to sulfur
oxides, be significantly reduced, with N2 as a harmless product.

The possibility of reducing the nitrogen oxides during the combustion stage
has actually been a contributing factor in the development of new
combustion methods in the past couple of decades. As a result, conditions
in the boiler furnace are today very different from before the 1980s and
NOx emissions have been significantly reduced. The NOx emission aspect
has also influenced the development of entirely new combustion
techniques, e.g., fluidized bed combustion. Removing nitrogen oxides
directly at the combustion process (primary measures) is usually much more
favorable than removing the nitrogen oxides later from the flue gases
(secondary measures).

All principal nitrogen oxide reactions at combustion are at present rather
well known. For many reactions the kinetic constants are also known. For
some reactions, however, there is some uncertainty as to the values of the
constants. Despite this, it has been possible in the past several years to
successfully use kinetic modeling based on elementary reactions for
studying nitrogen oxide emissions for many different combustion
applications.

An example of kinetic model calculations based on elementary reactions is
shown in Figure 4.8 for combustion of pyrolysis gases typical for coal in
excess air. The temperature is assumed to be 850°C and the pressure 1 bar.
According to the calculations, hydrogen (H2) and carbon monoxide (CO)
are oxidized to water and carbon dioxide in a period of one to ten
milliseconds.
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The oxidation of the
carbon monoxide is
somewhat slower than that
of the hydrogen. Also the
hydrogen cyanide (HCN)
of the pyrolysis gases is
oxidized in the same
period, and its nitrogen is
under the same conditions
almost completely
converted into nitric
oxide.

Figure 4.8 also shows the
”radical overshoot” typical
for gas reactions in
combustion, which means
that the concentrations of
elements such as oxygen
and hydrogen atoms (O,
H) and hydroxyl radicals

(OH) are high at the oxidation front/maximum and drop thereafter to
equilibrium values. Under the conditions stated above, the equilibrium
values of O, H, and OH are less than 1 ppmv. The oxygen and hydrogen
atoms, and the hydroxyl radical, are extremely reactive components in
combustion. They are responsible for the actual fuel combustion and the
formation of nitrogen oxides in the course of several hundreds of
elementary chain reactions.

In Figure 4.8, TFN represents total fixed nitrogen, i.e. all nitrogen that is
released as compounds other than N2. Below, it may be also referred to as
Nfix.

4.5 Nitric oxide formation mechanisms during burner
combustion

In combustion, nitric oxide is formed from two sources: from the molecular
nitrogen in the combustion air (N2) and from (mainly organic) nitrogen
(fuel-N) which is contained in some fuels. In the following we will discuss
the main mechanism for NO from both these sources.

Figure 4.8 Concentrations of the different
components as calculated as functions of time, for
combustion of coal pyrolysis gases with excess air
under plug flow conditions. Temperature 850°C,
pressure 1 bar. Initial gas concentrations by
volume-%: 8 CO, 6 CO2, 3 H2, 2 H2O, 0.05 HCN,
8 O2, 73 N2. (picture from Kilpinen et al. 1994).
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4.5.1 Oxidation of nitrogen in combustion air to NO

A short summary of the mechanisms for NOx formation, which will be
discussed below, is given in Figure 4.9.

Thermal NO

Formation of nitric oxide from molecular nitrogen requires breaking of the
strong bond between the nitrogen atoms in N2 (bondage energy approx.
950 kJ/mol). Under combustion conditions an oxygen molecule or atom is
not capable of breaking this bond and even at higher temperatures a direct
reaction  between molecular nitrogen and molecular oxygen is too slow to
take place:

N2 + O2 → 2NO (R4-1)

Instead, the formation of nitric oxide of molecular nitrogen takes place
through a chain reaction. This reaction is initiated by a nitrogen molecule
and an oxygen atom:

N2 + O → NO + N (R4-2)
N + O2 → NO + O (R4-3)

The reaction mechanism (R4-2 + R4-3) was first introduced in the 1940s,
and is referred to, according to the introducer, as the Zeldovich mechanism.

It has been observed later that, with less excess air and under
substoichiometric, reducing conditions, the effect of O2 as an oxidizer of
nitrogen atoms (reaction R4-3) is reduced. The nitrogen atoms released at
reaction R4-2 are then oxidized to nitric oxide mainly by hydroxyl radicals:

N + OH → NO + H (R4-4)

Figure 4.9 Summary of
NO and NO2 formation
mechanisms from N2 in
relation to burner
combustion (Kilpinen, 2000)

n:o Reaction  
   
 
1 Thermal NO  
 N2 + O → NO + N 
 N + O2 → NO + O 
 N + OH → NO + H 
 
2 Prompt NO  
 N2 + CH → HCN + N 
           +O             +H          +H         +O2,+OH 
 HCN → NCO → NH → N → NO 
 
3 Formation via N2O intermediate  
 O + N2 + M → N2O + M 
 N2O + O → 2NO
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The reaction mechanism (R4-2 + R4-3 + R4-4) is known as the extended
Zeldovich mechanism.

Reaction (R4-2) has a very high activation energy (Ea = 320 kJ/mol), and in
combustion, reaction (R4-2) is a factor limiting the reaction rate of the
Zeldovich mechanism. The concentration of oxygen atoms required for
initiation of reaction (R4-2) is strongly dependent on temperature: the
concentration of oxygen atoms increases with increasing temperature. At
low temperatures the concentrations of oxygen atoms are significant only
over a very short duration at the actual oxidation (see Figure 4.10).

Together the two factors above make the conversion of combustion air
nitrogen to nitric oxide very sensitive to temperature. Owing to this, the
nitric oxide formed according to Zeldovich mechanisms is commonly
known as thermal NO.

The calculated formation rate of thermal NO appears practically
insignificant if the combustion temperature is below 1400 °C. On the other
hand, if the temperature rises, especially over 1600 °C, the formation of NO
is strongly accelerated (see Figure 4.10). By lowering temperature peaks and
minimizing the flue gas residence time at high temperature zones, the
formation of thermal NO may be reduced. Suitable methods for lowering
temperature peaks are, e.g., to recirculate part of the cooled flue gases back
to the combustion zone, reducing combustion air preheating, and arranging
the air supply to the burner so as to produce a long flame with efficient
radiation. Formation of NO is also reduced by reducing the excess air,
which results in a reduction of the concentration of oxygen atoms (O).

Figure 4.10 Calculated results showing the significance of different NO formation
mechanisms as related to temperature and residence time when burning methane
under stirred reactor conditions (CSTR). Pressure 1 bar, stoichiometric ratio 1.15.
Residence time 1 ms in the left hand diagram and 10 ms in the right hand diagram.
(Kilpinen, 1995, data from Glarborg, 1993)
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During combustion in a conventional burner, the share of thermal NO may
typically be hundreds of ppmv. The methods described above are common
practice nowadays for reducing NO emissions from burners. The efficiency
of the methods, however, is very case-specific, because the NO reduction
obtained is often a matter of optimization against falling overall efficiency
and increase of incombustibles in ash and unburned emission components,
e.g., CO and CxHy. As a rule, the reduction of NO with above-mentioned
methods remains in the range of 10 to 30 %.

Prompt NO

In the 1970s, Fenimore showed that not all nitric oxide formed in,
especially, understoichiometric hydrocarbon flames could be explained with
the Zeldovich mechanisms. He suggested instead that, under these
conditions the nitrogen in the combustion air reacts into nitric oxide
through another mechanism, which is initiated by a reaction between N2

and a CH radical as follows:

N2 + CH → HCN + N (R4-5)

If oxygen-containing components are present, the hydrogen cyanide (HCN)
produced in the reaction and the nitrogen atom (N) react further to nitric
oxide through several reaction phases. Under most conditions, the main
reaction path is as follows:

       HCN + O→ NCO + H → NH + H → N + O2, + OH → NO (R4-6)

Formation of nitric oxide according to the above-mentioned mechanism
occurs only in a combustion zone of the flame where the combustion is
incomplete and hydrocarbon radicals necessary for reaction R4-6 are
present. The formation of nitric oxide is usually very fast, and the nitric
oxide formed is called prompt NO. In contrast to thermal NO, prompt NO
depends only slightly on temperature (see Figure 4.10).

When compared to thermal NO, the proportion of prompt NO is largest
under cooler, under-stoichiometric conditions and short residence times.
During combustion in actual burners, the proportion of prompt NO in the
NO emissions is estimated to be usually low, about 5 %.
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Formation of NO through intermediate component N2O

Also a third mechanism for reaction of molecular nitrogen to nitric oxide
was presented in the 1970s. This calls first for an oxygen atom (O) and N2

to combine to laughing gas according to the following reaction:

 O + N2 + M → N2O + M (R4-7)

where M represents any gas or other “third body” component. The laughing
gas formed reacts again, either back to N2 or to NO, depending on
conditions. Generally, formation to molecular nitrogen governs. However,
when the air ratio and temperature increase, the formation of nitric oxide
also increases. The main reaction to nitric oxide is then:

N2O + O → 2NO (R4-8)

The significance of mechanism (R4-7+ R4-8) for the NO emission from
actual combustion equipment is not fully clarified. Only the recent progress
made with kinetic modeling of nitrogen reactions has brought the
mechanism (R4-7+ R4-8) for nitric oxide formation into focus. However, it
is likely that the proportion of NO emission due to mechanism (R4-7+R4-
8) in normal
burner operation
is rather small,
possibly
somewhat larger
than that of the
prompt NO (see
Figure 4.10). On
the other hand, in
combustion
equipment where
the air rate is high
NO formation via
N2O intermediate
is significant
according to
model calculations
- see Figure 4.11.

Figure 4.11 Calculated results of the significance of NO
formation mechanisms versus air factor when burning
methane under stirring reactor (CSTR) conditions. Pressure
1 bar, residence time 4 ms. (Kilpinen 1995, data from
Glarborg, 1993)
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4.5.2 Oxidation of fuel nitrogen to NO

Typical nitrogen contents of different fuels are given in Table 4.2. As
compared to the amount of nitrogen in combustion air, the amount of fuel
nitrogen is much smaller. It is, however, markedly more reactive. The
bonding energy in nitrogen compounds originating in fuel varies between
150 and 750 kJ/mol. Consequently, the NO emission from nitrogen-rich
fuels is, as a rule, clearly higher than from a fuel containing no nitrogen. The
nitric oxide produced at firing pulverized coal originates mainly (~ 80%)
from fuel nitrogen. As the fuel is pyrolyzed, part of its nitrogen is released
and forms small molecular, gaseous cyano and cyanide compounds, e.g.,
hydrogen cyanide HCN and amino compounds such as ammonia NH3. If
oxygen-containing compounds are present, the HCN and NH3 compounds
are oxidized further to nitric oxide, which is called fuel NO.

Figure 4.12 The release of fuel-N as HCN, NH3 and tar during pyrolysis of
Australian coals at various temperatures in a fluidised bed reactor (pictures from
Nelson et al., 1992)
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Fuel NO is rather weakly dependent on temperature, and is formed easily
from fuel nitrogen at quite low temperatures. For coal, there is an effect of
temperature on what nitrogen species is released during pyrolysis, though,
as is illustrated by Figure 4.12 for several Australian coals. However, the
fuel NO is more sensitive to stoichiometry, the relation between
combustion air and fuel. If the zone where the HCN and NH3 compounds
are released is understoichiometric, i.e., the atmosphere is reducing, the
HCN and NH3 react forming mainly molecular nitrogen instead of nitric
oxide.

Formation of
nitric oxide and
molecular
nitrogen from
HCN and NH3

takes place
through many
intermediate
phases, the most
important of
which under
most common
conditions are
shown in Figure

4.13. At temperatures under 900 °C, HCN also reacts forming laughing gas.
We are to revert to this in Section 4.11 when discussing fluidized bed
combustion.

Formation of nitric oxide from fuel nitrogen may be substantially reduced
by means of arranging local zones with reducing atmosphere in the furnace
during the fuel devolatilisation stage. This may also be implemented by
means of rearranging the combustion air supply or what is known as air
staging (Figure 4.14). Only part of the combustion air is introduced at the
root of the flame, which produces a sub-stoichiometric zone there where
most of the HCN and NH3 are oxidised, forming molecular nitrogen. When
the remaining air is supplied to the flame from the flame periphery, very
little hydrogen cyanide and ammonia is left to produce nitric oxide. The
peak temperatures in burners of this so-called low NOx type remain lower
than in conventional burners, whereby the formation of thermal NO is also
reduced.

Figure 4.13 Simplified diagram of oxidation of the volatile
components of fuel nitrogen into nitric oxide and molecular
nitrogen at burner operation. (Kilpinen, 1995).
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Air staging may also be applied to the whole furnace. The lower rows of
burners are operated under sub-stoichiometric conditions and the remaining
air is supplied above the upper row, in the middle or top of the furnace. Air
staging may also be used in grate furnaces and in fluidized combustion.

Air staging is a commercial technique. Successful implementation of air
staging requires careful monitoring of the unburned emission components
(CO, CxHy, and the carbon fraction in the ash). The NO reduction obtained
varies according to the fuel used, but it ranges usually between 10 and 50 %.

The variation in efficiency of air staging between different fuels is due to
different quantities of volatile components in the fuels. If the fuel is low in
volatiles, a considerable part of the fuel nitrogen is retained in the fixed char
residue that remains after the volatiles are gone. As compared to the
oxidation of the components HCN and NH3, the nitrogen in char behaves
differently.

Under reducing conditions the char nitrogen forms hardly any molecular
nitrogen but it remains mostly unreacting. Only with excess air, when
oxygen is present, the char nitrogen oxidizes to nitric oxide and molecular
nitrogen (Figure 4.15).

Figure 4.14 Principle of air staging. Of the char nitrogen in the  secondary
stage, 40 % is assumed to form nitric oxide and 60 %, molecular nitrogen.
Nfix is the sum of all nitrogen compounds except N2. (Kilpinen, 1995)
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When firing
pulverized coal, the
NO conversion of
char nitrogen was
found to vary
between 20 and 80
%. The conversion
is mainly
determined by coal
type, whereas the
significance of
stoichiometric ratio
and temperature is
less. The char

nitrogen NO conversion has generally been less for coals rich in volatiles. It
has been suggested that this is because char of coals rich in volatiles is more
active than char of coals with less volatiles in reducing the NO formed in
pores into molecular nitrogen.

Thus, char NO formation cannot be directly controlled by air staging, and
the share of char nitrogen in the NO emission of air-staged combustion is
higher than with conventional unstaged pulverized coal combustion.
Indirect control, however, is possible to some extent, because the quantity
of char nitrogen depends, e.g., on the flame temperature/time development.
The higher the pyrolysis temperature, the more fuel nitrogen is transferred
to the volatiles and the amount of char nitrogen decreases. It is obvious that
the pyrolysis conditions to some extent also affect the char nitrogen NO

and N2 conversions that
take place later. However,
the research done so far is
insufficient for making
clear conclusions of this
issue at this moment.

Figure 4.16 shows, in a
simplified way, the relative
importance of thermal
NOx, prompt NOx and
fuel NOx formation as
function of temperature. It
is noted that fuel NOx is
highly dependent on fuel
nitrogen content as well.

Figure 4.15 Simplified diagram of oxidation of fuel nitrogen
to nitric oxide and molecular nitrogen in coal burner where
both char nitrogen and volatile nitrogen are significant.
(Kilpinen, 1995)
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Figure 4.16 Influence of temperature on thermal
NOx, prompt NOx and fuel NOx formation
(Hupa et al., 1989, picture from Kilpinen, 1990)
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4.6 Nitric oxide decomposition during burner combustion

Apart from the fact that formation of nitric oxide may be reduced in many
different ways, reducing NO emission is also possible if the nitric oxide
already formed may be reduced to molecular nitrogen. It has been observed
that some fuels are intrinsically efficient reducers of nitric oxide. This holds
especially for hydrocarbon gases such as natural gas. Natural gas does not
contain organic nitrogen, and it easily forms hydrocarbon radicals necessary
for reducing nitric oxide. Utilizing fuel to reduce nitric oxide may be
implemented with fuel staging, also known as reburning, or three-stage
combustion.

4.6.1 Fuel staging

The principle of fuel staging is shown schematically in Figures 4.17 and
4.18. The method includes three stages:

Main combustion stage, where the main fuel — usually coal or oil — is burnt
with excess air.

Figure 4.17 Principle of fuel staging. It is assumed that both fuel NO and
thermal NO are formed in the primary stage. Nfix is the sum of all nitrogen
compounds except N2. (Kilpinen, 1995)
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Secondary stage, where a secondary fuel, such as natural gas, is injected,
typically corresponding to 10 to 20 % of the energy content of the primary
fuel. The nitric oxide formed in the over-stoichiometric, oxidizing
atmosphere of the main combustion zone is reduced to molecular nitrogen
in a complicated chain reaction initiated by hydrocarbon radicals (CHi)
originating from the secondary fuel. In a simplified form, the reactions may
be written as follows:

NO +CHi
  Õ HCN +O, +OH Õ HiNCO +HÕ NHi 

+NO Õ N2 (R4-9)

The first link in the chain, the nitric oxide reaction with the hydrocarbon
radicals to form hydrogen cyanide, is usually rapid provided that the
secondary fuel is being well mixed with the combustion gases. The
oxidation of the hydrogen cyanide to molecular nitrogen, on the other hand,
is markedly slower. The reaction of HCN to N2 is usually the more efficient
the hotter the secondary stage reaction zone is. For example, at an overall
stoichiometry of 0.9 between combustion air and fuel in the secondary
stage, the reaction requires a temperature of at least 1000 °C.

Final combustion zone, where air is added to complete the combustion of the
secondary fuel. Nitrogen compounds present (NO, HCN, NH3) are
oxidized back to NO and/or N2. In contrast to the secondary stage, a low
temperature (< 1000 °C) is of advantage during the final combustion stage,
for formation of molecular nitrogen. At very low temperatures also laughing

Figure 4.18 A schematic of reburning
technology (←) and a typical efficiency
curve for reburning (↑). Reburn fuel:
micronised coal (pictures from US DOE
1999)
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gas starts to be formed. The temperature is also limited by, e.g., burning out
of all carbon monoxide.

Fuel staging may be applied either to a burner (a low NOx burner) or the
entire furnace. At burner fuel staging, the same fuel is generally used for
both primary fuel and secondary fuel. Fuel staging is presently becoming a
commercial technique. In demonstration plants the NO reduction has been
between 30 and 70 %. Some practical problems in applying fuel staging are,
e.g., an increase of unburned flue gas components and increased corrosion
and fouling of the furnace walls.

4.6.2 NO reduction with char

The char residue of a solid or liquid fuel can reduce nitric oxide to
molecular nitrogen.

NO + (-C) →  ½ N2 + (-CO) (R4-10)

In the formula, -Y refers to atoms or molecules bound to the char.

The NO reduction efficiency of the char residue varies much depending on
pyrolysis conditions and fuel, as was pointed out in Section 4.5.2 when
treating the char-N to NO and N2 conversions. Furthermore, the char
residue in the furnace is rather low at pulverized coal combustion, around
0.01 kg/m3, and subsequent reduction with char, of nitric oxide already
formed, is generally of minor importance. At fluidized bed combustion,
again, the char residue content is markedly higher, up to 10 kg/m3, and
nitric oxide reduction with char is one of the most important reactions for
limiting the NO emissions with this combustion method. Moreover, the
temperature is lower at fluidized bed combustion than with combustion at a
burner, which slows down the rates of the gas reactions competing with R4-
10 (e.g., fuel staging reactions) at fluidized bed combustion. We are to return
to reaction R4-10, for the part of circulating fluidized bed combustion, in
Section 4.11.

4.7 Formation and decomposition of NO2 during burner
combustion

Nitrogen dioxide is formed from nitric oxide at combustion. The main
reaction is:

NO + HO2 → NO2 + OH (R4-11)
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The hydrogen peroxide radical (HO2) required by this reaction is mainly
formed when a hydrogen atom and oxygen react in the presence of a third
(gaseous) component (M). Hydrogen and oxygen may also react directly
resulting in a hydroxyl radical and an oxygen atom.

H + O2 + M → HO2 + M (R4-12)
H + O2 → OH + O (R4-13)

The latter reaction (R4-13) usually governs under combustion conditions.
However, the significance of (R4-12) rises when the temperature drops.
Thus, considerable HO2 concentrations may occur in the cooler zones of
the flame, whereby a significant part of the NO present may react into NO2

according to the main reaction (R4-11).

Very rapid decomposition is typical for nitrogen dioxide:

NO2 + H → NO + OH (R4-14)
NO2 + O → NO + O2 (R4-15)

Thereby, when the nitrogen dioxide drifts into the hot parts of the flame,
any NO2 formed at lower temperatures decomposes back to NO. Large
quantities of nitrogen dioxide occurring in flue gases could be a result of
”freezing” of the decomposition reactions due to greatly lowered
concentrations of O and H. This situation may occur when hot and cold
streams are mixed very rapidly.

As a summary, Figure 4.19 demonstrates the main formation and
decomposition reactions of nitric oxide at combustion in a burner.

Figure 4.19 A summary of the main NO formation and decomposition
reactions at combustion in a burner. (Kilpinen, 1995)
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Data on reaction rate constants for the main
oxidation reactions of e.g. methane and
ethane, and the nitrogen reactions in
combustion, can be found at the internet-site
of Åbo Akademi University, Combustion
Chemistry Research Group (Åbo Akademi
University, 2001), or see for example Coda
Zabetta et al. (2000).

4.8 Low NOx technology

4.8.1 Low NOx burners

Figure 4.20 shows a set of typical flames in a
pulverised coal-fired unit. Without any
measures that limit the formation of NOx the
emissions of NOx would be of the order of
500 – 1000 ppm-vol. By controlling the
combustion process immediately at the burner
level, significantly lower levels of NOx
formation are obtained, in what are called
Low NOx burners.

Three important
types of burner-fired
power units can be
distinghuished, as
illustrated by Figure
4.21 for pulverised
coal combustion. For
wall firing, an
additional distinction
can be made between
dry bottom and wet
bottom firing,
depending on
whether the bottom
ash is taken out in
solid or liquid form,
respectively. Wet
bottom firing is
generally used for

Figure 4.20 A pulverised
coal-fired flame (picture
from OECD/IEA &
ETSU, 1993)

Figure 4.21 Front wall fired (left), tangentially fired
(centre) and opposed wall fired (right) furnace designs
for pulverised coal combustion (picture from Soud and
Fukasawa, 1996)
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high ash-content fuels. Cyclone furnaces are basically a special type of wet
bottom reactors. The different types of firing have clearly different NOx
performance, as well as unit size, as is illustrated by Figure 4.22. Basically
due to relatively high local temperatures the NOx emissions from wet
bottom and cyclone fired units are the highest, whilst tangentially, i.e. corner
fired furnaces show the best NOx performance, hardly depending on unit
size. A comparison between a wall fired unit and a tangential fired (“T-
fired”) unit is further illustrated by Figure 4.23.

An impression of typical Low-NOx burners is given in Figures 4.24 and
4.25. The important features when considering NOx production are related

Figure 4.23 Wall-fired burner combustion
versus tangential firing (picture from US DOE
1995)

Figure 4.22 Typical NOx emissions
for various types of coal-fired furnaces,
as function of unit size (picture from
Soud and Fukasawa, 1996)
NOTE: 1 lb/million BTU~0.5 mg/GJ

Figure 4.25 A low NOx burner at Unit 4
of the Arapahoe Station in Denver (CO)
(picture from US DOE, 1999)

Figure 4.24 A typical Low-NOx burner
(picture from OECD/IEA and ETSU,
1993)
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to the mixing in the flame,
creating sufficient contact between
fuel and oxygen but avoiding “hot
spots” which may result in thermal
NOx formation. Some more detail
is given in Figure 4.26.

Very important is the internal
recirculation zone (IRZ) indicated
in Figure 4.26. The fuel is added
together with the primary air,
which is about 30-40% of the
stoichiometric air need. Secondary
air is generally fed with a suitable
swirl which results in a reverse
flow and allows for controlling the
flame length (see e.g. van der Lans,
1997).

The reverse flow leads to rapid
ignition close to the burner.
Sufficient penetration and
residence time in the IRZ is crucial
(see Figure 4.26) which requires a

not-too-wide size distribution for the incoming fuel particles. It was found
that a stoichiometry of λ = 0.6..0.7 in the IRZ is optimal: λ > 0.7 results in
more NO formation, whilst λ < 0.6 results in more NH3, HCN, …, which
results in higher post-flame NO formation (van der Lans, 1997).

For T-fired furnaces the Low-NOx Concentric Firing System  (LNCFS)
is based on producing a fuel-rich flame core where fuel-N is converted to
nitrogen, N2. This is accomplished by directing the secondary air outside the
circle that is formed by the coal + primary air: see Figure 4.27. This method
was shown to be most successful when combined with over-fire air (OFA).
The concepts of over-fire air and advanced over-fire air (US DOE, 1996)
are illustrated by Figure 4.28.

Figure 4.26 IFRF flame type
classification (picture from van der Lans,
1997)
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Different variations
designated LNCFS level
I, II and III, as shown in
Figure 4.29, resulted in
NOx reductions of 20%
for levels I and II (300
→200 mg NOx/MJ) and
37% (300 → 160 mg
NOx/MJ) for level III,
respectively at 200 MWe
boiler load.

Figure 4.27 The Low-NOx
Concentric Firing System
(LNCFS) (picture from US
DOE, 1996)

Figure 4.28 Overfire air (OFA) and advanced
OFA (picture from US DOE, 1996)

Figure 4.29 Different variations for LNCFS,
combined with over-fire air, for T-fired boilers
(picture from US DOE, 1996)
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4.8.2 Overview and comparison of Low-NOx technologies

A summary of in-furnace Low NOx technologies and their pro’s and
contra’s is given in Table 4.5 and Figure 4.30. Flue gas recirculation is also
mentioned, which is used mainly for oil or gas-fired systems. It results in
lower temperatures due to the fact that the specific heat (cp, unit J/kgK) of
the flue gas components, especially H2O, is higher than that of the gas in
the furnace. The methods abbreviated as SCR and SNCR in Figure 4.30, i.e.
selective catalytic reduction and selective non-catalytic reduction, are
discussed in the next section.

Table 4.5 Overview of in-furnace Low NOx technologies

Advantageous when Problems
Low excess air When excess air is used Fuel burnout decreases

Air staging / over-fire air In principle always Limited effect,
 increased risks for

corrosion, fouling, slagging
Low NOx burner

i.e. in-flame staging
In principle always Fuel burn-out decreases,

not a big problem, however
Fuel staging i.e.

reburning with coal, oil,
natural gas

In principle always,
especially when the reburn
fuel is also the start-up fuel

Capital cost of system
modifications

Flue gas recirculation High temperature oil- or
gas-fired furnaces

Low efficiency if not
combined with other

method

A full benefit of the Low
NOx methods described
above can be obtained by
combining one or more
methods. Which
arrangement is best
depends on the fuel type
and fuel quality and
economic factors related
to boiler age and size.

An impression of what
NOx reductions are
typically achieved when
combining several in-
furnace measures for coal-
fired boilers is given in
Table 4.6. It shows that up

Figure 4.30  Overview and principles of Low-
NOx technologies (picture from Takeshita, 1995)
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to 70-75% of NOx reduction can be reached by these methods, which
usually is not enough, though.  For this reason additional NOx control is
often necessary in the flue gas channel which can be regarded as “end-of-
pipe” NOx control, most commonly SCR or SNCR.

Table 4.6 The relative effects of in-furnace Low NOx methods and
combinations of these (taken from Takeshita, 1995)

The major reason for the limited potential of NOx abatement methods is
that these mainly control the NOx related to volatile-N, i.e. the nitrogen
compounds released from the fuel during pyrolysis/devolatilisation. A 20-
80 % of the fuel-N may stay in the particle forming char-N which is more
difficult to handle. The char-N content is largely unknown and varies from
fuel to fuel and from furnace to furnace. Current low NOx methods are
capable of controlling close to 100% of the volatile-N – derived NOx. This
also means that nowadays the NOx from a well-controlled furnace or boiler
is almost completely the result of char-N oxidation.  To illustrate this,
Figure 4.31 gives the NOx emissions from a 600 MWe coal fired unit as a
function of the char-N content (Rozendaal, 1999).

Clearly, future
work on
improvements
of NOx
abatement
methods for
pulverised
fuel-fired
furnaces and
boilers should
focus on char-
bound
nitrogen.Figure 4.31 NOx emissions versus char-N content for a modern,

full- scale coal-fired power plant (Hemweg #8, near Amsterdam,
tangentially fired, commissioned 1993, 535ºC/ 568ºC/568 bar)
(picture from Rozendaal, 1999)
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4.9 Flue gas treatment for NOx reduction

4.9.1 Selective catalytic NOx reduction (SCR)

One of the most powerful
methods to remove NOx
from flue gases is selective
catalytic reduction (SCR). The
temperature at which it is
operated is ~ 350-400°C,
which, in general is in the flue
gas channel before the air
preheater – see Figure 4.32.
The process is based on
injecting ammonia, NH3, into
the flue gas channel, which
thereafter reacts with the NO
to give water and nitrogen as

final products. This chemistry is given in Figure 4.33.

          (R4-16… R4-20)

The catalyst utilised is usually
V2O5 or WO3 on a TiO2

support. Earlier, Pt was used
which resulted in the
formation of explosive
ammonium nitrates. A
disadvantage of the SCR
catalyst that is used nowadays
is that it catalyses the
oxidation of SO2 to SO3,
which can give sulphuric acid
corrosion problems
downstream at lower
temperatures. In addition, in
the SCR unit, ammonium
sulphates can be formed as
shown in Figure 4.33. This
can result in corrosive
deposits in the SCR unit as
well as downstream, and

Figure 4.32 Principle of selective catalytic
reduction (SCR) (picture from US DOE 1997)

Figure 4.33 Simplified SCR chemistry (picture
from US DOE 1997)

Figure 4.34 Ammonia slip and NOx reduction
efficiency for SCR as function of NH3/NOx
input (picture from US DOE 1997)
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catalyst deactivation. For that reason, for SCR applied to coal fired systems
a maximum fuel-sulphur content of 0.75 %-wt (d.a.f.) is kept as a rough
limit.

In general, SCR is operated at an ammonia injection rate NH3/NO ~ 0.8
(mol/mol). This results in 90-95% NOx reduction at an NH3 slip below 5
ppm, i.e. ~ 3.8 mg/m³STP, in the exit gas: see Figure 4.34. The ammonia slip
increases rapidly with NH3/NO ratio’s exceeding 1 – it is noted that the
new European commisions emission standards that are currently being
negotiated mention a limit of 10 mg/m³STP for NH3.

Figure 4.35 gives the
performance of a typical SCR
catalyst with time, showing a
loss of 10-20 % of the initial
efficiency within 1~1½ years.
This loss of efficiency is
related to catalyst poisoning
by elements such as As and
other trace elements, loss of
active catalyst by evaporation,
corrosion and erosion and the
build-up of solid deposits in
the catalyst structure. A
minimum catalyst life of 2
years is currently considered
acceptable.

As shown in Figure 4.36 the
flue gas is preferably passed
through the SCR unit in a
vertical (downwards) flow,
through a series of 2-4 layers
of catalyst beds. This
minimises the deposition of
fly ash particles by
gravitational settling.

Considering the location of
an SCR unit in a flue gas
clean-up system 3 options are
available (see Figure 4.32):

Figure 4.35 Typical performance curve for an
SCR catalyst, decreasing with time (picture from
US DOE, 1997)

Figure 4.36 Typical lay-out of a vertical
downflow SCR reactor (picture from US DOE
1997)



Zevenhoven & Kilpinen          NITROGEN          13.4.2002 4-31

1.  “hot side, high dust”, upstream of air preheater (APH) and electrostatic
precipitator (ESP) for particiulate emissions control (+ Chapter 5),

2. “hot side, low dust”, upstream of APH but downstream of “hot-side
ESP”

3. “cold side, low dust”, downstream of APH and ESP. This often requires
reheat of the flue gas to the temperature needed for SCR, which gives a
penalty to the thermal efficiency of the unit. In waste incineration and
other waste-to-energy systems this option is often enforced by other
pollutants in the flue gas.

The most suitable option is usually a compromise between economic
factors, thermal efficiency and the type of fuel that is burnt. For the US it
was reported that commercial SCR units reduce NOx emissions by 40–
70%, depending on uncontrolled NOx concentrations and the desired stack
concentration of NOx, at a cost of 2-3½ US$/kg NOx removed (US DOE
1997).

4.9.2 Selective non-catalytic NOx reduction (SNCR)

Reducing nitric oxide to molecular nitrogen is also possible by means of
adding ammonia to the flue gases at a temperature of about 900 °C. Water
is formed as by-product. This method is called Selective Non-Catalytic NO
Reduction or SNCR process; often it is also referred to as the Thermal
DeNOx process: see also Figure 4.30, above.

In order to function the SNCR method requires the presence of oxygen.
Due to the presence of the OH radicals and oxygen atoms (O), the
ammonia decomposes to amino radicals (NHi), which react with nitric
oxide:

NH3 
+ OH, +O → NHi 

+ NO→ N2 (R4-21)

One of the problems of the SNCR method, as encountered in practice, is its
temperature sensitivity. The method works within a narrow temperature
range only, being 850 to 1000 °C. In pulverized coal boilers the optimum
temperature is 950 °C (Figure 4.37). If the temperature is higher, NH3 starts
to react to nitric oxide instead. If the temperature is lower, the NH3

decomposes slowly and a significant NH3 slip will result.

Using suitable additives, e.g., hydrogen peroxide (H2O2) and various
hydrocarbons (CxHy), the optimal temperature may be shifted a couple of
hundred degrees. The optimal temperature is affected somewhat by the NO
and CO concentrations and the residence time as well. The optimal
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temperature drops when the NO concentration decreases and when the
residence time or the CO concentration increases.

The SNCR method is commercial. At firing of pulverized coal, the NO
reduction efficiency usually falls between 40 and 80 %. Aside from
ammonia emission, possible problems of the method are increased
emissions of N2O and CO. Instead of ammonia, other compounds may be
used as reduction chemicals, e.g., urea or cyanuric acid. Use of the latter
ones, however, usually results in higher emissions of N2O than when using
ammonia. As compared to the SCR process, the SNCR process is a
generally less efficient but often also less costly. Another drawback is that
SNCR does not remove NO2, whilst SCR does.

4.9.3 Other methods for NOx removal from flue gases

Several methods for NOx removal are based on simultaneous removal of
SO2 as well, for example the Copper oxide process. Another SOxNOx
process involves dry absorption on activated carbon at ~220ºC :

NOx + SO2 
+ carbon + H2O + O2→ N2 + H2SO4 (R4-22)

Wet scrubbing with water can be successful after oxidation of NO giving
nitric acid as product:

  Gas phase :    NO + O2 → NO2, N2O4, N2O5, HNO2 (R4-23)
  Liquid phase:  NO2, N2O4, N2O5, HNO2

+ H2O → HNO3 (R4-24)

Figure 4.37 Effect of temperature on nitric oxide reduction with selective
noncatalytic method, using NH3 (left, picture from Hiltunen et al., 1991),
& effect of added ethane (•: no ethane, �: ethane) on the temperature window
of nitric oxide reduction (right, picture from Leckner et al., 1991).
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Wet scrubbing with “chemical enhancement” improves the up-take of
nitrogen oxides by the liquid phase, using a caustic solution (e.g. NaOH), or
a caustic solution that contains a strong oxidiser: KMnO4/NaOH or
Na2SO3/FeSO4.

More details on absoption /adsorption methods can be found in Cooper
and Alley (1994). SOx/NOx removal by electron beam radiation is briefly
addressed by Flagan and Seinfeld (1988).

Very recently it was reported that elemental phosphorous, when injected
into the flue gas stream of a fossil-fuel fired power station reacts with NO,
converting it to NO2. Being water-soluble, this can then be removed
downstream using a conventional scrubber. (MPS, 2000). The system is
being tested at a coal-fired power station in Ohio, USA.

4.10 Costs of NOx control technologies

Based on work going on within the US clean coal technology programme
(see e.g. DOE, 2000) a cost comparison can be made between different
methods for NOx reduction. Separating primary (i.e. in-furnace) measures
from flue gas treatment, the comparison given in Table 4.7 was reported by
Doig and Morrison (1997). See also Takeshita (1995).

Table 4.7 Costs and efficiency comparison of NOx reduction
methods (1992 US$)

Method NO reduction
efficiency (%)

capital cost
(US$/kW)

levelised costs
NOx removal

(US$/ton)
Primary measures
Low Nox burners ~ 50 10 – 20 110 - 200

Coal reburning ~ 50 38 – 50 360 - 470
Low NOx burners +
OFA (over-fire air)

~ 60 12 – 28

Gas reburning, no FGR
(flue gas recycling)

~ 60 15 370 - 620

Gas reburning + FGR 60 - 70 15 – 40 260 - 400
Low NOx burners + gas

reburning
~ 70 25 – 60 730 - 960

Flue gas treatment
SNCR 30 - 50 5 – 15 500 - 1100
SCR ~ 80 50 – 80 820 - 990


