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ABSTRACT

Nitrogen Oxides (NOy) are known to be among the pollutants resulting from fossil fuel combustion with
particularly harmful effects on the environment and human health. Increased concern for the effects of
NOy and other poliutants has prompted the European Community (EC) to draw up legislation on the
limitation of emissions with which industrial plants have to comply.

In the context of this requirement the subject of this work is the investigation of NO, reduction and
control methodologies at Aberthaw “B” Power Station (unit 7), a coal-fired 500 MWe power plant
owned by National Power PLC. Since retrofitting the latest NOy control technology is not a viable
option at Aberthaw, the specific objective of this project was to optimise the combustion process with
respect to NO, emissions using existing plant and control systems. In order to meet this objective,
applicable NO, control parameters had to be identified and a programme of plant tests had to be
designed, carried out and evaluated. To complement these plant tests, a physical 3D model was
designed and applied to analyse the prevailing flow patterns under some of the test conditions

investigated with the real process.

Although it was not possible to relate the experiences gained from the modeling work as closely as
it was envisaged with those gained from the plant experiments, the modeling was effective in
showing two characteristic flow patterns (symmetric and asymmetric flow), which could be
distinguished for all experimental conditions that were investigated. The potential low NOy
operating conditions were identified as: lower boiler load, reduced excess air, air staging (through
damper settings), burner biasing, burners out of service (BOOS) in the furnace middle chamber,
BOOS across the furnace chambers, and a combination of these techniques. Additionally, the
application of oil burners in service as a NOy control methodology (which cannot be considered at
Aberthaw as the known ‘reburning’ effect) was discovered as an interesting NOy control
methodology. Amongst the investigated techniques, only the effect of lower boiler load and burner
biasing could not be confirmed in the experiments. All other operating conditions showed to
different extents reducing effects on the NOy emissions. The optimal NOy control methodology
turned out to be a combination of oil burners in service with the reduction of excess air and air
staging, yielding minimum NOy levels between 385 and 450 ppm (at 6% O,, dry). The particular
value of this novel technique is further stressed by the low carbon in ash and CO leveis, which it
ensures. Based on the experiences, a concise set of operational guidelines for the power plant
operators at Aberthaw was summarised in order to facilitate a permanent low NOy operation
(according to the best of current knowledge), which does not affect the boiler efficiency. Further
refinements of the operational conditions might, however, be possible on the basis of the extended

research programme proposed at the end of this work.
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NOMENCLATURE
Symbol Description Units
A Area. m?
BFPT Boiler feed pump turbine.
BOOS Burners out of service.
B&W Babcock & Wilcox.
Cig Carbon in grit.
CinA Carbon in ash.
Cco Carbon manoxide.
d Equivalent diameter. m
EC European Community.
EP Electrostatic precipitator.
FD Forced draught.
FGR Flue gas recirculation.
FW Foster Wheeler.
GCV Gross calorific value of the fuel.
HP High pressure.
ID induced draught.
IFNR In-furnace-NOy-reduction (rebuming).
P Intermediate pressure.
s In Service.
LHS Left hand side.
LNB(s) Low NOx burner(s).
LP Low pressure.
M Momentum flow rate. N
m Mass flow rate. kg/s
MCR Maximum continuous rating. MCR is the maximum load at which
the turbine is designed to run at (500 MWe).
NCV Net calorific value of the fuel.
OFA Overfire air.
(O] Operational information system.
ols Qut of Service.
PA Primary air.
PF Pulverised fuel.
PFA Pulverised fuel ash.
PFb Pulverised fuel burner.
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Nomenclature 14

ppm Parts per million.
Q Volume flow rate. m’/s
Re Reynolds number.
RAH Regenerative airheater.
RHS Right hand side.
S scaling factor.
SCR Selective catalytic reduction.
Sett. Setting.
SNCR Selective Non-catalytic reduction.
\Y Velocity. m/s
Greek Symbols
Density. kg/m®
o Dynamic viscosity. kg/ms
Other Symbols
~ around.
o proportional.
Subscripts
c Coal
cg Combustion gases.
m Model.
o Nozzle outlet.
p Plant.
pa Primary air.
sa Secondary air.
sa1 Secondary air (1% stage).
sa2 Secondary air (2™ stage).
sa3 Secondary air (3" stage).
t Total.
TA Total air (primary, secondary and tertiary).
ta Tertiary air.
w Water.
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1. INTRODUCTION

Nowadays, the combustion of fossil fuels and of biomass are known to be one of the major sources of
pollutants responsible for significant changes in the atmospheric composition which have detrimental
effects on the environment and human heaith. On the basis of this knowledge, strict European
environmental legislation has therefore been introduced, aiming at controlling and reducing the
emissions of these pollutants. Such pollutants are particularly worrying since they travel enormous
distances from the country they onginate from, severely affecting other countries and populations.
This long-range transport of pollutants has therefore resulted in an international call for protection of
the environment. Further worries also result from the synergistic effect of the pollutants and from the
new pollutants which onginate from this mixture of emissions. The long atmospheric lifetime of the

pollutants is of concern, too. N,O, for example, can last up to 300 years.

This introductory chapter describes the subject of this work and the need for it, as well as the aims and

the structure of the thesis.

1.1 The Subject Of This Work And The Need For It

The subject of this work is to address the problem of control and reduction of nitrogen oxides (NOy) as
one of the above mentioned pollutants at a particular coal-fired power station in the UK: Aberthaw “B”

Power Station', unit 7. There are three major aspects of the need for this work:

« Nitrogen oxides detrimental effects: These include acid rain, photochemical smog, the greenhouse
effect, stratospheric ozone depletion, ambient particulate matter and human health concerns.

. mpliance with th law: In order to protect both the environment and human heaith, the EC
has introduced environmental legislation for control and reduction of NOy emissions from power

plants.

e The need for an individual NO, investigation: A wide variety of NOy reduction and control methods
have been proposed to date, yet their effects on NOy varies considerably not only between

different boiler types but also between sister units. Many other conditions such as coal,
combustion air temperature, etc., also influence the effects of the various NOy reduction methods.

Therefore, NOy investigations must be carried out on each application.

1 Aberthaw Power Station has in effect two plants: “A” station with 6 units which was closed in 1995 and “B” station with three
units (7, 8 and 9).

Ana de M. V. de O. P. Strickrodt, 1997



CHAPTER 1 - Introduction 16

The latter need for an individual NOy investigation is further strengthened by the type of furnaces at
Aberthaw: the “down-fired-furnace” (details in appendix A). This specific furnace design is required to
burn the local low volatile coal (semi-anthracite), whilst ensuring a stable combustion and ignition. In
the UK, Aberthaw is the only power station with this type of furnace and there are not many others in
operation around the world. Because these furnaces are not very common, the information available

on NOy reduction techniques for these types of furnaces is small.

1.2 The Aims Of This Work

New power plants are purpose-built to produce a minimum of NOy emissions, that is: they employ
special technology for NOy reduction and control. Old plants can sometimes be retrofitted with the
latest NOy control technology. This option, however, is not always available - mostly due to

technological or economical reasons.

At Aberthaw, which is an older generation power plant, a retrofit is economically not viable. Thus,
achieving the new plant standards, which is the aim at Aberthaw, is only possible using the
“BATNEEC" approach (Best Available Techniques Not Entailing Excessive Costs). Therefore, in order
to address the above needs and the aim of Aberthaw Power Station, the overall objective of this
research project was to optimise the combustion process with respect to NOx emissions using existing
plant and control systems.

In order to achieve this overall cbjective, the following specific aims of this work were defined:

o to identify low NOy operating conditions at Aberthaw using the existing boiler operating variables.

o to investigate the possible extent of NOy reduction of the above identified low NOy operating
conditions, within the constraints of CO, carbon-in-ash and flame stability in plant tests.

o to observe the flow patterns in a physical model of the furnace and to correlate them to the plant
resuits.

 to gain insight and experience with respect to the flow patterns and how they change under
different conditions in a 3D model.

e to optimise low NOy operating modes on the basis of the knowledge obtained from the correlation
between the power plant and the modelling work.

e to develop operational guidelines for a low NOy operation at Aberthaw, on the basis of the

information gained from the power plant and the modelling work.
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1.3 The Structure Of This Thesis

After the problem scope as well as the aim and need have been described in the previous sections,

chapter 2 gives a review of the origins and types of NOy, the reasons for concern about NOy
emissions and an introduction to the European NOx reduction requirements.

Obviously, in the context of this thesis, it was particularly important to gain an understanding of the
numerous NQy control methodologies known to date. Chapter 3 details the various currently available
NOy control methods and briefly mentions those methods in the research and development phase.
Based on this knowledge, the applicability of different techniques to the Aberthaw power plant was
checked and the test program designed.

Equally important for the design and analysis of the power plant tests was the understanding of the
design and combustion characteristics of down-fired furnaces, as well as the link between

anthracite/semi-anthracite coals and down-fired furnaces (chapter 4).

The design and results of the power plant tests, are given in chapter 5 and 6, respectively. In chapter
7 the discussion of the results is presented.

in order to carry out the modelling work, it was first necessary to design and construct the physical
model and test rig. Design details as well as other considerations such as choice of the flow medium
are given in chapter 8. This is followed by chapter 9 and 10 with the results of the modelling work and

discussion, respectively.
Finally, in chapter 11, the possible extensions of both modelling and power station work are detailed,

and the final conclusions are drawn. Additionally, details of possible parameters affecting NOx

formation at Aberthaw as well as possible side effects of low NOx operation are discussed.
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2, NOy AS A POLLUTANT AND ITS IMPLICATIONS

Nowadays, the combustion of fossil fuels and of biomass are known to be responsible for the
significant change in the atmospheric composition with consequential detrimental effects on the
environment and human health. This change in the atmospheric chemistry has resulted from the
release of various compounds from combustion such as H,0, CO,, HC (CH,, C,H,, C,H,, C,Hg, CsHs,
CgHg, CH4CHO, etc.), CO, NOx (NO, N,O, etc.), reduced nitrogen (NH; and HCN), sulphur gases,
(S0, OCS, CS,), halocarbons (CH,Cl and CH,Br) and particles [1].

Specifically nitrogen oxides (NOy) are of concern in this work, thus in the following section a brief

review of their sources, formation mechanisms, reasons for concern and EC regulations is presented:

2.1 Whatis NOy ?

NOy is a generic term that covers all the oxides of nitrogen from nitric oxide (NO), nitrous oxide
{N,0), nitrogen dioxide (NO,), nitrogen trioxide (NO3), dinitrogen trioxide (N,O3), dinitrogen tetroxide
(N,O,) and dinitrogen pentoxide (N,Os). However, only NO, NO, and N,O are of major importance
as they are stable, with the remaining oxides of nitrogen being either negligible or unstable [2].

NOy emissions result mainly from the combustion of fossil fuels due to the high temperatures and

the availability of oxygen and nitrogen from the air and/or fuel.

In the past, NOyx was ignored as it did not affect the design or thermal performance of boiler plants
and of motor vehicle engines. However, due to the introduction of strict environmental legisiation [3,
4, 5, 6, 7], NO, emissions have increasingly caught attention. This is due to the fact that NOy as
well as sulphur oxides (SOy) have been identified as contributors to acid rain, greenhouse effect,

stratospheric ozone depletion, photochemical smog and human health concerns.

2.2 The Origins of NOy

Nitrogen oxides originate from natural (biologically produced) and anthropogenic (man-made)
sources, which contribute equally to the overall output. Half of the man-made contribution results

from vehicles, the other half from stationary emitters [2,8].
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In urban areas, NOy emissions are particularly abundant, with NO predominating [2]. As a country,
UK is the third largest source of NOy emissions in Europe and Europe accounts for about one third of

the global man-made source [2].

It has been established that NO represents of the order of 95% [9] of the three stable NOy types
(NO, NO, and N,O) emitted from conventional power plants, whereas NO, (a subsequent oxidation
of NO) represents 5% of the total NOy [10, 11].

N,O is usually ignored as its emissions from conventional power plants are negligible (< 5 ppm) [12,
13, 14]. However, until not long ago, stationary fossil fuel combustion was believed to be one of the
major sources of N,O emissions (25-40% of the NOy levels) [15]. This was due to a sampling
artefact used in the past, which allowed significant levels of N,O to be produced from NO in the
presence of SO, and water in the sample containers, leading then to erroneous conclusions [12, 13,
15, 16].

N,O levels are, however, significantly higher from fluidised-bed combustors than frorn other types of
combustion systems [17,18] and are increased in low NOy burners (compared with the high NOy

bumers).

Although most of the NOy emitted from combustion is in the form of NO, it continues to oxidise to
the air pollutant NO, as soon as it reaches the atmosphere. For monitoring purposes, the total NOx
emissions must therefore be quoted as an NO, equivalent [7}]. '

2.3 Mechanisms of NOy Formation

In conventional power plants, NO is formed by three main processes. Accordingly NO is
distinguished as: Thermal-, Fuel- and Prompt-NO, with the percentage of each depending on the

combustion process and fuel.

In coal-fired stations under normal boiler operation, fuel-NO represents the major component of NO
formed. It can represent 75 to 90% of the total, with the remainder being thermal-NO [19, 20, 21}
This is due to the relatively low temperatures achieved by most pulverised fuel flames (with
exception of the pulverised fuel-fired cement-kiln). Also, fuel nitrogen reacts to form NO more
readily than atmospheric nitrogen does. This is because the organic nitrogen is bound by N-H and
C-N bonds, which are much weaker than the triple bond in molecular atmospheric nitrogen and

therefore more likely to take part in reactions [22].
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Prompt-NO formation is usually ignored in the coal combustion process as it is believed to account for
less than 5% of the NO formed [23 , 24].

In oil-fired boilers, fuel- and thermal-NO contribute roughly 50% each to the total NO [21], whereas
gas-fired boilers generate solely thermal-NO [25].

Thermal-, fuel- and prompt-NO formation is now considered in more detail:

2.3.1 Thermail-NO

Thermal-NO refers to the NO formed through high temperature oxidation of the atmospheric
nitrogen in the boiler furnace. An example is natural gas, a fuel that contains no chemically bound
nitrogen but which forms NO upon burning.

The mechanism of thermal-NO formation was first described by Zeldovich [26]. Three main reactions
have been proposed for this process [10, 26, 27, 28]:

N,+O< NO+N (Eq. 2.1)
N+0O,< NO+O (Eqg. 2.2)
N+OH <« NO+H (Eq. 2.3)

These reactions are strongly dependent on residence time, high temperature [10, 29] and fuel-lean
regions within the combustion chamber [24]. Thermal-NO formation is therefore significantly reduced
in fuel-rich systems, at temperatures below 1600-1800 K [30, 31] and by minimising the residence time
in the region of highest temperature. '

2.3.2 Fuel-NO

Unlike thermal- and prompt-NQ, fuel-NO is formed by the oxidation ¢f the nitrogen compounds in
the fuel. Although the reactions are not fully known, it is understood that during combustion the
nitrogen compounds in the fuel split between volatile and char structures. Fuel-NO is then formed
from the homogenecus oxidation of the volatile nitrogen or from heterogeneous oxidation of the

char nitrogen. A simplified overall mechanism of the fate of fuel nitrogen in coal combustion is
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lustrated in Fig. 2.1 {in which the reburning mechanism - c.f. chapter 3, section 3.1.1(d)) - is also

integrated):

EﬁGANlC NITROG E\

VOLATILE N CHAR N

+ CHi [Fenimore Prompt NO} /
TAR N A 3
.l/ l g%
+ N, NHi 3
CN—NH3 + O Zoidovich| EE
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N
O
+CHI[Re ing) Hn!e enecus

Fig. 2.1: Fate of Fuel-N in coal combustion [94].

Fuel-NO has been shown to be insensitive to flame temperatures in pulverised coal combustion
over a wide range of temperatures [19, 20]. It increases with excess air and with volatile matter,
thus anthracite being a low volatile fuel gives lower fuel-NO than other coals [32]. High fuel-NO
levels are therefore expected in lean and stoichiometric mixtures and low levels with rich mixtures
[29].

Several workers have tried to establish the proportion of volatile and char nitrogen that contribute to
total fuel-NO emissions under normal and staged conditions in pulverised coal combustion: Pohl
and Sarofim [38] concluded that in unstaged combustion at a furnace temperature of 1500°C,
volatile nitrogen compounds are the major source of fuel-NO ranging from 60 to 80% of the total
NO emissions. This agrees with other reports [19, 34]. Additionally, Lockwood and Rome-Millares
[35], found that char nitrogen compounds account for 13 to 15% of the total NO produced at the exit

of burners.

Under staged conditions Papadakis et al. [36], found that it is the NO due to the volatile nitrogen
that is reduced and that NO reductions of as much as 60% can be achieved. This is in agreement
with previous work which showed that combustion modifications through aerodynamic changes
primarily influence volatile NO since volatile nitrogen is more sensitive to the early changes in
burner aerodynamics (therefore sensitive to changes in the early oxygen concentration) while char

is not [19, 34].
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2.3.3 Prompt-NO

Prompt-NO may be considered as another source of thermal-NO since it is formed by reactions of
hydrocarbon fragments with atmospheric nitrogen [10, 37, 38]. However, unlike thermal-NO,
prompt-NO is weakly temperature dependent [37, 39, 40] and independent of residence time [29].
Prompt-NO was first studied by Fenimore [37] who proposed the following eguations to describe its
formation:

CH+ N, < HCN + N (Eq. 2.9)

N, +C, <> 2CN (Eq. 2.5)

Subsequently, reactions of HCN and other molecules with a single nitrogen atom with oxygen
containing species could then result in NO formation [41]. The formation of prompt-NO is not fully
understood, but it is believed to be generated in the front of a very rich flame, where due to the very
short residence time the Zeldovich reactions are inadequate [10, 39, 42]. Since the prompt-NO
mechanism requires a hydrocarbon fragment (i.e. CH, C,, C, etc.) to initiate the attack on the
molecular nitrogen, the mechanism is more efficient in fuel-rich flames. This has been demonstrated
by various workers, who showed that fuel-rich flames give more prompt-NO than lean or stoichiometric
flames of the same temperature [43, 44].

2.4 Concerns for 'NOX

It is well established that NOx has direct and indirect hazardous effects, both in the environment

and human being. The most important aspects are discussed in the following:

2.4.1 Photochemical Smog

Photochemical smog is a brownish coloration of the troposphere, which results in plant and materials
damage, eye irritation, reduced visibility and respiratory difficulties [45].

Photochemical smog consists of several compounds, some of which are ozone (Os), nitrogen dioxide
(NO,), peroxyacety! nitrates (PAN) and small particles [46]. These compounds resuit from complex
photochemical reactions caused by sunlight, involving NO, NO,, oxygen and organic compounds such
as reactive hydrocarbons (HC) [2, 47]. Increases in incident sunlight, temperature and reactants are
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Acid pollution can be in wet or dry form, but in either form it affects the environment in two ways: (1) by
direct mechanisms, that is the emitted pollutants interact directly with the plants, buildings, etc., or (2)

by indirect mechanisms on the fauna and flora by causing a change in the soil or aquatic ecosystems

(8l

NO, as well as SO, are known to contribute to the formation of acid rain. Acid rain refers to rain with
a pH below about 5 [48, 49). 1t basically consists of a dilute solution of sulphuric acid (H,SO,) and
nitric acid (HNO,) plus minor contributions from carbonic and organic acids. The sulphuric and

nitric acids account for over 90% of the acid rain [50].

During daylight, NO, forms nitric acid through the following reaction {50};

NO, + OH + m= HNO, (Eq. 2.9)

where “m” is a body (N, or O,) that absorbs energy. At night in the presence of ozone, NO, is
oxidised to a nitrate radical. This then reacts with N,, giving N,O5 and finally nitric acid [50].
Most acid rain control has, however, concentrated on the SO, contribution since SO, is easier to

control than NOy and because SO, accounts for around 2/3 of the acidity [48, 49).

2.4.3 Greenhouse Effect and the Stratospheric Ozone Depletion

The greenhouse effect, also known as global warming, results from the absorption of solar energy
by certain atmospheric constituents (greenhouse gases) in the lower atmosphere (troposphere). Air

pollution is responsible for the increase in these greenhouse gases.

Presently, main greenhouse gases (GHGs) of concern are CO,, CFCs (chlorofluorocarbons), halons,
CH,, N,O and O;. Gases such as NO and CO do not have a direct greenhouse effect, however, they
contribute indirectly through their chemical reactions with the greenhouse gases, thus affecting the
concentrations of the latter. Greenhouse gases such as O, and CH4 have both direct and indirect
effects [47].

The problem with greenhouse gases is that some not only contribute to the greenhouse effect, but
also affect the depletion of the stratospheric ozone layer. The stratospheric ozone layer, which
contains about 90% of the atmospheric ozone, filters most of the ultra-violet radiation (UVR) from the

sun that is below 300 nm. This protects humans from the adverse effects of UV, such as sunburn and
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various types of skin cancer, which increase significantly under exposure to radiation below 320 nm
[48, 49].

Depletion of the stratospheric czone therefore leads to a larger amount of UV radiation incident on the
earth’s surface and to an increased risk of cancers [48, 49]. Additionally, once in the lower
atmosphere, the UVR also acts as an energy source for the tropospheric ozone generating process.
This increasing ozone at lower levels, not only contributes to photochemical smog, but also further

contributes to the greenhouse effect.

Nitrogen oxides are potential catalysts for the destruction of ozone. Nowadays, there is a growing
concern for N,O emissions as a result of its increasing levels in the atmosphere (0.2-0.4% per year)
{17, 51, 52, 53]. The reason for this increase is not completely understood since N,O is formed largely
by anaerobic processes in the soil. Nevertheless its increase is believed to result from some form of
disruption or intervention by man’s activities through soil processes, fertiliser usage and fossil fuel

combustion [2].

N,O is not only a greenhouse gas in the troposphere but also a participant in stratospheric ozone
depletion mechanisms [12, 13, 15]. In the troposphere, N,O is a strong absorber of infrared
radiation and therefore contributes to the greenhouse effect [2, 15, 17]. However, being a stable
molecule (mean lifetime of 150 years in the troposphere) [17], allows N,O to migrate into the
stratosphere where it decomposes to NO, one of the main catalysts in the stratospheric ozone
depletion [1, 54]:

N,0+ 0— 2NO (Eq. 2.10)

NO then destroys ozone through the following reactions:

NO+ Oy, — NO, + 0, (Eq. 2.11)

NO, + O— NO+ O, (Eq. 2.12)

This NO formed from N,O, is estimated to cause up to 50-70% of global ozone depletion and the N,O

is estimated to be responsible for around 6% of the current anthropogenic contribution to the

greenhouse effect {51].
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Both are normally present in the atmosphere, acting individually or together from which their action

may be either additive or synergistic.

The harmful effects of NOy are nowadays acknowledged. Therefore strict legislation has been

introduced to combat and control further NOy emissions.

2.5 European NOy Reduction Requirements

In view of the continuous increasing levels of atmospheric pollutants and due to their harmful effects
on the environment and the human health, the European Community (EC) has drawn up a series of

programmes that aim at the reduction and control of pollutants from industrial plants.

There are two main EC directives of concern for this work, since they deal with the emission of

pollutants into the atmosphere from industrial plants, one of which is NOy:

1. The EC Directive “on the limitation of emissions of certain pollutants into the air from large
combustion plants” (88/609/EEC), also known as LCPD (large combustion plants directive), [5].
2. The EC Directive “on the combating of air poliution from industrial plants”, (84/360/EEC), [3].

Directive 88/609/EEC [5] applies only to combustion plants which are designed for production of
energy and in particular to those that have a thermal input of more than 50 MW [5]. It is important to
note that it does not apply to those plants which make direct use of the combustion products in
manufacturing processes, such as coke battery furnaces, reactors used in the chemical industry,

direct heating, efc.

The LCPD main objective is to reduce and control emissions from new and existing large combustion
plants, where new plants are defined as those in place after July 1987 and existing plants as those in

place before July 1987.

In the case of new plants, the directive fixes emission limit values for SO,, NOy and dust. For all new
plants, the NOy limitation is: 650 mg/m3 (6% O,, dry) for solid fuels in general, 1300 mg/m3 (6% O,,
dry) for solid fuels with less than 10% volatile compounds, 450 mg/m3 for liquid fuels and 350 mg/m’

for gaseous fuels (both at 3% O,, dry) [5].
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In the case of existing combustion plants, the directive aims at a gradual and staged reduction of total
annual emissions of SO, and NOy. For all existing plants, the directive specifies emission targets
compared with 1980 emission levels. In the case of UK, the NOy requirement is a reduction of 30% by
1998 based upon 1980 levels. In order to achieve these low NOy levels, the existing plants must be
upgraded through a process of gradual adaptation in accordance with the criteria included in articles
4, 12 and 13 of Directive 84/360/EEC, [3].

According to article 4 in the directive, an “authorisation for the operation and substantial alteration of
industrial plants which can cause air pollution” may only be issued by the competent national
authorities when:
1. “all appropriate preventive measures against air pollution have been taken including the application
of BATNEEC (Best Available Technology Not Entailing Excessive Costs)”. However, the definition
of BATNEEC as described by the EC Directive 84/360/EEC [3] has been adapted to “Best Available
Techniques Not Entailing Excessive Costs" by the Environmental Act 1990 [7). Therefore, the
definition of BATNEEC as in accordance with the Environmental Protection Act 1990 is as follows
[591:
“Best” means the most effective in preventing, minimising or rendering harmiess polluting
releases. There may be more than one set of techniques that achieves comparable

effectiveness [59].

“Available” means procurable by the operator of the process in question. It does not imply that
the technique has to be in general use, but it does require general accessibility. It includes a
technique which has been developed (or proven) at pilot scale, provided this allows

implementation in the relevant industrial context with the necessary business confidence [59].

“Techniques” involves both the plant in which the process is used and how the process is
operated. It should be taken to mean the components of which it is made up and the manner
in which they are connected together to make the whole. It also includes matters such as
numbers and qualifications of staff, working methods, training and supervision and also the
design, construction, layout and maintenance of buildings and will affect the concept and

design of the process [59].

“Not Entailing Excessive Costs” needs to be taken in two contexts, depending on whether it is
applied to new processes or existing processes. Nevertheless, in all cases it means that best
available techniques (BAT) can be modified by economic considerations when the costs of
applying best available techniques would be excessive in relation to the nature of the industry

and to the environmental protection to be achieved” [59].
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2. “the use of plant will not cause significant air pollution...” in particular from the polluting
substances listed in annex Il of the directive: (i) SO, and other sulphur compounds, (i) NO and other
nitrogen compounds, (iii) CO, (iv) Organic compounds in particular hydrocarbons (except methane),
(v) Heavy metals and their compounds, (vi) Dust: asbestos (suspended particles and fibres), glass and

mineral fibres, (vii) Chlorine and its compounds and (viii) Fluorine and its compounds,

3. “none of the emission limits applicable will be exceeded”, where emission limit values “means the
concentration and/or mass of polluting substances in emissions from plants during a specified

period which is not to be exceed”.

4. “all the air quality limit values applicable will be taken into account”, where air quality limit values
“means the concentration of polluting substances in the air during a specified period which is not to

be exceeded”.

Articles 12 and 13 outline the responsibilities of the EC member states with respect to keeping track
of new technological developments and the environmental situation. Based on the knowledge
about technological and environmental matters, the member states are required to impose
appropriate conditions (article 12) on plants authorised in accordance with the EC directive and to
implement policies, strategies and measures for the gradual adaptation of these plants to the best
available technology (article 13). These actions have to be taken with the consideration of the
following aspects:

¢ “the plant's technical characteristics”

o ‘its rate of utilisation and length of its remaining life”

« ‘“the nature and volume of polluting emissions from it”

» ‘“the desirability of not entailing excess costs for the plant concerned having regard in particular

to the economic situation of undertakings belonging to the category in question”.
At the time of writing this thesis, The “UK National Air Quality Strategy” was being prepared

according to the requirements of the Environment Act 1995. An outline of the “UK National Air

Quality Strategy” can be found in reference [60].
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3. NOy CONTROL METHODOLOGIES

Nowadays, there are numerous NOy control methods available. These can be grouped under two
main categories: (i) Control of NOy emissions by combustion modifications - based on the
prevention of NOy formation, or (ii) Control of NOyx emissions after combustion - based on the
removal or destruction of the formed NOy.

The main difference between the two categories is that the abatement of NOy through combustion
modifications is much less costly than that based con the flue gas treatment, primarily because of the
low operating costs.

The main methods of both categories are summarised in this chapter.

3.1 Control of NOy Emissions by Combustion Modifications

Control of NO, emissions by combustion modifications can be achieved by: “Modification of
operating conditions” (section 3.1.1), normally applied to existing boilers, and/or “Modification of
design features” (section 3.1.2), mainly applied to boilers to be constructed. These are explained

below:

3.1.1 Modification of Operating Conditions

(a) Low Excess Air Operation

Normally excess air is required to ensure complete combustion. Typical values of excess air
operation are 20 to 30% or even higher for coal-firing (61}, 2% for oil-firing and 8% for natural gas-
firing [62].

Practical reduced levels of excess air operation vary considerably with the boiler specific
characteristics. In the case of coal-firing, for example, practical minimum values of excess air
operation can vary between 18 to 25% depending on burning characteristics of the coal types and

ash slagging tendencies [63].
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Given that low excess air operation requires minimal operational changes, it is a very convenient
NOy reduction method and it may even give the unit an increase in boiler efficiency [64] as it
reduces the boiler flue gas loss.

Low excess air firing reduces local flame concentration of oxygen, thus reducing both fuel- and
thermal-NOy [65]. Limiting parameters to the extent of excess air reduction are flame stability,
smoke, CO formation and carbon in ash. Even if smoke is not a problem, particulate emissions
tend to increase at low excess air levels [66], limiting its trimming. Moreover, further quantities of
excess air may occasionally be required to maintain steam temperatures at desired levels or to
prevent damage to refractories or other sensitive parts [67], once more limiting the low excess air
operation.

NOyx emissions from coal-fired boilers show a linear correlation with excess air. This correlation
depends upon the unit design, but generally varies between 11 and 15% of NOy reduction per 1%
decrease in excess oxygen for most coai-fired units in the normal operating range [68]. On the

other hand, CO and carbon-in-ash increase exponentially with decreasing oxygen levels.

(b) Staged Combustion

Staged combustion consists of buming the fuel with only a portion of the stoichiometric air in a first
combustion stage, with the remaining air added later to compiete combustion in a second stage. This
principle is also referred to as two-stage or delayed combustion due to this “second” or “late” addition

of the air. Throughout this thesis the term “staged combustion” is employed.

With the application of staged combustion, NOx formation is restricted in two ways: (1) conversion
of fuel-bound nitrogen and (2) thermal fixation of atmospheric oxygen and nitrogen. Therefore,
significant reductions in both fuei- and thermal-NOy can be achieved [65, 66]. This is due to the
limitation of oxygen and lower flame temperatures in the primary combustion zone and lower

temperatures in the secondary air-rich combustion zone [69].

Although staged combustion has been shown to be the most practical means of achieving reduced
NO, emissions from coal and other fuels with significant fuel nitrogen contents {70], possible
corrosion effects and slagging must be considered. Also, recent work on staged combustion
showed that this method is highly effective in reducing NO emissions particularly when the
secondary air is injected in an established reducing atmosphere and that NOy reduction is better

with fine coal than with coarse coal [71].
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Staged combustion can be accomplished in three different ways: (a) using burners out of service
(BOOS) also widely known as biased-firing or off-stoichiometric combustion, (b) using overfire air
(OFA) ports also known as NOy ports and (c) by using burner biasing’. In coal-fired plants, NOy
reductions of 30 to 50% are possible with OFA ports or BOOS depending on design limitations [68).

(i) Burners Out Of Service (BOOS)
BOOS consists of operating some burners under fuel-rich conditions and some on air only. This
is achieved by removing certain burners from service in a particular area of the furnace while

continuing to supply air to that location. The original excess air level in the furnace is maintained
[63].

Main limitations that often establish the degree of BOOS operation are (1) mill capacity to handle
the extra coal flow to the remaining burners in service and (2) arrangement of the burners in the
furnace that are associated with each mill, since it influences the choice of burner pattern (which
may not be ideal for low NO, emissions) [68]. Staged combustion by BOOS is therefore for
boilers with spare mill capacity otherwise loss in generating capacity may be expected.
Overloading mills when spare capacity is not available, should be avoided as it will result in
burners operating outside design limits and in a degradation of the pulverised fuel quality leading

to increased carbon in ash emissions.

In coal-fired boilers, NOy reductions varying from 15 to 45% are possible depending on unit type,
degree of staging and operating flexibility. For units with 24 burners or more it is possible to
remove 15 to 25% of the burners from service, if the unit has spare mill capacity. This
corresponds to a 20 to 30% reduction in NOy [68]. It is important to note that BOOS efficiency is
strongly dependent upon the firing pattern {68].

(ii) Overfire Air (OFA) Ports

Staged combustion can also be achieved by the use of OFA ports. In this system, typically 15 to
20% of combustion air is diverted to OFA ports normally located at a certain distance above the
top burner row [68]. This results in the burners operating substoichiometrically, thus limiting NOy
formation. The possibility of diverting 20 to 40% of the air to OFA ports is being investigated for
further NOy reduction [72].

The reduction in NOy emissions with this technique is variable, depending on the boailer type and
design and the method of OFA application, but normally it varies between 10-25% [73]. However,

1 In order to distinguish the staged combustion approaches (a) and (c) which are distinct but both referred to as “biased-
firing” in the literature, the terms “BOOS” and “burner biasing” will be used for (a) and (c), respectively, in this work.
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in a tangentially-fired boiler, the application of OFA ports is reported to give an average NOy

reduction of 38% for coal- and oil-fired-furnaces and 50% for natural gas [63].

The main disadvantage of OFA ports is the cost of installation, as OFA ports need to be fitted with
special nozzles in order to ensure adequate mixing of the OFA in the combustion process for an

adequate burnout.

(iii) Burner Biasing

In addition to BOOS and OFA ports, burner biasing has been reported as another means of staged
combustion {68]. Here staged combustion is achieved by reducing the coal flow on a number of
mills and by increasing coal flow through the remaining others. It is reported to be less effective than
BOOS and OFA ports, giving 8% NOy reduction for horizontally-opposed furnaces and 7% for
single face-fired furnaces [68, 74).

(c) Low NOyx Burners (LNBs)

In the past coal-fired boilers were designed to save capital costs by minimising the boiler furnace
volume. This was compensated by the design of highly turbulent burners in order to ensure
maximum complete burnout and desired output [75]. Burners were designed with register vanes
and impellers to be used as turbulisers, ensuring rapid mixing and high temperatures {76]. This

resulted in the so called premixed flame which inevitably led to high NOx emissions.

With the new NO, legislation, new burners had to be designed in order to minimise NOy formation
whilst continuing to maximise carbon utilisation. Nowadays there is a wide variety of designs from

different manufacturers for retrofit and new applications.

Babcock & Wilcox (B&W), for example, started by developing the DRB (Dual Register Burner),
aiming at low NO, emissions while continuing to maximise carbon burnout. This was foliowed by
the DRB/Compartmented windbox, a system in which the compartmented windbox controls fuel and
air flows to each burner group, providing the flexibility to operate with low excess air and maintain
an oxidising atmasphere around each burner [76].

Additional B&W low NOy burners for new and retrofit utility applications were developed. These
included the enhanced ignition dual register burner (for difficult to burn fuels) and the Hitachi-NR
burners (for further NOx reduction relative to the DRB) for utility applications. For retrofit
applications, the low-NOy cell burner was created [77]. Later the XCL (aXial-Controiled-Low NOy)
burner was developed, reducing NO, emissions about 25% below that of the earlier DRB designs
[78, 79].
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(d) In-Furnace-NOy-Reduction (IFNR)

In-furnace-NOy reduction (IFNR) also known as fuel-staging or reburning is a very powerful NOy
reduction method. NOy emissions with IFNR are extremely low: 15 to 40 ppm on natural gas, 40 to
60 ppm on oil and 50 to 100 ppm on coal [77].

In reburning the combustion is divided into three zones (Fig. 3.2): in the primary zone the main (or
primary) fuel is burned in an oxidising or slightly reducing atmosphere producing NOy. In the
reburning (or secondary) zone, the reburning fuel (which may be different from the primary fuel), is
injected in a substoichiometric atmosphere producing hydrocarbon radicals which will then react
with the NO, produced in the first combustion zone. The amount of the reburning fuel is normally 10
to 20% of the total fuel (in terms of net heat input). Finally in the tertiary zone, air is injected through
OFA ports to complete burnout [72, 88, 89, 90].

“-“[“J NOx REDUCTION

NO
N { uon §_~NO

NHa |
P N2

BURNOUT ZONE

A 4

XN +NO —+ Ng + XN
REBURNING ZONE o1+ NO — XN (NH3+ NO +HCN)

NO, O, H20

AR 0,. ASH, §0;

FUEL

PRIMARY
ZONE

N

Fig. 3.2: Rebuming principle [91].

by

There are several optimal conditions required for a successful application of reburning [89). For
example in the reburning zone a residence time of at least 400 ms is required [88, 92], whereas in
the tertiary zone a residence time of 700 ms to 900 ms is necessary to complete combustion [89).
High furnace temperatures are also needed to favour molecular nitrogen formation. It is reported
that the reburning fuel and reburning air must be injected at a furnace temperature of 1400 + 50°C
and 1300 + 50°C respectively, to ensure compiete burnout prior to the superheater [88]. Additional

conditions required for successful application of reburning are given in [89].
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IFNR can be used on all fossil fuel-fired boilers. As a reburn fuel, natural gas has been shown to
give the best results in reducing the NOy levels [89, 93]. Additionally, gas has the advantage that it
is less complicated to supply to the upper parts of the boiler and of taking less time to burn-out [73].
Recent research, however, reports on a marginally better performance of heavy oil as a reburn fuel

[94]. Other fuels under investigation for use as reburn fuels are coal, wood and peat [89].

IFNR requires burners to incorporate the reburn fuel, OFA ports and the corresponding furnace
height above the burners. This means complex installations and high costs. Although it is a very
effective technique, IFNR is currently not widespread in UK partly because UK boilers do not have
the required height, since they were designed on the basis of high heat release rates resulting in
boilers of small dimensions.

(e) Flue Gas Recirculation (FGR)

FGR consists of recirculating combustion gases from the economiser outlet to the windbox so that it
flows through the firing burners into the primary combustion zone. Alternatively the combustion
gases can be injected directly into the flame zone. It works by lowering the overall flame
temperature and by diluting the oxygen in the air, affecting mainly thermal-NOy. It has little or no
influence on the control of fuel-NOy [72, 95, 96]. FGR performance depends therefore on the type

of fuel being burnt, being more effective with gas and oil than with coal [97].

The optimum amount of recirculation is around 20%. Higher amounts give little gains in NOy
reduction, increased probability in CO and hydrocarbons emissions and flame instability [98].

On coal-fired units the application of 15 to 20% of FGR is reported to reduce NOy emissions by
around 15% when applied as an individual control measure at high NOy levels. However, its

effectiveness decreases when used with staged combustion and at lower initial NOy levels [68, 99].

FGR is not a very attractive NOy control technique in utility boilers due to the cost of plant
modification, tube erosion (in long term use), efficiency penalty of approximately 1% (due to the
auxiliary load to drive the recirculating fans) and maintenance considerations [68]. Moreover, FGR
requires a redistribution of the heat transfer since there is a reduction in radiant heat transfer (due
to the lower temperatures) and an increase in convective heat transfer (due to the larger flow rate of

flue gas) [98].

FGR has been used for many years to control the heat distribution in the boiler. Its aim was to

increase convective heat available in the convective parts of the boiler, mainly superheater and
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reheater, at reducing firing rates. In this application, the flue gases were normally drawn from the
economiser outlet and then supplied to the furnace through ports in the furnace bottom. In this case

any reduction of NOy is coincidental and not the primary purpose.

(f) Effective Sootblowing

A boiler with clean walls will tend to produce less thermal-NOy. This can be explained by the fact
that heavily fouled furnace walls result in a reduced heat transfer, therefore increasing the peak
flame temperature and consequently thermal-NOy formation. Hence, effective sootblowing is a

useful way of reducing NO, emissions.

(g) Load Reduction (or Derating)

Operating boilers at lower loads is known to reduce NOy emissions. This overall decrease in NOy
levels is the result of two counteracting effects. On one hand, there is a decrease in the net
combustion intensity (or volumetric heat release rate) as a result of the lower loads. This lowers
peak flame temperatures [96] and thus thermal-NOy [69]. On the other hand, there is an increase
of fuel-NOy emissions due to the increased availability of oxygen typical of low loads [69, 84]. Low
loads require higher excess air levels than full load, in order to obtain superheat and reheat
temperatures (by an increased mass air flow) and to improve combustion intensity which has been

diminished by the decrease in overall temperature (see Fig. 3.3).

In general, lower loads result in reduced NOy emissions per unit weight of fuel. The relationship
between specific NOy emissions and load is reported to be a little more than proportional to load for
gas-fired units and a little less than proportional to load for coal- and oil-fired units {11]. Similar
findings are reported by other workers who found that the NOy reduction for a 25% reduction in load
was 50% on gas-fired units and 25% on coal- and oil-fired units [63]. Moreover, others report that
reducing load in coal-fired boilers reduced NOyx emissions by a lower percentage than the
percentage reduction in load, but only for gas-firing was the percent NO, reduction greater than the

percent load reduction [69].

This difference in behaviour between fuels can be explained by the fact that fuel-NOy is relatively
load insensitive [11]. Coal- and oil-fired units produce more fuel- than thermal-NOy. Since load
reduction affects mainly thermal-NOy, it is obvious that such a reduction will affect more significantly

the gas-fired units which produce only thermal-NOy.
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Although effective, NOy reduction by lower loads reduction is an economically unattractive method,
since it carries a capital cost associated with underutilising the equipment [11]. Additionally, there is
a loss of plant efficiency with lower loads which is related to the operation of the steam turbines at
reduced loads [100]). Also, it is important to note that the relationship between load and NOy

emissions can vary significantly with boiler design [68, 74}, as explained in section 3.1.2).

CO {Load 1)
CO (Load 2}
CO (Load 3)

02
OPTIMUM CONTROL POINT
Load 2 Load 3
CO Control Levei \
Deficency of Air Excess of Air

Fig. 3.3: Relationship between boiler load, CO and excess air [101].

(h) Air Preheat

In pulverised coal combustion air preheat is necessary to increase the rate of combustion.
However, high preheat temperatures result in an increased flame temperature and subsequently
increased NOy emissions, mostly thermal-NOy [11}. This is why reduced air preheat as a means of

reducing NOy, is less significant with oil- or coal-firing than with gas-firing [63].

The effect of air preheat on NO, emissions in a coal-fired boiler, has been shown to be very much
dependent on the levels of excess air [102]. Armento and Sage [102] reported that at high excess
air levels, NO, emissions increased around 260 ppm when preheated temperatures rose from 350°
F to 650° F (176° C to 343° C), whereas at normal excess air levels, NOy actually decreased
(around 40 ppm) for the same temperature rise.
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Air preheat as a means of NOx control has some drawbacks. Although it has the potential to
reduce NOyx emissions, a significant efficiency penalty of 1% per 40°F (1% per 4.4° C) is to be
expected [87]. Additionally, in coal- or oil-firing elimination of air preheat is expected to increase
particulate emissions [63]. Finally, the approach is not very practical, because the operator can

usually only vary air preheat temperatures within narrow limits without upsetting the thermal balance
of the system [96] and combustion rate.

(i) Steam or Water Injection Operation

Another means of controlling NOx formation, is by injection of steam or water into the furnace. This
reduces peak flame temperature and thus reduces thermal-NOy [98]. Water is usually preferred
due to its greater thermal effect and lower price [9] and it has been shown to be effective in gas-
fired units, however, it is less effective with coal or oil since it primarily reduces thermal-NOyx
formation [63].

Nevenrtheless, steam/water injection in boiler plants presents serious disadvantages such as a lower
thermal efficiency, increased corrosion of equipment [9], fan power requirements for increased
mass flow [87] and large quantities of water/steam.

This method is therefore mainly applied in internal combustion engines and stationary gas turbines
(with NOx reductions up to 80%) [9, 98].

(j) Combination of Combustion Modification Techniques

The application of NOx control methods in combination is not linearly additive [68, 74, 103].
Generally, the total yield of NOx reduction from a combination of NOy reduction techniques varies
widely with the type of fuel and with the combination itself [97, 102}.

From the various combinations of NOy reduction methods, the most powerful is the use of staged

combustion in conjunction with low overall excess air for all fossil fuel types, as it affects the
formation of both thermal- and fuel-NOx [64, 69, 97].
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3.1.2 Modification of Design Features

NOx levels are not only dependent on boiler operation but also on its design. There are various
boiler design features that have a great impact on NOx formation. Modification of such features,
however, are mainly considered in the design phase of new units, whereas the reconstruction of
existing units is normally not feasible due to the extensive costs.

Main boiler design parameters which affect NOy formation are: (1) the location and spacing of the
burners within a multiple burner system, (2) the presence of division walls, (3) furnace volumes (4)

the burner design and (5) the fuel and combustion air distribution within the furnace.

The first three parameters (1, 2 and 3) are related to the heat absorbing characteristics of the
furnace. Closely spaced bumers especially in the middle of multiple burner furnaces, result in a lower
ability to radiate to cooling surfaces [67]; in the same way, small furnace volumes and/or the absence
of furnace division walls mean reduced heat absorbing surfaces, resulting in higher flame
temperatures and consequently increased thermal-NOx formation.

Heat release rates per surface area must therefore be taken into account in the design of low NOy
boilers. There are various definitions of this “heat release rate per surface area”, such as the
“Burner Zone Liberation Rate (BZLR)” [104, 105, 106], the “Burning Area Heat Release (BAHR}"
[107, 108] and the “Primary Burning Zone” [109]. Although these definitions differ slightly, they all
contain basically the same information.

Burner design (parameter 4) also affects NOx emissions. Fortunately, nowadays low NOx burners
present a relatively easy and cheap option (previously discussed in section 3.1.1(c)).

Finally, the fuel and combustion air distribution within the furnace (parameter 5) is another boiler
design parameter which affects NOx emissions. The manner in which the fuel and combustion air
is admitted and distributed in the furnace will determine important factors for NOx formation such as
local stoichiometries and the intensity of combustion. An example is the inherently air staged
combustion of the down-fired-furnace, which generates characteristically low NOx emissions

(detailed discussion in section 4.1.2).

Due to the various design parameters, different furnace types vield therefore characteristically

distinct NOy levels, as shown in Fig. 3.4:
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currently in operation for coal combustion are titanium oxide based, iron oxide based, zeolite and
activated carbon/coke [72, 89].

SCR chemistry may be represented by 5 different reactions, from which the following is the
dominant one [112]:

4NO+ 4NH, + O, —> 4N, + 6H,0 Eq. 3.1

The optimum temperature for the reaction is about 1000°C, however, the catalyst reduces the
reaction temperature to 350-400°C {113]. To obtain flue gas temperatures in this range, the
catalyst is normally located between the economiser and the air preheater. This location is known
as “high dust location”, however, other locations are also possible such as the “low dust location”

and “tail end location” [90].

One of the main concerns of SCR, is the carryover of NH; and the possible formation of ammonium
sulphate ((NH,),S0O,) and ammonium bisulphate (NH,HSO,). These will form if SO,, NH; and H,O

are present in sufficient quantities and if the flue gases cool to the formation temperature [25, 112].

Both ammonium sulphates and ammonium bisulphates can deposit on the catalyst layers and
downstream equipment, causing fouling, erosion, reduced heat transfer and equipment
performance deterioration. Additionally they can contribute to an unacceptabie flue gas since they
are not completely removed by the electrostatic precipitators {25, 112].

To avoid (NH,),SO, and NH,HSO, formation, residual levels of ammonia are therefore kept at or

below about 5 ppm [98].
A main SCR disadvantage is its high cost due to the large amounts of NH; needed. As an example,

a 2000 MWe power station would require about 15 tonne/day [98], however, this must be compared

with its main advantage - the high NOy reduction.

3.2.2 Selective Non-Catalytic Reduction (SNCR)

There are many types of SNCR, each using a different reducing chemical [114, 115]. Two of the
most commonly applied are the ammonia-based (NH,) system, also known as Thermal DeNOx and
the urea-based (CO(NH,),) system, also known as NOxOUT [84].
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SNCR consists of a homogeneous gas phase reaction [116, 117], in which NOy is controlled
through thermal reactions using the appropriate reducing chemicals. For the most common

chemicals the temperature window for the reactions to take place is 900-1100°C [89).

In the ammonia-based system, for example, nitric oxide is reduced by ammonia and oxygen without
the use of a catalyst. The optimum temperature for the reaction to occur is between 927 to 1028°C
[25], however, this temperature can be lowered to about 740 to 760°C by injecting readily oxidisable
gas such as H, with the NH; [118].

In the ammonia-based system, the overall reaction may be written as [116]:

4NO+ 4NH, + O, = 4N, + 6H,0 Eq. 3.2

However, a competing oxidation reaction aiso occurs [116]:

4NH, + 50, > 4NO + 6H,0 Eq.3.3

There is a delicate balance between these competing reactions. At the correct temperature the
balance is favourable and reduction of NOyx can be achieved. At temperatures below the
temperature window, ammonia can be formed whereas at higher temperatures more NOy can be
produced [116].

When compared to SCR, the SNCR technique has various disadvantages. Main disadvantages are
a lower NO, removal (40 to 60%) and a higher consumption of chemicals (NH;:NOx ratio of 3:1 -
unlike a ratio of 1:1 as in the SCR [113]) which thereby may originate more problems with NH,HSO,
[118].

SNCR can also present practical difficulties when applied to large boilers. The high reaction
temnperature required in this process can only be achieved by injecting the NH; directly into the
upper portion of the boiler [25]. However, during changing loads, injection points at the correct
temperature for the reducing chemicals can be a problem, as well as ensuring uniform injection and

mixing [89].
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3.2.3 Combined SOx and NOyx Processes

There is a wide variety of processes that have been developed for combined denitrification and
desulphurisation of the flue gases. Most of them are currently under investigation. These
processes can be grouped in six main categories, as follows:

(a) Solid Adsorption

Solid Adsorption processes are based on the use of a recirculating (i.e. regenerated) solid sorbent
material to adsorb both NOy and SO, from the flue gas. Most processes are capable of high SO,
and NOx removal levels. Sorbents used include activated carbon or coke, alumina-based sorbents

with additives (such as copper oxide or sodium) and magnesium oxide-based sorbents [119].

In general SO, binds to the sorbent, and results in either sulphuric acid, sulphur or liquefied SO,.
NOx on the other hand is reduced to nitrogen, but the technique for NOy reduction varies with the
process: NOx can either be (i) catalytically reduced in the adsorption step by the-addition of
reducing agents, or (2) absorbed from the flue gas and reduced during sorbent regeneration [119].
Examples of processes in this category are various such as: the NOXSO process (anticipated to
remove 90% of SO, and NO, from the flue gases [89, 120]), copper oxide process [89, 90],
activated coke process [90], activated char process [119], “Nelsorbent” SOx/NOx control process
[119] and the Bergbau Forschung GmbH and Foster Wheeler-process [118, 121, 122].

(b) Irradiation of the Flue Gas

Irradiation of the flue gas produces reactive intermediates that oxidise SO, and NOx to their
respective acids: ammonium sulphate or dry calcium sulphite/sulphate in the case of SO, and
ammonium nitrate or dry calcium nitrate solids in the case of NOy [119].

There are various processes in this category. For example, in the USA, Japan and Germany, an
electron beam radiation process known as the “Electron-beam Dry Scrubber or E-beam” [121], is
being developed for removal of both SO, and NOx from the flue gas [118, 121]. Major
disadvantages of this process include high capital and operating costs, waste disposal problems
and low (< 80%) SO, removal [118]. In Denmark and ltaly, another irradiation process using the

corona effect is under development [89]. in this process an electrical pulse is used to develop a
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corona discharge in a reactor. Additional techniques for flue gas irradiation include the use of

microwave and ultraviolet radiation [119].

(c) Catalytic Operations

The processes in this category use a fixed catalyst bed (or beds) to remove SO, and NOy from the
flue gas. In all processes SO, is converted to sulphuric acid or sulphur and NOy reduced to
nitrogen [119]. The processes for catalytic combined denitrification and desulphurisation are
various, such as the Danish SNOX [123] and the German DESONOX [89]. The Danish SNOX
process, for example, is a catalytic process for simultaneous removal of SO, and NO,, with removal
efficiencies of 95% and of 90% respectively {111, 124].

Another known process is the Hot Catalytic Scrubbing Baghouse [125], also known as
SOXNOxROxBOx or SNRB. The SOxNOxROxBOx removes sulphur oxides (SOy), nitrogen oxides
(NOy) and particulates (ROx) emitted from fossil-fired boilers or other processes. All three removal
processes are combined in a single device named high-temperature baghouse (BOx) [110] which
operates according to the adsorption/desorption and the SCR principle [111, 126]. Removal
efficiencies are 70-90% for sulphur, 90% for NO, and 99% for particulates. ’

Other processes include the “Parsons Flue Gas Cleanup Process” and the “Lehigh University Low-
temperature SCR Process” [119].

(d) Electrochemical Operations
At present only one process of this type, the “IGR/Helipump Solid-state Electrochemical Cell”, is
capable of both SO, and NOy removal. In this process NOy is reduced to nitrogen and SO, results

in either sulphuric acid or sulphur.

The “IGR/Helipump Solid-state Electrochemical Cell”, still in its early stages of development, uses a
solid-state electrolytic cell with a ceramic electrolyte. In the cathodic zone of the cell,
electrochemical reduction of SO, and NO, yields sulphur, nitrogen and oxygen ions (which dissolve
in the solid electrolyte), whereas in the anode, oxide ions are converted to oxygen gas. All three

products (sulphur, nitrogen and oxygen) remain in the flue gas [119].
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(e) Alkali Injection Operations

There are various processes, still in the development phase, that use alkali Injection for SO,
removal from the flue gas. NOy can also be removed if an additive containing sodium is included.
In these processes nitrogen oxides are converted to nitrogen and soluble nitrates or sulphur-

nitrogen compounds, whereas SO, results in dry calcium or sodium-based solid waste

Two main processes are currently under investigation: (i) “spray drying” [89] and (ii) dry injection of
sodium compounds into the flue gas leaving the air heater, which is particularly useful for low
sulphur applications. At present, these processes have relatively low NOy removals (< 50%).
Furthermore, high SO, removals (> 90%) may be difficult to obtain when NOy removal is
maximised. Also, both processes can result in the formation of a visible and thus undesirable
brown plume, due to oxidation of NO to NO,. Therefore, the injection of ammonia or urea with the

sodium sorbent is being investigated in order to reduce the tendency for plume coloration [119].

(f) Wet Scrubbing

Wet Scrubbing processes are also known as chemical scrubbing or as wet systems [121]. They
are used to absorb both SO, and NOy from the flue gases: NOy is converted to nitrates, nitrogen-
sulphur salts or nitrogen and SO, results in calcium sulphite/sulphate or ammonium sulphate [119].
However, due to the low solubility of NO, special measures must be taken. These include:

1. the oxidation of NO to NO, in either gas or liquid phase before it can be absorbed into an
aqueous solution (applied in the Oxidation-Absorption-Reduction-, Absorption-Oxidation- and
Oxidation-Absorption-processes [118)), or

2. the use of additives to increase the solubility of NO (applied in the Absorption-Reduction-

processes [118]).

These two measures allow the classification of the various processes in two groups. The first group
of processes (Oxidation-Absorption-Reduction-, Absorption-Oxidation- and Oxidation-Absorption-
processes) utilise an oxidant such as ozone, chlorine dioxide or hydrogen peroxide to oxidise NO to
NO,, since NO, is more soluble than NO in the scrubbing solution. Main disadvantages are the
high cost of the oxidation procedure and the fact that the by-products contain nitrates and nitrites

which gives disposal problems [121].
The second group of processes (Absorption-Reduction-processes) consists of the use of a water-

soluble ferrous-chelating compound as a catalyst to aid in the absorption of the relatively insoluble
NO [118]. An example of such additives is the iron EDTA (ethylene diaminetetraacetic acid) 89,
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121]. Main drawbacks of this process are the requirement of extensive equipment, the need of a
high gas-liquid contact time and sensitivity of the NOx removal efficiency to flue gas composition
(particularly O, and SO; concentrations) [118]. Like the Oxidation-Absorption-Reduction-
processes, these processes have the potential to remove 90% of both SO, and NOy [113].
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4. INTER-RELATION BETWEEN DOWN-FIRED-FURNACES AND
ANTHRACITE COAL

Down-tired-furnaces and anthracite/semi-anthracite coals are intimately linked. Due to capital costs
and combustion efficiency, down-fired-furnaces generally only burn anthracite or semi-anthracite
coals and in the same way, anthracite/semi-anthracite coals are only burnt in such furnaces. This,
however, has not always been the case.

The historical development and combustion characteristics of the down-fired-furnace design and of
the anthracite/semi-anthracite coals is given here, as follows:

4.1 Down-fired-furnaces

Down-fired-furnaces are known for their unique arrangement in which pulverised coal and transport air
are injected downwards from an arch, with the remaining combustion air added through the furnace
front- and/or rear- wall(s), i.e. wall(s) below the firing arch(es). These furnaces are also known as
arch-fired-, roof-fired-, vertically-fired-, down-shot-, J- or U- or W-shape-flame- (depending on the
number of arches) and as down-fired-sequential-air-addition-furnaces (DSAA furnaces). Throughout

this work, however, the term “down-fired-furnace” is always employed.

4.1.1 Development of the Down-fired-furnace Concept

The concept of down-fired-furnaces developed from the first application of pulverised coal combustion
to the steam generation, which was successfully demonstrated in Milwaukee in 1918, when a
conventional travelling grate stoker was modified to allow pulverised coal combustion by removing the

grate and extending the furnace into an ash pit [127].

Two major modifications resulted in the down-fired-furnaces of nowadays. Firstly, due to convenience
and space limitations, the burners were oriented vertically in the furnace arch resulting in the U-shape
flame. Secondly, a portion of the combustion air was diverted to the furnace front-wall and screen
tubes were installed across the lower furnace. The second modification aimed at lowering the high
temperatures within the furnace which had resulted in severe slagging and erosion along the furnace

front-wall and bottom. These high temperatures were the result of the totally refractory lined furnace
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Down-firing as a practical means of pulverised coal combustion for the steam generation was then
promulgated and accepted [128, 129, 130] due to its ability to maintain a self-sustaining flame, which
at the time was one of the major problems with the then new technology [131]. Further acceptance of
the down-fired configuration was diminished by the development of the highly turbulent pulverised coal
burner and of tangential-firing, which offered reduced furnace volumes for the same heat input of
down-fired-furnaces, thus lowering initial capital investment [70].

Main design differences between the down-fired-furnaces are the burner design, combustion air
distribution, arrangement of the burners, presence of division walls and the number of firing arches
[70]. The firing arches can be either refractory lined or water cocled. When burning anthracite,

however, the down-fired-furnaces normally have a refractory lined arch [131].

Nowadays down-fired-furnaces are mainly applied in the combustion of anthracite and semi-anthracite
coals, but also in the combustion of other lean fuels such as high moisture or high ash content coals.
This is due to cost considerations and to the specific furnace design, which enables a stable flame

with such difficult to burn fuels [104, 131].

4.1.2 The Characteristic Low NOyx Emissions of Down-fired-furnaces

Unlike other furnace designs, down-fired-furnaces have characteristically low NOy emissions. Such
low NOx emissions are due to two main design factors: (i) an inherently staged combustion and (ii)

large furnace volumes as well as in some cases the presence of furnace division walis.

The inherently staged combustion results from a late and sequential addition of the front- and/or rear-
wall' air, known as secondary air: only part of the combustion air (primary and tertiary air) is provided
at the burners with the remaining air (secondary air), around 60% [132] or 80% [133] of the total
combustion air, being supplied at a later stage into the flame. Lower fuel- and thermal-NOy emissions
are then achieved. This inherent staged combustion can be divided in three main regions:

(a) Near burner region: coal/air jet region, prior to any entrainment of the front- and rear-wall air.
Thus, in this region the amount of NOx formed (mainly fuel-NOx) is very much dependent on the
burner type. Simple burner designs produce a coal/air jet, which disintegrates soon after it enters the
furnace, thus leading to high NOx emissions. More complex burners maintain the integrity of the fuel-

rich central core until deep in the furnace, therefore limiting NOx production [70, 133, 134].

' Front- and/or rear-walls refer to those walls below the firing arches.
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(b) Intermediate region: region of entrainment of the front- and rear-wall combustion air into the flame
jet. 1t has been shown that buoyancy forces in this region tend to drive the relatively cold front- and
rear-wall air down the walls, delaying mixing with the flame jet until into the lower furnace regions
[133]. This not only aliows the walls to be oxidised during boiler operation [104], but also creates an
oxygen deficient flame that can be substoichiometric over much of its length {104], thus limiting fuel-
NGO, formation. Thermal NOy, is also reduced, due to an extended heat release zone covered by the

long flarne path and less intense combustion.

(c) Lower furnace combustion region: final region corresponding to a complete burnout of the fuel
prior to exiting the furnace [70, 133)].

The second design parameter, large furnace volumes and/or furnace division walls, also contributes to
lower NOy emissions, in particular thermal-NOy. This is due to an increased heat absorbing surface
{70] and reduced heat release intensity [131], which lowers the bulk flame temperature and

consequently reduces NOy formation rates.

4.1.3 The Characteristic High Unburnt Carbon Levels of Down-fired-furnaces

In addition to the characteristic low NO, levels, down-fired-furnaces also have consistently high
unburnt carbon levels [135). Such high levels of unburnt carbon are believed to be the result of a
combination of factors: (i) combustion aerodynamics, (ii) furnace proportions and (iii) the fuel

combustion properties:

With respect to combustion aerodynamics, it has been speculated that high unburnt carbon levels
could be due to buoyancy forces, existent below the arches, lifting product gases and char particles
out of the jet streams prior to penetration to the lower furnace regions [70]. This consequently reduces

the residence time of these particles, leading to incomplete combustion.
Furnace proportions, on the other hand, have been shown to be responsible for an unbalanced
combustion flow pattern in down-fired-furnaces. Inevitably, this leads to an uneven fuel residence

time, thus contributing to high unburnt carbon levels [136].

Finally, fuel combustion properties can also determine unburnt carbon levels. Anthracites or semi-

anthracites are coals with a difficult combustion behaviour - slow ignition and burnout and difficulty in
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ensuring flame stability, therefore needing high residence times in the furnace, which when shortened

also lead to unbumt carbon.

in an attempt to reduce unburnt carbon levels, coal-fired boilers are usually operated with high
excess air levels, which inevitably contributes to high NOy levels. Typically excess air levels in
coal-fired boilers vary between 20 and 30% or even higher [61], depending on the furnace specific

characteristics. At Aberthaw, the boiler normally operates with 40% excess air.

4.2 Anthracite and Semi-Anthracite Coals

It is known that anthracites and semi-anthracites coals are typical of down-fired-furnaces. But how did
they evolve as a fuel for pulverised coal combustion? Also, what are their combustion characteristics

and NOy emission levels? - Answers to these questions are discussed below.

4.2.1 Development of Anthracites/Semi-Anthracites as a Pulverised Fuel

Until about 1931-32, anthracite had been generally regarded as a refuse product due to its
characteristically difficult combustion behaviour. However, developments towards an intensive use of
anthracite for power generation were then initiated because of the large quantities of this fuel that were

available over a long period of time [137].

From combustion studies of pulverised anthracite duff in collieries, it was concluded that combustion of
pulverised anthracite required: (i) rapid ignition of the coal particles, (ii) a rich coal/air jet mixture in
order to ensure a hot zone in the furnace to maintain ignition and ensure flame stability and (iii) a long
flame path to ensure complete combustion [137]. These requirements clearly indicated the suitability

of the down-fired-furnaces for these coals, since:

(i) In the down-fired-furnaces, rapid ignition of the coal particles is achieved by recirculation of
combustion products into the burner zone (through furnace aerodynamics) and by radiation of heat
into the burner zone by the use of a refractory wall.

Work with pulverised anthracite and down-fired-furnaces showed the importance of recirculating
combustion products into the pre-ignition zone of the coal/air jet, in order to heat up the pulverised coal

to ignition temperature [134, 138]. Additionally, this flue gas recirculation into the flame jet was shown
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to be of greater importance for lean coals, since the flame front develops further downstream from the
burner [134]. Furthermore the need of a closely situated refractory wall to radiate heat into the burner

jet, thus ensuring a self sustaining ignition, was also demonstrated [138, 139)].

(i) A rich primary coal/air jet is essential to ensure a hot zone in the furnace in order to maintain
ignition and ensure flame stability.

The rich primary coal/air mixture is normally attained by a set of cyclone-separator burners. Coal is
transported to the cyclone-separator burners located on the firing-arch, where most of the primary air

is separated from the coal, forming a very dense stream of coal [104].

(iii) Finally, the long flame path characteristic of down-fired-furnaces, gives the coal particies a high

furnace residence time, thus maximising the carbon burnout [135].

This need of a specific type of fumace for a particular coal rank is acknowledged by Beér who stated
that “...rates of combustion in pulverised fuel flames do not follow mixing as closely as in gas or oil
flames and pulverised coal fiames need, therefore, a mixing program to suit coal rank, fineness of the
pulverised fuel, air preheat, etc.” {134},

4.2.2 Combustion Characteristics of Anthracite/Semi-Anthracite Coals

Anthracites and semi-anthracites are coals with a low volatile content and with a high calorific value.
They are well known for their combustion behaviour - difficulty in ignition, in ensuring flame stability
and slow bumout, therefore requiring long residence times with hotter flame temperatures for
complete combustion.

Many researchers have therefore concentrated on the combustion, chemical composition and
structure of anthracite and semi-anthracite coals in order to understand and if possible improve their

difficult combustion behaviour.

Both anthracites and semi-anthracites have been shown to have similar combustion behaviours.
Work on the measurement of ignition temperatures of pulverised coal particles found that anthracites
and semi-anthracites do not show ignition temperature differences between parent coal and char,
unlike other coal chars which exhibit higher ignition temperatures (25 to 35 K) than their corresponding

parent coals [140].
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However, when compared with other coals, their combustion behaviour is quite different. Anthracites
reveal a less rapid particle heat-up in the combustion process, leading to a slow ignition [141, 142] and
burnout [142, 143, 144]. In a study, anthracite was shown to take 50 msec to reach the bulk gas
temperature, whereas bituminous and lignites only took 5 to 10 msec [143]. Moreover, anthracites
and semi-anthracites exhibit higher ignition temperatures than other coais [140].

Additionally, thermal decomposition’ studies of pulverised coal particles have shown that whereas
bituminous coals produced cloud(s) of volatiles [145, 146], anthracites did not [143].

The characteristically poor burnout of anthracites may be due not only to their low volatile content, but
also to their chemical structure. Tucker [147] found that anthracite is made up from small crystals of
imperfect graphite in the form of thin flat flakes. Microscopic examinations showed that like graphite
the external shapes of partially burnt anthracite particles were the same as of unburnt particles, except
that their interiors were eroded as if combustion had only taken place on the internal macropore
surfaces. According to Tucker, this is to be expected since anthracite is of a graphitic carbon nature
which tends to be chemically stable. Therefore, combustion can only start from the edges of the flakes
and gradually progress towards the interior of the particle, leaving the exterior shape of the particle as
before [147].

Complete burnout of anthracite particles in pulverised fuel combustion, therefore, require high

residence times, as otherwise unbumt carbon will occur.

2 During coal combustion, two distinct processes occur: thermal decomposition of the particles which produces combustible
gases {or volatiles) and a slower reaction of the residual char.
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5. DESIGN OF THE POWER PLANT EXPERIMENTS

This chapter will give an overview of the short-term tests' carried out at Aberthaw “B” Power
Station, unit 7. Generally, the tests were aimed at finding out the optimum low NO,, conditions within
the constraints imposed by boiler operability and safety, slagging, unburned combustible emissions
and other undesirable side effects. After detailing the objectives and identifying the boiler operating
variables, the design of the testing programme is described in detail. An introductory description of

the boiler and pulverised fuel system of Aberthaw “B” Power Plant is given in appendix A.

5.1 Objectives of the Power Plant Testing Programme

The main objectives of the test programme carried out at Aberthaw Power Station unit 7, were:
(a) To identify low NO, operating conditions, using the existing boiler operating variables.

(b) To investigate the possible extent of NO, reduction of the above identified low NOy operating
conditions (objective (a)). Impartant constraints for the NOy reduction experiments were : (i) retaining

acceptable levels of carbon-in-ash and (ii) of CO as well as (iii) maintaining the flame stability.

(c) To develop operational guidelines for a low NOy operation, on the basis of the information gained

from objective (a) and (b).

5.2 ldentification of Applicable NOy Control Parameters at Aberthaw, Unit 7

Operating variables are specific to each boiler, which is why not all NOx control techniques can be
applied to any boiler. In order to design the experiments, it was therefore necessa