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Aurecon was engaged by Malfroy Environmental Strategies Pty Ltd (M_E_S) on behalf of AGL 
Macquarie Pty Ltd to undertake a review of technologies applicable to the control of nitrogen oxide 
(NOx) emissions from coal-fired combustion.  The review and assessment described in this report 
explicitly addresses the requirements of a Pollution Reduction Program (PRP) included in Liddell 
Power Station’s Environment Protection Licence (EPL) by the Environment Protection Authority (EPA). 

Under the NSW Clean Air regulation1, a power station of Liddell’s age would normally be subject to the 
Group 5 NOx limit of 800 mg/m3 (Dry, STP, 273 K, 101.3 kPa, 7% O2).  However under clause 25 of 
the Regulation, AGL Macquarie successfully applied to have Liddell’s EPL varied to include a NOx 
emission of 1,400 mg/m3.  The EPL variation expires after 5 years, upon which a further application 
may be made to the EPA. 

New power plants in NSW are subjected to the Group 6 limit, which is 500 mg/m3 (Dry, STP, 273 K, 
101.3 kPa, 7% O2).   However International best practice, sees NOx limited to less than 500 mg/m3. 
The report considers a range of measures for NOx reduction and identifies measures which if 
implemented at Liddell would allow the following limits to be met: 

� Group 5 NOx limit (800 mg/m3) 

� Group 6 NOx limit (500 mg/m3) 

� World’s best practice (less than 500 mg/m3) 
 

The results of the option identification and evaluation for each of the above limit levels are 
summarised below.            

Group 5 limit (800 mg/m 3) 
A range of measures is available to allow Liddell meet the Group 5 emissions limit of 800mg/Nm3 with 
margin to allow for spikes in NOx production due to operational events.   These include: 

� Parametric combustion optimisation 

� Low NOx concentric firing system (LNCFS) 

� Close coupled overfire air (CCOFA) 

� Separated overfire air (SOFA) 
 

The minimum cost to meet the Group 5 limit (with margin) would be approximately per 
boiler for CCOFA.  

Group 6 limit (500 mg/m 3)  
None of the operational measures alone are able to reduce the Liddell emissions to Group 6 levels. 
The LNCFS and SOFA measures will just meet the Group 6 limit, however there would be no margin 
to absorb any baseline NOx increase or lessened NOx reduction. The options that may allow the 
Group 6 limit to be met (with a margin) include: 
  

                                                      
1 Protection of the Environment Operations (Clean Air) Regulation 2010 http://www.austlii.edu.au/cgi-
bin/download.cgi/au/legis/nsw/consol_reg/poteoar2010601 accessed 24 August 2016 
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� MHI M-PM burners 

� Low NOx burners (LNB) 

� Boosted Overfire Air (BOFA).   
 

The minimum expenditure necessary to meet Group 6 limits would be approximately per boiler 
for low NOx burners. 

International best practice (Less than 500 mg/m 3)  
The use of SCR (selective catalytic reduction) with LNB and OFA would achieve International best 
practice (at a cost per boiler of more than

cl 1(g), 4(d)

cl 1(g), 4(d)
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Aurecon was engaged by Malfroy Environmental Strategies Pty Ltd (M_E_S) on behalf of AGL 
Macquarie Pty Ltd to undertake a review of technologies applicable to the control of nitrogen oxide 
(NOx) emissions from coal-fired combustion. This report presents the findings of this review and 
provides an assessment of the feasibility of applying the identified technologies to the Liddell Power 
Station.  The review and assessment explicitly address the requirements of a Pollution Reduction 
Program (PRP) included in Liddell Power Station’s Environment Protection Licence (EPL) by the 
Environment Protection Authority (EPA). 

1.1 Background  
The combustion of fossil fuels results in the formation of oxides of nitrogen (NOx). NOx formation from 
combustion is a complex process involving many different and competing reactions.  Nitrogen can 
form at least 10 different oxides but only two, nitric oxide (NO) and nitrogen dioxide (NO2) are 
significant as air pollutants2. There is also concern about emission of N2O due to its role as a 
greenhouse gas. 

The greatest single source of global NOx emissions to the atmosphere is fossil-fuel combustion, and 
this is likely to remain the case well into the 21st Century3. This includes emissions from all fossil fuels 
in all sectors.  NOx emissions to the atmosphere are controlled for the following reasons: 

� Nitric oxide in the atmosphere reacts in the presence of sunlight to produce nitrogen 
dioxide. Nitrogen dioxide is an absorber of visible light at the blue-violet end of the spectrum 
and therefore appears as a reddish orange gas. 

� Nitrogen dioxide is corrosive to materials and toxic to man and most jurisdictions have 
implemented emission and air quality standards.  

� It is associated with acidic deposition and acidification of remote soil and freshwater 
ecosystems. 

� It has been found to play a significant role in the production of photochemical smog and fine 
particles when combined with airborne hydrocarbons 

� Can potentially result in fertilisation of sensitive soil and plant ecosystems leading to 
changes and reductions in biodiversity 

� Can potentially result in the stimulation of plankton blooms in marine waters. 

 

1.2 NSW Clean Air regulation 
Under the NSW Clean Air regulation4, a power station of Liddell’s age would normally be subject to the 
Group 5 NOx limit of 800 mg/m3 (Dry, STP, 273 K, 101.3 kPa, 7% O2).  However under clause 25 of 
the Regulation, AGL Macquarie successfully applied to have Liddell’s EPL varied to include a NOx 
emission of 1,400 mg/m3.  The EPL variation expires after 5 years, upon which a further application 
may be made to the EPA. 

                                                      
2 http://www.acarp.com.au/Media/ACARP-WP-1-CoalNitrogenandNOx.pdf accessed 20 July 2016 
3 http://www.coalonline.org/site/coalonline/content/viewer?LogDocId=81423&PhyDocId=7821&filename=782100162.html 
accessed 20 July 2016 
4 Protection of the Environment Operations (Clean Air) Regulation 2010 http://www.austlii.edu.au/cgi-
bin/download.cgi/au/legis/nsw/consol_reg/poteoar2010601 accessed 24 August 2016 
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New power plants in NSW are subjected to the Group 6 limit, which is 500 mg/m3 (Dry, STP, 273 K, 
101.3 kPa, 7% O2).   However International best practice, sees NOx limited to less than 500 mg/m3. 

1.3 Scope 
The scope of this study comprises: 

i). A brief description of the NOx formation processes relevant to pulverised coal-fired power 
plants; 

ii). Consideration of the relative importance of nitrogen contained in coal to overall NOx 
formation; 

iii). A review of international best practice measures available to minimise the generation and 
emission of NOx from coal-fired electricity generation.  This includes: 

� Feasibility of pre-combustion removal of coal nitrogen; 

� Combustion control measures; 

� Post-combustion control measures. 

A description of each best practice measure will be provided including principles of operation, specific 
advantages (over other measures) and limitations. The study considered the feasibility of 
implementing the control options, with specific reference to: 

� Cost, both capital and operational; 

� Timing - design, planning, installation, commissioning; 

� Emission performance; 

� Technology and engineering considerations; 

� Use of consumable products, ammonia, for example; 

� Generation / disposal of waste products; 

� And any other relevant factors identified during the review 

 

The above measures will also be addressed with respect to the achievement of the Group 5, Group 6 
and International best practice limits as defined in Section 1.2. 
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The majority of nitrogen oxides emitted from pulverised coal fired power plants are in the form of nitric 
oxide (NO) with only a small fraction as nitrogen dioxide (NO2).  However reported values of NOx as a 
mass concentration (for example as mg/m3) are typically expressed on a nitrogen dioxide equivalent 
basis. 

2.1 NOx formation mechanisms 
During combustion processes there are three different mechanisms for the formation of NOx6: 

� Thermal NOx : Thermal NOx is formed from atmospheric nitrogen which is present in the 
combustion air. Formation commences at temperatures above 1300°C and increases markedly 
with rising temperature. 

� Prompt NOx : Prompt NOx refers to the conversion of intermediate products into NO at an early 
stage of the flame front in the presence of hydrocarbons.  

� Fuel NOx : The formation of NOx from the combustion of coal is predominantly due to the 
oxidation of nitrogen contained in the coal.  

The following sections describe these processes in further detail. 

2.1.1 Thermal NOx 
Thermal NOx formation involves the high temperature reaction between oxygen and nitrogen which 
has originated in the combustion air. The mechanism for this source of NO is well understood and was 
first described by Zeldovich in 1946.5  The formation of thermal NOx is very temperature sensitive; 
small increases in temperature can lead to large increases in NOx.  The principal reaction governing 
NO formation is the reaction of oxygen atoms with nitrogen molecules or atoms: 

�� + 	�	
	

↔ 	�� + � 

�� + 	�	
	

↔ 	�� + � 

It is generally accepted that thermal NOx is of greater significance in the post-flame region than in the 
flame itself.  Therefore control of thermal NO can be achieved via reduced peak flame temperatures, 
reduced residence time in high temperature zone and controlling excess air.6 

2.1.2 Prompt NOx 
Prompt NOx refers to a mechanism where atmospheric N2 participates in NO formation via interaction 
with hydrocarbon fragments.  The hydrocarbon radicals produced at high temperature react with N2 to 
produce HCN or CN which can subsequently be oxidised to NO.  The most important reactions are 
believed to be:  

�� + �� 	
	

→ 	��� + � 

� + �� 	
	

→ 	�� + � 

The importance of prompt NOx in PF combustion is understood to be small (<5% of total NOx)6.  
Prompt NOx is only significant in very fuel rich flames, which are inherently low producers of NOx due 
to reduction in thermal and fuel NOx. 

                                                      
5 Boyd R K, Nelson P F, McEwan B R, T H Nguyen, ‘Review Of NOx Formation In PF Combustion’. Final Report ACARP 
Project C9056. 2000 
6 S.C Mitchell. ‘NOx in pulverised coal combustion’, CCC/05.  IEA Coal Research 1998. 

2 NOx formation during coal combustion 
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2.1.3 Fuel NOx 
Coal typically contains between 0.5% and 2.0% by weight nitrogen. During devolatilisation, which is 
the first stage of coal combustion, nitrogen is released in species such as HCN, NH3 and tars and is 
oxidised to NO or reduced to N2. The remaining nitrogen in the char is similarly converted to NO or N2. 
The amount of NOx produced from combustion depends strongly on the rate of nitrogen release and 
whether it is released during devolatilisation or from the oxidation of soot and char.  This process is 
illustrated diagrammatically in Figure 2-1. 

Figure 2-1 NOx Formation Mechanisms 5 

 

2.2 Nitrogen in coal 
As described above, the presence of nitrogen in the coal can lead to NOx formation.  Australian coals 
typically contain between 1.5% and 2.0% nitrogen on a dry ash free (daf) basis.  Nitrogen in coal is 
believed to reside in organically bound aromatic structures, primarily pyridinic (6 member ring) or 
pyrrolic (5 member ring).  Only in rare cases has nitrogen been identified in the mineral matter.7   

Whilst it is believed that between 75% and 95% of the NO formed during coal combustion originates 
from coal nitrogen, a high nitrogen content coal does not necessarily produce high NOx emissions.6  
There has been a significant body of research conducted in Australia on the relationship between coal 
nitrogen and NOx emissions.  This arose from a number of Japanese utilities placing upper limits on 

                                                      
7 http://www.coalonline.org/site/coalonline/content/viewer?LogDocId=81423&PhyDocId=7821&filename=782100082.html 
accessed 20 July 2016 
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the level of nitrogen in coal in their coal purchase specifications.  The research found that ‘…there is 
clearly no correlation between coal nitrogen content and NOx emissions’.8  

The formation of NOx from coal combustion is predominantly due to oxidation of nitrogen contained in 
the heterocyclic structures of the coal.  During initial coal decomposition, the nitrogen is released as 
volatile N species such as HCN and NH3 and other nitrogen compounds in the tars.  Depending on 
combustion conditions, these species are either oxidised to NO or reduced to N2 (see Figure 2-1).  The 
nitrogen remaining in the char is similarly converted to NO or N2. 

The rate of nitrogen release from the coal during combustion plays a significant role in the NOx 
formation rate. If the nitrogen is released early in the combustion process (during devolatilisation) NOx 
formation may be inhibited if the local concentration of air is lowered. This is achieved in practice by 
staged combustion, which is discussed in Section 2.2.     

2.3 Factors influencing NOx formation 
The considerable laboratory and empirical evidence gathered by scientific and industrial researchers 
has found that the principal factors influencing NOx emissions from pulverised coal fired plants in 
order of importance are9: 

1. Boiler design and firing configuration 

2. Boiler operating conditions 

3. Coal properties 

These factors are described in further detail in Table 2-1.  

 

Table 2-1 Principal factors influencing NOx emissions from pulverised coal fired plants 

1. Boiler design  • firing mode (front wall, opposed wall, tangential) 
• capacity or maximum continuous rating (MCR or MWe)  
• burner type (standard or low-NOx ) 
• number and capacity of burners 
• burner zone heat release rate (plan, volume and basket) 

2. Boiler operation • load 
• excess air or oxygen 
• burner tilt 
• burner swirl vane settings 

3. Coal properties • volatile matter content 
• fuel ratio10 (FC/VM) 
• coal carbon-to-hydrogen ratio (C/H) 
• nitrogen content 

 
  

                                                      
8 http://www.acarp.com.au/Media/ACARP-WP-1-CoalNitrogenandNOx.pdf accessed 20 July 2016. 
9 Boyd R K, Nelson P F, McEwan B R, T H Nguyen, ‘Review Of NOx Formation In PF Combustion’. Final Report ACARP 
Project C9056. 2000.  
10 Fuel ratio is defined as the ratio of fixed carbon to volatile matter in coal:  http://www.coaltech.com.au/Combustion.html 
accessed 13 September, 2016 
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For Liddell, the significance of Table 2-1 is: 

� Boiler design and firing configuration : Designs with high temperature, high intensity 
combustion zones produce the highest levels of NOx. Cyclone boilers have the highest 
NOx emissions, followed by wall fired (with standard burners) and then tangentially fired 
boilers.  Tangentially fired boilers (such as Liddell) have lower intensity combustion 
conditions than wall fired designs and tend to have lower inherent NOx emissions.    

� Boiler operating conditions : The operating factors influencing NOx emissions in 
pulverised coal fired boilers are load, excess air, burners in service and burner vane 
settings. For tangentially fired boilers load is of lesser importance.    

� Coal properties : The relative importance of coal properties on NOx emissions depends on 
the boiler and burner design. Under air staged conditions, rapid release of coal N in the 
volatile fraction results in lower NOx production. Coal properties which determine how well 
a coal will respond to air staging include calorific value (CV), volatile matter yield and coal 
nitrogen level.  Although Liddell does not currently have low NOx burners or overfire air, it is 
expected that the tangential firing arrangement has some inherent air staging due to the 
relatively slow mixing of air with the fuel jets.   Therefore high volatile coal may be expected 
to contribute to lower NOx emissions. 
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3.1 Options for NOx control 
The following sections discuss options for NOx control for the type of pulverised coal fired boilers 
installed at Liddell.  As Liddell is in excess of 40 years old, all options identified and discussed are 
considered for retrofit applications.  

3.2 Combustion control measures 
Combustion measures for NOx control for pulverised coal fired power stations include the following: 

� Operational measures 

� Low NOx burners 

� Furnace air staging 

� Reburning 

� Flue gas recirculation. 

 

These are discussed in the following sections 

3.3 Operational measures 
The discussion in section 2 described the mechanisms for NOx production and suggested conditions 
necessary for minimised NOx formation.  Within the range of normal operational and maintenance 
practices it is possible to provide furnace conditions which minimise NOx production.   

In general the conditions for minimised NOx production include: 

� Initial combustion under fuel rich conditions 

� Minimised air availability during devolatilisation 

� Good balance of air and fuel flow to each burner 

 

Another overriding factor is the trade-off between minimised NOx emission and good coal burnout.  
Combustion under fuel rich or reduced oxygen conditions can lead to reduced burnout rates and poor 
combustion efficiency.  

The operational measures which are available to promote reduced NOx formation include: 

� Reduced excess air operation 

� Biased coal and air distributions to furnace 

� Optimised burner settings 

� Burners out of Service (BOOs) 

� Parametric combustion optimisation.  

 

These are described in the following sections. 

3 NOx control measures 
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3.3.1 Reduced excess air operation 
Coal fired boilers typical operate with an additional ~20% of air above the stoichiometric quantity for 
complete combustion; this generally corresponds to a residual concentration of oxygen in the flue gas 
of up to 3.5%. The level of excess air supplied to the boiler can have a significant impact on the NOx 
emission level irrespective of boiler type of firing system design.11  Most new plant operates with flue 
gas percent oxygen levels of around 2.5%.  However, coal fired plant of Liddell’s age and design 
generally operate at around 3.5%.   Figure 3-1 shows a typical relationship for relative NOx level vs 
flue gas percent oxygen concentration for a large pulverised coal fired utility boiler12. 

Figure 3-1  Relative NOx level vs flue gas percent oxygen concentration 

 

The graph shows that a reduction in flue gas oxygen from 3.3% to 2.7% may result in a 9% reduction 
in NOx emission level. 

There are other factors which must be considered in the optimisation of boiler excess air level. As 
excess air level is reduced, increased unburned carbon and carbon monoxide production will typically 
occur.  However this may be offset against a reduction in dry flue gas loss and auxiliary (fan) power.  

3.3.2 Biased coal and air distributions to furnace 
A degree of furnace air staging may be possible via a coal and air flow bias which leads to fuel rich 
combustion zone, with an excess of air at the upper burners.  Therefore devolatilisation occurs in a 
fuel rich region, minimising NOx production.  The extent of NOx reduction will depend on burner 
geometry and the degree of control of both individual pulverised coal flow and secondary air flow to 
each burner.  It is expected that the maximum NOx reduction that may be achieved via this method 
would be around 10%. 

3.3.3 Optimised burner settings 
Poor control of combustion air and fuel to individual burners can produce high NOx levels due to 
individual burners being ‘over-aired’ and therefore having an excess of O2 available to react with fuel 
nitrogen.  Tuning of air and/or coal flow to individual burners to achieve optimum stoichiometric air to 
fuel ratios may minimise NOx emissions.  In practice optimum settings may be obtained via visual 
observation of flame colour and shape, or through the use of temperature probes or optical pyrometry. 
With low NOx swirl burners (such as used at Bayswater Power Station), the swirl level may be 

                                                      
11 S.C. Mitchell, NOx in pulverised coal combustion.  CCC/05 IEA Coal research 1998 
12 Based on Aurecon test data obtained on a NSW coal fired boiler. 
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adjusted to reduce flame intensity or the inner air register throttled to reduce air availability during the 
initial stages of combustion. 

This approach to NOx reduction may involve little or no capital expenditure, but will require man-hour 
effort to carry out tuning, which may be iterative to ensure that NOx emissions are not minimised at the 
expense of unburned carbon, furnace heat transfer or ash deposition phenomena. 

3.3.4 Burners out of Service (BOOs) 
Burners out of service (BOOS) is a form of staged combustion.  Typically an upper burner level is 
removed from service, but secondary air supply to the burner maintained.  This results in the in-service 
burners being operated under fuel rich conditions.  The method lends itself well to tangentially fired 
boilers where a pulverised coal mill supplies a complete burner level.  

NOx reduction levels of 10 -15% have been reported.  The method is not robust as it depends on the 
lower burner levels being available.  Typically, one pulverising mill is out for maintenance, suggesting 
that the all lower mills being available has a low probability of occurring in practice.  

3.3.5 Parametric combustion optimisation 
As discussed in section 2, there is a plethora of factors which influence NOx production in pulverised 
coal fired boilers.  An alternative approach to the control of parameters known to influence NOx 
production, is the use of advanced ‘machine learning’ methods of boiler control.  Although neural 
network artificial intelligence methods have been proposed over the past two decades as a possible 
method of NOx control for coal fired plant, there has been limited uptake of the technology.  Recently 
extreme learning machines (ELM) have been proposed for applications which include the control of 
NOx emissions from coal fired boilers.13,14     

With this type of NOx control, the software uses historical data to ‘learn’ the relationship between 
boiler settings and NOx production.  In feed-forward mode the system can optimise NOx emissions 
and unburned carbon.  There are a number of proprietary software packages available, some of which 
have been in use from the early 2000s.   Table 3-1 contains a list of typical software packages. 

Table 3-1 Artificial Intelligence software for NOx control 

Software Developer Reported NOx emissions reduction 

Lehigh Boiler OP™ Lehigh University15,16 5 to 35 % 

BoilerOpt® NeuCo, Inc.17 (incorporates Pegasus 
Technologies) 

10% (on 730MW Tangentially fired 
boiler) 

SPAA-P3000 Siemens18 >14% (on 720MW wall-fired unit) 

 

Whilst this measure has been reported about for the past 15 years, there is little evidence of 
widespread uptake of the technology. 

                                                      
13 http://www.ntu.edu.sg/home/egbhuang/pdf/ELM-Suvey-Huang-Gao.pdf Accessed 22 August 2016. 
14 Peng Tan, Ji Xia, Cheng Zhang, Qingyan Fang, Gang Chen. Modeling and Optimization of NOX Emission in a Coal-fired 
Power Plant using Advanced Machine Learning Methods. Energy Volume 94, 1 January 2016. Accessed 22 August 2016. 
15 http://www.piburners.com/mats-compliance-group/boiler-op-intelligent-combustion-optimization-and-control/ accessed 22 
August 2016. 
16 http://www.academia.edu/5688985/Combustion_Optimization_Part_I_-_Methodology_and_Tools  
17 http://www.neuco.net/pdfs/NeuCo_EUEC_2015_Final.pdf accessed 22 August 2016 
18 http://www.energy.siemens.com/us/pool/us/automation/instrumentation-controls-electrical-power/webfeature/Plant-
Performance-Improvement-by-Comb-Optimization.pdf  
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3.3.6 Summary of operational measures 
Table 3-2 provides a summary of the performance and impacts of the operational measures discussed 
above.  As the NOx formation mechanisms are quite complex and have a number of 
interdependencies, the measures identified are not linearly additive.  So, for example, whilst reduced 
excess air alone will reduce NOx levels, the use of reduced excess air and optimised burner settings 
will result in greater NOx reduction.  For example the combination of two options, each with expected 
NOx reduction levels of 10%, will yield and overall reduction in emissions of 10 to 20%. 

Table 3-2 Summary of performance and impacts of the operational NOx reduction measures 

 Potential NOx 
reduction % 

Other impacts on boiler operations 

Reduced excess air 
operation 

Up to ~10% • Reduction in NOx depends on starting excess air level; PF 
fineness levels and boiler/burner design  

• Potential negative impacts on unburned carbon, carbon 
monoxide.  Possible reduction in dry flue  gas loss and fan 
power consumption  

Biased coal and air 
distributions to furnace 

Up to ~10% • Potential negative impacts on unburned carbon, carbon 
monoxide 

Optimised burner 
settings 

Up to ~10% • May result in improvements to unburned carbon and 
reduction in ash deposition and gas temperature 
imbalance at furnace exit 

Burners out of Service 
(BOOS) 

10% to 15% • Relies on upper burner levels being able to be removed 
from service.   

• Therefore has operational constraints on being available 
to be used for NOx reduction continuously 

Parametric combustion 
optimisation 

Up to 35% • Requires purchase of software package (may be as high 
as with ongoing support fee) 

• May require additional instrumentation on boiler and 
additional actuators on air flow dampers. 

• May not necessarily provide robust method for NOx 
reduction as optimum conditions not always available. 

 

3.4 Low NOx burners and firing systems 
The use of low NOx burners for coal fired boilers is extensively used.  Whilst the term low NOx 
Burners (LNB) can be applied to tangentially fired boilers, most combustion control methods for these 
boilers involve modification to the way the PF jets and air streams interact. Modification to the 
interaction of the fuel and air streams is referred to as a ‘low NOx firing systems’ in the context of this 
report. 

3.4.1 PF boiler burner design 
There are two main types of firing system used in large pulverised coal fired boilers: 

� Wall firing :  These boilers have either one wall or two opposing walls fitted with multiple 
circular swirl burners.  Swirl burners impart a swirling motion to the secondary air as it exits 
the burner opening in the boiler wall.  Each swirl burner is therefore self-stabilising due to 
the internal recirculation zone created by the swirling divergent air flow. As mentioned 
above, the high intensity combustion zones have high NOx emissions unless low NOx 

cl 1(g), 4(d)
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burners are fitted.  Wall firing is used by manufacturers which include FW, IHI, Babcock, 
BHK and Steinmuller. 

� Tangential firing :  Vertical slot burners are located in each corner of the furnace.  Each 
slot burner set is aimed toward an imaginary concentric firing circle.  The interaction 
between the 4 jets produces an overall swirling flow pattern in the centre of the furnace.  
Typically the coal and air nozzles produce jets of PF and air which have no swirl and little 
divergence. Because of the relatively slow mixing of fuel and air, NOx production is 
inherently low.   Tangential firing is used by manufacturers which include Alstom - CE, MHI 
and BHEL. 

 

The above arrangements are simplistically illustrated in Figure 3-2.   

 

Figure 3-2 Pulverised coal fired boiler firing arrangements 

 

 

3.4.2 Low NOx firing systems for tangential boilers 
As the combustion process in tangentially fired boilers requires the interaction between the jets from 
the 4 slot burners, the achievement of low NOx combustion typically requires consideration of the 
mixing of the 4 jets within the furnace rather than consideration of the near burner region of individual 
burners.  There are a number of proprietary low NOx firing systems proposed by various OEMs for 
tangentially fired units: 

� Alstom :  Low NOx Concentric Firing System (LNCFSTM) 

� MHI:  Multiple pollution minimum burner (M-PM) 

� Babcock : Coal and auxiliary air nozzles 

� Foster Wheeler: Replacement burner nozzles 

� Siemens (ABT):  Low NOx burners 

These are discussed in detail below. 
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3.4.3 LNCFSTM  (Alstom) 
LNCFS™ technology was designed for tangentially fired boilers, which represent a significant 
percentage of US coal-fired generating capacity. The technology reduces NOx by staging combustion 
vertically in the boiler with separate coal and air injectors, and horizontally by creating fuel-rich and 
lean zones with offset air nozzles.  The vertical staging is described below in the discussion of overfire 
air.  The horizontal staging is achieved with the offset in firing angle between the air and fuel nozzles, 
as illustrated in Figure 3-3.  LNCFS™ also may incorporate OFA which is discussed elsewhere. 

Figure 3-3  LNCFS TM firing arrangement 19 

 

 

The two main features of the LNCFSTM system are: 

� Offset auxiliary air 

� Flame-attachment coal nozzle tips. 

 

Offset air refers to air introduced between the coal nozzles. This air is injected through concentric 
auxiliary nozzle tips that are installed on the air nozzles in the main windbox. The angle of these 
nozzles can be adjusted both horizontally and vertically. In general, these nozzles are adjusted to 
direct the air toward the furnace walls to reduce fouling and to produce an oxidizing environment along 
the water walls. This minimises the potential for corrosion, and produces two concentric circular 
combustion regions. Most of the coal is contained in the fuel rich inner zone, which is surrounded by a 
fuel-lean outer zone that contains combustion air.  

Flame-attachment tips are installed on the coal nozzles to stabilise and ignite the coal stream close to 
the nozzles. This devolatilises the coal as quickly as possible, and releases the nitrogen in the fuel in 
an oxygen-poor region of the flame. This helps minimise NO formation from the nitrogen in the fuel. 

Reported NOx emission reduction levels of plants retrofitted with LNCFSTM are in the 35% to 50% 
range (on systems incorporating windbox CCOFA)20.  The cost of retrofit is estimated to be around 

                                                      
19 https://www.netl.doe.gov/File%20Library/Research/Coal/major%20demonstrations/cctdp/Round2/tfire.pdf accessed 15 
August 2016 
20 http://ev.hkie.org.hk/Upload/Doc/3a971fb1-0e24-467a-9168-4895119a031d_2.pdf  accessed 24 August 
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kW21 (escalated and converted to $A).    Alstom claims to have over 300 units totalling well over 
100 GW of LNCFS™ system experience22. 

3.4.4 M-PM burner (MHI) 
The concept behind the MHI M-PM firing system is described in Figure 3-4.  The burner was 
developed using computational fluid dynamics (CFD), with the underlying premise being to minimise 
mixing between the pulverised fuel and secondary air streams.  The oxygen concentration in the outer 
flame has been optimised to minimise NOx production.   

Figure 3-4   Basic concept of M-PM burner 23 

 

 

MHI claims that a reduction in NOx emissions of 30 to 60% may be achieved with the M-PM firing 
system.  A Japanese 600MW unit retrofitted with the M-PM burners achieved a 30% NOx emission 
reduction24.  The installation of M-PM burners at a 700MW ‘overseas’ unit was reported to achieve a 
decrease in NOx emissions from 170ppm down to 53 ppm (68% reduction)24.  The cost has not been 
quoted by MHI, but it is expected to be of a similar order to a full burner nozzle replacement.    

3.4.5 Low NOx burners 
As described in section 3.4.1, NOx reduction on tangential fired units is typically achieved via 
addressing the interactions between adjacent fuel and air streams.  At least one manufacturer of low 
NOx burners for wall fired units has successfully retrofitted low NOx swirl burners to tangentially fired 
units25.   

                                                      
21 The Advanced Tangentially Fired Combustion Techniques for the Reduction of Nitrogen Oxides (NOx) Emissions From Coal-
Fired Boilers Demonstration Project: A DOE Assessment.  DOE/NETL-2000/1122 
22 http://alstomenergy.gepower.com/Global/Power/Resources/Documents/Brochures/low-nox-concentric-firing-system-lncfs-for-
boilers.pdf  accessed 24 August 
23 Mitsubishi Heavy Industries Technical Review Vol. 50 No. 3 (September 2013) 13 
24 https://www.mhps.com/randd/technical-review/pdf/index_09e.pdf accessed 22 June 2017 
25 https://www.netl.doe.gov/publications/proceedings/05/UBC/pdf/Conn_paper.pdf accessed 1 September 2016. 
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Low NOx swirl burners decrease the amount of available oxygen in the zones which are critical for 
NOx formation. Coal devolatilisation occurs in conditions of low oxygen availability ensuring that fuel 
nitrogen is converted to molecular nitrogen. Figure 3-5 illustrates a 'dual register' low NOx burner 
which is used on wall fired furnaces. In this burner type the inner air register is used to produce a low 
turbulence blanket between the pulverised coal and the balance of the combustion air, thus slowing 
the mixing of the volatiles and the combustion air. 

Figure 3-5 Low NOx swirl burner 26 

 

 

ABT has reported the successful use of their Opti-flowTM low NOx swirl burners on a 290 MW 
Combustion Engineering tangentially fired unit.  NOx emissions were reduced by 37% with the new 
burners. 

3.5 Furnace air staging 
The concept of furnace air staging was introduced in section 2.2.  Air can be staged in the burner, 
furnace or more commonly both. Furnace overfire air (OFA) technology requires the introduction of 
combustion air to be separated into primary and secondary flow sections to achieve complete burnout 
and to encourage the formation of N2 rather than NOx.  Primary air (70-90%) is mixed with the fuel 
producing a relatively low temperature; oxygen deficient, fuel-rich zone and therefore moderate 
amounts of fuel NOx are formed. The secondary air, representing 10-30% of the total combustion air 
is injected above the combustion zone through a special wind-box with air introducing ports and/or 
nozzles, mounted above the burners. Combustion is completed at this increased flame volume. 
Hence, the relatively low-temperature secondary-stage limits the production of thermal NOx. The 
location of the injection ports and mixing of overfire air are critical to maintain efficient combustion.  

Retrofitting overfire air on an existing boiler generally involves waterwall tube modifications to create 
the ports for the secondary air nozzles and the addition of ducts, dampers and the wind-box. This 
technique is currently used in 116 pulverised coal-fired units, on a total capacity of 50 GWe as a 
stand-alone measure27. It is used in combination with other primary measures for NOx control, in 175 
coal-fired units on a total capacity of 53 GWe. 

                                                      
26 http://www.babcock.com/library/Documents/e1013177.pdf accessed 1 September 2016 
27 http://www.alstom.com/Global/Power/Resources/Documents/Brochures/low-nox-concentric-firing-system-lncfs-for-boilers.pdf 
accessed 8 July 2015 
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In practice air staging involves reducing the air being supplied to the furnace through the burners to 
90-95% of the stoichiometric requirement.   It is important that the lower furnace is sub-
stoichiometric28. The remainder of the air is admitted to the boiler in regions away from the burners. 
Typical designs use overfire air ports to admit the remainder of the combustion air to the furnace 
above the burners.  

Figure 3-6 illustrates the principle of furnace air staging. Air staging can be applied to wall fired and 
tangentially fired boiler designs.  The use of overfire air has resulted in NOx emissions being reduced 
by >50% in specific cases.  

 

Figure 3-6 Principle of furnace air staging 

 
 

3.5.1 Application to tangentially fired boilers 
Furnace air staging or overfire air has been successfully applied to both wall and tangentially fired 
boilers.  Alstom, who are the present OEM for Combustion Engineering tangentially fired boilers (such 
as Liddell), state that OFA has been utilised in well over 300 retrofitted and new tangentially fired 
Alstom boilers since 197129. The use of OFA in tangentially fired units may result in significant 
decreases in NOx emissions and is believed to be the most cost-effective technique for reducing NOx 
emissions from units of this design.30 

Another boiler manufacturer, Babcock and Wilcox, also claims experience with the application of 
overfire air systems to tangentially fired boilers31.  Babcock state that the use of OFA in tangentially-
fired units results in significant decreases in NOx emissions and is the most cost-effective technique 
for reducing NOx emissions from these units. Available reduction in NOx with this technique range 
from 20% to more than 60% depending on the initial NOx levels, burner design and fuel type. 

Figure 3-7 illustrates the Babcock OFA approach for a divided furnace tangentially fired boiler (similar 
to the Liddell boilers). 

 

                                                      
28 http://www.burnsmcd.com/Resource_/PressRelease/1560/FileUpload/ReducingNOxviaReplacementBurners 
OverfireAirandOptimizedC.pdf accessed 14 July 2015 
29 http://www.alstom.com/Global/Power/Resources/Documents/Brochures/low-nox-concentric-firing-system-lncfs-for-boilers.pdf   
accessed 8/7/15 
30 http://www.babcock.com/library/documents/br-1834.pdf  accessed 28 July 2015. 
31 http://www.babcock.com/library/Documents/e1013180.pdf accessed 7/7/15 
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Figure 3-7  Babcock OFA approach for a divided furnace tangentially fired boiler 32 

 
 

3.5.2 Overfire air port designs  
There are a few variations on the basic concept of overfire air:  

� Close-Coupled Overfire Air (CCOFA) :  The staged air is introduced to the furnace through 
the top of the existing windbox. This is the lowest cost method as it involves modification 
primarily to the burner nozzles in the slot burners. 

� Separated Overfire Air (SOFA): The staged air is injected higher in the furnace through 
dedicated air registers.  The OFA registers are supplied with air from the existing windbox. 

� Boosted Over-fire Air (BOFA): This method involves improved air jet penetration and 
mixing resulting in greater NOx reduction.  The air is supplied through dedicated fans which 
allow the high jet velocities to be achieved. 

 
The location of CCOFA and SOFA are illustrated for a tangentially fired furnace in Figure 3-8.   

                                                      
32 http://www.babcock.com/library/Documents/e1013180.pdf 
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Figure 3-8  CCOFA (option 1) and SOFA (Option 2) locations 33 

 
The key parameters in the implementation of an overfire air system include: 
 

� Location and number of OFA ports 

� Quantity of OFA (relative to total combustion air) 

� OFA jet direction and velocity 

 
The cost of retrofitting OFA to existing plant is site dependant and sensitive to the location of the OFA 
ports. The indicative cost is 7 – 13 $/kW 34  for CCOFA and SOFA, and 40 – 60 $/kW for BOFA.35  

3.5.2.1 Loc ation of OFA ports 

Table 3-3 suggests that while significant NOx reduction may be achieved through the use of both 
close-coupled and separated OFA systems, the separated OFA systems provide greater levels of NOx 
reduction. This is supported in the literature, where it is reported that OFA ports are most effective 
when located approximately 4.5 metres to 9 metres above the top fuel firing elevation36.  Locating the 
ports at a lower elevation reduces their effectiveness (that is, requiring the use of additional quantities 
of OFA); locating them at a higher elevation, while not affecting their NOx performance, may affect 
unburned combustible losses and possibly steam temperatures. 

                                                      
33 http://www.babcock.com/library/Documents/e1013180.pdf accessed 29  July 2015 
34 http://www.power-eng.com/articles/print/volume-119/issue-12/features/lower-cost-alternative-de-nox-solutions-for-coal-fired-
power-plants.html accessed 5 September 2016 
35 Boosted Overfire Air Systems - Field Experience and Numerical Model Evaluation 1009647 Technical Update, March 2005   
36 http://www.babcock.com/library/documents/br-1834.pdf accessed 28 July 2015 
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3.5.2.2 Quantity of overfire air 

As suggested in Table 3-3, NOx reduction levels increase with increasing OFA quantities.  Both the 
EPRI CFD simulations37 and the CRIEPI measurements show that increasing the degree of OFA, 
resulted in a monotonic increase in NOx reduction.  The EPRI and CRIEPI data is illustrated 
graphically in Figure 3-9. 

Figure 3-9 Relationship between NOx reduction and degree of OFA 

 

 

3.5.3 Reported performance levels 
A literature review was conducted to determine the relationship between OFA location, OFA quantity 
and expected NOx emission reduction levels.   Table 3-3 provides a summary of NOx levels achievable 
for a range of OFA port location and air quantities.  The results include pilot scale tests, CFD 
simulations and full size plant performance data. 

Table 3-3 NOx levels achievable for different OFA designs 

Site(s) Furnace 
arrangement 

OFA  
location   

OFA  
Quantity 

NOx  
reduction level 

Ref 

3 x US plants. 
capacity range: 
500MWe 

Tilting tangential 
burners 

Within 3 metres 
of top burner 
level 

15 to 20% total 
air 

~27% 38,39 

CFD simulations of 
870MW PF fired 
boiler 

Tilting tangential 
burners in divided 
furnace 

Close coupled 
(0.6 metres 
above top 
burner) 

5% 

10% 

20% 

28% 

34% 

54% 

40 

                                                      
37 http://www.cca-inc.net/overfire-air.htm  accessed  28 July 2015.  
38 http://nepis.epa.gov/Exe/ZyPDF.cgi/9101ECV6.PDF?Dockey=9101ECV6.PDF   accessed 21 July 2015 
39 http://www.netl.doe.gov/File%20Library/Research/Coal/major%20demonstrations/cctdp/Round2/netl1122.pdf accessed 21 
July 2015  
40 EPRI ‘Computer Model Evaluation of Overfire Air on a Tangential PC Fired Boiler Final Report’, July 2002.  From 
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001007042&Mode=download accessed 24 
July 2015 
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Site(s) Furnace 
arrangement 

OFA  
location   

OFA  
Quantity 

NOx  
reduction level 

Ref 

CFD simulations of 
870MW PF fired 
boiler 

Tilting tangential 
burners in divided 
furnace 

Separated (~8 
metres above 
top burner) 

5% 

10% 

20% 

28% 

64% 

74% 

860MW CE oil fired 
boiler 

Tilting tangential 
burners in divided 
furnace 

Close Coupled 
OFA (CCA 
combustion 
systems) 

not known ~17% 41 

440 MW B&W Gas and oil 
opposed fired unit 

Boosted OFA not known 69% 

Lingan,  
(Nova Scotia)  
4 x 160MW units 

Tilting tangential 
firing 

Separated 
overfire air 
(SOFA) 7m 
above top 
burners 

 >50% 42 

CRIEPI (Japan) 100kg/hr 
combustion test 
facility 

air staged 5% 

10% 

20% 

30% 

17% 

27% 

33% 

58% 

43 

 
The results tabulated above suggest that: 

� Separated overfire air (SOFA) systems yield larger reductions in NOx emissions than close 
coupled overfire air (CCOFA) systems.   

� Significant NOx reduction levels (>50%) are achievable, provided that the proportion of total 
secondary air being fed to the furnace through the overfire air ports is at least 20%. 

� The greatest recorded degree of NOx reduction achieved was with a boosted overfire air 
system.  The proponent attribute this to the high velocity of the overfire air jets. 

 

3.6 Reburning 
Reburning is a type of furnace staging which involves the injection of a secondary or reburn fuel 
downstream of the main burners, followed by further injection of air to burn out this fuel. Reburning is 
often referred to as three-stage combustion, with the three combustion stages described in 
Figure 3-10 and also below. 

� The Primary Combustion Zone is where coal is fired through conventional or low NOx 
burners generally in low excess-air conditions, which generally reduces the initial NOx 
formation 

� The Secondary reburn zone (fuel rich) is where a secondary fuel (eg natural gas) is injected or 
blown into the upper section of the furnace to provide effective mixing of the natural gas 

                                                      
41 http://www.cca-inc.net/overfire-air.htm accessed 28 July 2015. 
42 http://www.babcock.com/library/documents/br-1834.pdf  accessed 29 July 2015 
43 ‘NOx and unburnt carbon emissions from Japanese low NOx burners’. Technical Note 11. CRC for Black Coal Utilisation. 
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with the bulk flue gas, resulting in a secondary sub-stoichiometric reburn zone without 
combustion air. Recirculated flue gas is sometimes used as a carrier for the reburn fuel. 
The secondary fuel breaks down to produce hydrocarbon fragments, which react with the 
NOx produced in the primary combustion zone and reduce it to atmospheric nitrogen 

� The Tertiary burnout zone (fuel lean) is where the the gases exiting the reburn zone undergo 
additional combustion with overfire air. This final combustion stage is necessary to 
consume the CO and unburnt hydrocarbons leaving the reburn zone 

 

Figure 3-10 Schematic of gas reburning 44 

 
 

3.6.1 Reburning Fuels 
A range of fuels including coal, oil, orimulsion, gasified biomass, coal water slurry, and natural gas 
have been assessed for their potential use as reburning fuels. All have resulted in a reduction in NOx. 

3.6.1.1 Natural Gas 

Natural gas is the most widely used secondary fuel and has been demonstrated successfully around 
the world at a range of scales.  

The use of natural gas has a number of advantages: 

� The use of natural gas is considered to be a cost-effective method of emissions reduction  

� It is easy to inject and control. 

� Natural gas does not contain any fuel-nitrogen and results in the greatest NOx reduction 
performance (up to 70% reduction)  

                                                      
44 Xiaofeng Lu, Hanzhou Liu R. S. Amano (2006): Industrial demonstration on NOx removal by gas reburning in a 50 MWe 
tangential pulverizing coal-fired boiler. Proceedings of PWR2006 ASME Power May 2-4 2006, Atlanta GA, USA 
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� Emissions of SO2 and particulates are also reduced45. This is due to natural gas not 
containing ash and as such does not contribute to the overall particulate loading from the 
combustion process. The reduction in SO2 and particulates is generally in direct proportion 
to the amount of coal displaced by natural gas. 

� Emissions of CO2 are also reduced due to the greater ratio of hydrogen to carbon in natural 
gas, compared with coal. It was estimated that 15 to 20% of coal substituted by natural gas 
results in a reduction of 6 to 9% in CO2 emissions45. 

Factors affecting installation of natural gas reburning technology are the availability of natural gas in 
close proximity and the coal/gas cost differential. 

3.6.1.2 Coal 

Coal-on-coal reburning was demonstrated on a 320 MWe coal-fired unit at Vado Ligure power station 
in Italy. The installed system at Vado Ligure exceeded its design performance and delivered NOx 
reductions of up to 50% from the low NOx burner baseline and NOx emissions of 320–380 mg/Nm3 46 
were obtained on a coals with a range of properties. 47   The increase in unburnt carbon levels 
associated with reburn system operation was approximately 50% lower than that associated with an 
equivalent air staged NOx control system and no significant adverse impacts of system operation on 
boiler performance have been experienced. 

However the disadvantage of coal-on-coal reburning is that more extensive plant modifications would 
be required and coupled with the greater complexity of the control and instrumentation requirements of 
such a system, capital costs would be higher than reburning using natural gas. In addition, the 
effectiveness of coal as a reburning fuel is dependent on coal quality (fuel volatility, nitrogen content 
and nitrogen reactivity) and the reburning coal must be of an adequate fineness48. 

Unlike natural gas reburning, there is no displacement of the amount of coal used in the combustion 
process and there is unlikely to be a reduction in the emissions of CO2, SO2 and particulates. 

3.6.2 NOx reduction capabilities of reburning 
The NOx reduction capability of the overall gas reburn process is dependent on several factors 
including: 

� reburn zone residence time 

� reburn zone temperature 

� mixing of the natural gas with the combustion products in the primary zone 

� overfire air mixing 

� residence time in the burnout zone 

Although NOx is partially regenerated in the upper burn-out zone, overall reductions of up to 50% can 
be achieved over and above the levels achieved by low-NOx burners.  If natural gas is used as the 
reburn fuel, the reduced level of fuel-nitrogen entering the boiler can enable the total NOx reduction to 
be increased to 70%, as demonstrated in Cherokee Power Station in Colorado, USA49.  

                                                      
45 Brown, M J Natural gas reburn for emissions reduction from Coal-fired power plant. Advantica Technologies Ltd 
46 mg/Nm3 NO2 equivalent in the dry flue gases at a temperature of 273k and a pressure of 101.3 kPa (1 atmosphere), adjusted 
to an oxygen content of 6% by volume, dry for coal firing 
47 http://www.modernpowersystems.com/features/featurelarge-scale-coal-over-coal-reburn-successful-at-italy-s-vado-ligure/ 
48 Canning, P J et al (2002) Development of coal on coal reburn - investigating the potential for reducing/eliminating the use of 
recycled flue gas. Report No Coa1 R218, DTI/Pub URN 02/900. 
49 Azzopardi, B J et. al (2001): Potential Cost and Efficiency Savings Through Improved multiphase Application In UK Fossil-
Fired Power Generation. Report No. Coal R206 DTI/Pub Urn  01/583 
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There have been several reburn demonstration projects using natural gas, on various boiler types and 
size in the USA and Europe. The largest demonstration of reburn was the gas reburn installation on a 
600 MWe boiler at ScottishPower’s Longannet power station. See Table 3-4. 

Table 3-4 Natural gas reburn demonstration projects and NOx reduction 45  

Site Power 
Station 

Unit Size  
(MWe) 

Firing  
System 

Reburn heat 
input (%) 

NOx Reduction 
(%) 

ScottishPower, Scotland   Longannet 2 600 Wall 20  50 

Ladizhyn, Ukaraine   300 Wall 12-20 50 

Kansas Power & Light, 
USA 

Lawrence 5 300 Tangential 10 50 

Public Services Colorado, 
USA 

Cherokee 3 156 Wall  20 72 

Stadtwerke Wuppertal, 
Germany 

  125 Wall 10 50 

Malmo Energi, Limhamn, 
Sweden 

  125 Tangential 16 50 

Ohio Edison, USA Niles 5 100 Cyclone 16 45 

Illinois Power, USA Hennepin 1 77 Tangential 10-18 67 

Springfield CWLP, USA Lakeside 2 33 Cyclone 23 60 

 

3.6.3 Economics of reburning  
Electricity generation costs vary with coal price and for a range of gas prices. Generally when gas 
costs are low, then significant cost savings can be made by implementing gas reburn technology. As 
the price of gas increases, then for reburn to be competitive the coal prices must be at a premium too. 
See Figure 3-11. 

Figure 3-11 Effect of fuel price on the cost of electricity generation using 20% gas reburn 45 
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When considering the cost of reburning technologies, the positive environmental impact should also 
be considered.  

As discussed in section 3.6.1, due to the more complex issues around coal quality and more complex 
equipment requirements, capital costs would be higher than for reburning using natural gas. Revenue 
costs associated with the reburning would typically include additional auxiliary power costs associated 
with ballast gas or boosted OFA systems, additional fuel costs, adverse implications on unit efficiency 
and any changes in costs associated with the sale or disposal of ash or FGD residues.  

 

3.7 Flue gas recirculation 
This is an efficient method of utilising flue gas recirculation for NOx 
reduction.  

The process consists of inducing flue gas flow using the suction 
pressure at the inlet of the combustion air fan. 

The mixing of cooled flue gases with combustion air effectively 
reduces combustion temperature thus reducing thermal NOx. Using 
conventional burner technology, reductions of up to 80% are 
possible, where thermal NOx is produced. 

Flue gas recirculation yields better results on gas and oil fired units, 
where the flame temperatures are higher than with coal fired units. 

 

3.8 Post combustion NOx control measures 

3.8.1 Selective Catalytic Reduction (SCR) 
Selective Catalytic Reduction (SCR) is the most effective NOx control technology and is the dominant 
post-combustion NOx control method presently in use.  In the SCR process, the NOx concentration in 
the flue gas is reduced via the injection of ammonia in the presence of a catalyst.   

As shown in Figure 3-12, the reaction products are nitrogen and water.  The reaction is selective 
which means that oxidation of ammonia and SO2 should not occur.  The temperature of the catalyst is 
very important for the reactions, with the optimum temperature typically being between 300°C and 
400°C. Different types of catalyst such as titanium oxide, zeolite, iron oxide or activated carbon have 
been used and their optimum operating temperatures vary considerably.  

Figure 3-12  SCR reactions and schematic representation 

 
 
The efficiency of NOx reduction is dependent upon factors such as the NOx concentration at the inlet 
to the catalyst, the flue gas temperature, the ratio of ammonia to NOx, oxygen concentration and 
catalyst properties.  Overall NOx reduction levels are typically 75% to 85%.  Overall NOx reduction 
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levels are ‘additive’ when using post combustion control measures in conjunction with combustion 
control measures.  For this reason combustion control measures are normally used with post 
combustion control to reduce reagent costs. 

An increase in ammonia injection leads to increased NOx reduction, but the amount of ammonia which 
reacts with the NOx depends on the catalyst. The unreacted ammonia leaving the stack is known as 
‘ammonia slip’ and is undesirable and unacceptable as it can contaminate fly ash and render it 
unsaleable. 

The catalyst can be placed in different positions in the flue gas flow, the main factor being that the 
conditions such as flue gas temperature are correct for the catalyst used. The positions that are used 
are referred to as ‘high dust’, ‘low dust’ and ‘tail end’: 

�  The ‘high dust’ location  is between the economiser and the air pre-heater. The flue gas 
passing through the catalyst section contains all of the fly ash and SOx from combustion. 
This can cause degradation of the catalyst leading to a decrease in NOx reduction 
capability. 

� A ‘low dust’ location  means that the catalyst is situated after a hot gas electrostatic 
precipitator (ESP) and before the air pre-heater. The flue gas reaching the catalyst is 
almost dust-free but contains SOx.   A hot gas ESP must be used in this configuration due 
to the requirement for a 300°C to 400°C temperature window. 

� Tail end’ systems  have the catalyst situated in the chain of flue gas cleaning equipment, 
after the desulphurisation plant, if installed. The flue gases reaching the catalyst therefore 
only contain small amounts of SOx and particulate matter. However, the flue gas 
temperature of the desulphurisation is too low for most types of catalyst so reheating is 
necessary. 

The advantages of the ‘tail end’ system include a longer catalyst lifetime, optimum flue gas 
temperature for catalyst operation can be maintained independently of boiler load, a smaller catalyst 
volume and higher catalyst activity can be used and there is no contamination of fly ash by ammonia 
slip.   The single major disadvantage is the need to reheat the flue gas. The cost can be significant as 
it has been calculated that to raise the flue gas temperature by about 50°C will require 2% to 3% of the 
boiler capacity. 

Catalyst poisoning occurs and may be attributed to those substances which combine chemically with 
the active catalyst. Such substances are the alkali metals and alkaline earth metals, especially if 
present as their sulphates, and arsenic. Catalyst deactivation can also occur due to a physical coating 
or pluggage of the catalyst gas paths. Similarly high ash coals can, under certain conditions, erode 
away parts of the catalyst. 

3.8.2 Capital and operating costs for SCR  

3.8.2.1 Capital costs 

SCR capital costs vary by the type of unit controlled, the fuel type, the inlet NOx level, the outlet NOx 
design level, and reactor arrangement. Capital costs for utility boiler applications rose between 2000 
and 2010 

� For a small number of early SCR retrofits on utility boilers prior to 2000, the average costs 
were about $100/kW, in 2011 US dollars 

� From 2000 to 2007, SCR costs for 32 utility boilers ranged from about $100/kW to $275/kW 
(2011$), and a slight economy of scale was evident (i.e., using a regression equation, costs 
ranged from about $200/kW for a 200 MW unit to $160/kW for a 800 MW unit.  
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� From 2008 to 2011, the average SCR costs were in the order of about $300/kW for a 200 
MW unit and $250/kW for an 800 MW unit (in 2011 US dollars).  

� For 2012 to 2014, the costs for eight utility boilers ranged from about $270/kW (400 MW 
units) to $570/kW 800 MW units (in 2011 US dollars) 50 

3.8.2.2 Operating costs 

Replacement of the catalyst and ammonia-based reagents make up the majority of the OPEX costs 
for SCR. In the early stages of SCR operation, catalyst replacement was the dominant OPEX 
component, however supply of the reagent was noted to have increased due to escalations in natural 
gas (and thus ammonia) prices at the time the report was written. Fixed operating and maintenance 
costs are typically less than 1% of total capital costs, incurred annually. Catalyst prices of US$5,000-
6,000/m3 were reported and reagent cost (anhydrous ammonia) was reported to be US$400/ton in 
2007.51 

Other items contributing the operating costs, includes the auxiliary power required to operate the unit 
and the requirement for catalyst cleaning (sootblowers)  

Typical O&M costs are approximately 0.1 cents per kilowatt-hour (kWh).  

3.8.3 Selective non-catalytic reduction (SNCR) 
Another method of controlling NOx emissions is through thermal reactions using appropriate reducing 
chemicals. No catalyst is required with the SNCR process. This feature makes SNCR attractive, 
however a greater chemical dosing rate is required and lesser percentage NOx reduction is achieved 
than with SCR. 

Selective non-catalytic reduction (SNCR) is also a proven technology, but has typically high reagent 
consumption. The technology is capable of reducing NOx emissions by 20–55%, but most experience 
indicates removal levels toward the lower end of the range. Almost all the commercial applications to 
date have been limited to small units, typically less than 200 MWe. However, the technology has been 
recently demonstrated in the USA on large coal-fired units up to 600 MWe. 

The most commonly used chemicals in large scale plants are ammonia and urea. These chemicals 
require a temperature window of between 900°C and 1100°C for optimum NOx reaction to be 
achieved. The injection system comprises nozzles installed on the furnace walls to achieve good 
distribution over the furnace area. Because of the relatively fast cooling of flue gases, rapid and 
intense mixing of the chemicals with the flue gas is necessary. To ensure that injection into gas within 
the temperature window occurs over the full boiler load range, some processes have several 
alternative levels of injection nozzles available, as illustrated in Figure 3-13. 

Injection within the temperature window is critical as at high temperatures, ammonia (NH3) can burn to 
form NO, and at low temperatures, low reaction rates and excessive ammonia carryover can occur. 
On existing boilers identifying suitable injection locations within the temperature window can be 
difficult.  

                                                      
50  David D. Randall, Karen S. Schaffner, Carrie Richardson Fry Chapter 2 Selective Catalytic Reduction, RTI International. 
June 2015 EPA website 
51 J. Edward Cichanowicz (2010) Current capital cost and cost effectiveness of power plant emissions control technologies. 
Prepared for Utility Air regulatory Group, January 2010 
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Present research efforts on SNCR are focused on improved mixing of the reagent with the flue gas.  A 
selection of more recent proprietary systems are SNCR Trim, Rich Reagent Injection (RRI), NOxSTAR 
and ROTAMIX. A number of these systems have been developed using tools such as CFD to optimise 
the design of the reagent injection system to optimise mixing. 

Performance levels of SNCR systems are very site dependent as reagent, injection method and gas 
temperature are all critical factors. Typically 40-60% NOx reduction can be achieved. Figure 3-13 
provides a schematic of a SNCR process. 

Figure 3-13  SNCR process  52   

 

3.8.4 Capital and operating costs for SNCR  

3.8.4.1 Capital costs 

The SNCR system is simple compared to SCR and as such the capital costs are generally lower due 
to the small amount of capital equipment required. The cost per unit of output also decreases as the 
size of the source increases. Capital cost of SNCR applications for power generation units have been 
reported to range from $5–20/kW (2008 US dollars). This corresponds to A$8 to A$33 /kW (escalated 
to 2016). 

The typical breakdown of annual costs for utilities is 25% for capital recovery 
and 75% for operating expense 53.  

3.8.4.2 Operating costs 

The primary operating expense associated with SNCR is for the NOx reduction reagent and therefore 
the total annual costs vary directly with the NOx reduction requirements.  

Reagent costs currently account for a large portion of the annual operating expenses associated with 
this technology, and this portion has been growing over time. Ammonia is generally less expensive 

                                                      
52 David D. Randall, Karen S. Schaffner, Carrie Richardson Fry Chapter 1 Selective Non Catalytic Reduction, RTI International. 
June 2015 EPA website 
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than urea, since urea is derived from ammonia. However, the choice of reagent is based not only on 
cost but also on physical properties and operational considerations53.    

An additional operating cost associated with the use of SNCR is due to the NOx reduction reaction 
being endothermic.  As a result thermal energy from the boiler is used and the thermal efficiency of a 
boiler decreases. Pre-treatment and injection equipment, pumps, compressors, and control systems, 
also consume auxiliary power. 

3.9 International best practice 
NOx emission limits for a few international jurisdictions are presented in Table 3-5.  The limits 
presented are generally lower than the NSW Clean Air regulation, Group 5 and Group 6 values.  

Table 3-5 NOx emission limits for international jurisdictions 

Jurisdiction Application NOx emission limit 

mg/Nm 3 ppm* 

World Bank 54  non-degraded airshed 510 249 

degraded airshed  200 98 

European Union plant >300MWth 200 98 

USA55 New coal fired plants 100 49 

Japan 56 coal boiler 40,000 – 700,000  Nm3/hr 250 122 

coal boiler >700,000 Nm3/hr capacity 200 98 

 * using approximate conversion for typical flue gas composition 
 
To achieve levels such as those quoted for Japan, requires more than 90% reduction in NOx, 
compared to uncontrolled levels.  A combination of control measures may be required to meet the EU 
or Japanese standards and may include: 

� Low NOx burners 

� Overfire air 

� Selective Catalytic Reduction (SCR) post combustion reduction. 

 

The resulting emissions for a new plant equipped with these three measures would be 50-100 mg/Nm3 
(or 25 to 49 ppm).  The estimated total global capacity of coal fired units fitted with SCR is more than 
150 GW, which is around 15 times the NSW coal based generating capacity.  

 

                                                      
54  http://www.ifc.org/wps/wcm/connect/dfb6a60048855a21852cd76a6515bb18/FINAL_ Thermal%2BPower.pdf?MOD= 
AJPERES&id=1323162579734&bcsi_scan_294638643e643f25=JY2W4jddSlwF5Uqk63bmm1Pz2o5WAAAAV9biUQ==&bcsi_s
can_filename=FINAL_Thermal%2BPower.pdf accessed 2 September 
55 http://www.egcfe.ewg.apec.org/publications/proceedings/CleanerCoal/HaLong_2008/Day%201%20Session%201A%20-
%20Jette%20Findsen%20Environmental%20Regulations.pdf accessed 23 September 2016 
56 http://www.iea-coal.org.uk/documents/82549/9446/Japan accessed 2September 2016 
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4.1 Current NOx emissions from Liddell 

4.1.1 Corrected emission levels 
Liddell NOx emissions for the period 2013 – 2015 were assessed by M_E_S.57  The assessment 
concluded that:  

� The majority of data exceed the stricter Group 6 limit in all years on all units. 

� Three of the four units recorded few exceedances (less than 2.3%) of the Group 5 limit, with 
Unit 2 recording less than 1%, in all years. 

� More than a third of results from Unit 1 in 2013 exceeded the Group 5 limit but this 
percentage dropped progressively and significantly in the following two years to be about 
the same (1.2%) as the other 3 units in 2015. 

Figure 4-1 summarises the recorded NOx emission level ranges for the 4 units for the calendar years 
2013 – 2015.   As coal fired combustion systems demonstrate a strong relationship between boiler 
load and NOx emissions, the following discussion focusses on the higher load region where NOx 
emission are highest.  This is particularly appropriate for Liddell which is a base load plant.  The data 
was therefore filtered to include only emissions associated with Unit loads of greater than 400 MW. 

 

Figure 4-1 NOx emission level ranges for the 4 units for the calendar years 2013 – 2015 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
57 Assessment of Nitrogen Oxide Emissions from Bayswater and Liddell Power Stations.  Part A: Liddell NOx Emissions 2013 – 
2015. M_E_S for AGL Macquarie Pty Ltd 25 February 2015.  

4 Options for NOx control at Liddell 
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4.1.2 Factors influencing present emissions 
As noted in the M_E_S report57, the scatter in the data may be attributable to a complex interplay of 
factors, including coal type, firing conditions and mills-in-service.   Subsequent review of plant data 
(reproduced in Appendix A) on burner tilts, coal type and flue gas oxygen levels58 found that: 

 

Factor Comment 

Flue gas % O 2: NOx production is non-linear with excess air.  A high O2 on one side will not be fully 
compensated by a low O2 on the other side of the boiler. 

• At high loads the A/B O2 split was generally < 1% 

• At high loads, the average %O2 appeared to be >3.5% 

• At low load the split is higher; on Unit 2 up to 2.8% 

• Unit 4 has the lowest A/B split of the 4 Units 

Burner tilts: The information provided to M_E_S by AGL only addressed the indicated tilt values in the 
PCR and not the actual angles of individual burner nozzles. As the indicated burner tilt 
angles for the 8 boiler corners appear to be different, it is assumed that the actual angles 
would also differ.  Burner nozzle tip angles, in particular the angles of adjacent air and fuel 
nozzles may have a significant impact on NOx production. 

Coal The primary impact of coal properties on NOx emission is via the volatiles level.  Lower 
volatiles coals are less responsive to low NOx firing conditions. 

• Volatiles:   Liddell’s design coal specification59 allowed for V.M (converted to a.r basis) 
of to Review of the daily as-fired coal analyses provided by AGL58 
found that the average V.M was with a range of to As the 
sampled coal has V.M at the lower end of the range, this suggests that the current coal 
will be less responsive to low NOx combustion conditions.    

• CV:  Liddell’s design coal CV was MJ/kg, with a range of MJ/kg.   
Typical coal deliveries are now averaging MJ/kg.  The implication of this is that 
the mills are working harder and design PF fineness will not be achieved.  Whilst this 
will not directly impact NOx production, it implies that under low NOx firing conditions, 
unburned carbon levels may increase. 

• HGI:  The original design specification HGI was with a range of Present 
deliveries are in the range to Coal with HGI of less than will impact either 
mill throughput or fineness, with similar impact on NOx production as low CV coal. 

Mills As 5-6 mills are typically in operation for 430 MW output, there would be at least two spare 
mills at any one time.  This implies that the mill combination may have a marked impact on 
emission depending on which levels are out of service.  It is expected that lower level mills 
in service will lead to lower NOx production. 

 

The NOx data analysis carried out previously by M_E_S was used as the basis for estimating the 
resulting NOx emissions for the potential control measures.  The reported percentage NOx reduction 
for each measure was applied to the observed range of Liddell NOx measurements to yield an 
expected range of NOx emissions.  

                                                      
58 Provided by email from AGL Macquarie (MD Sultan Mahmud) on 24 August 
59 Extract from boiler operating instructions held by Aurecon. 
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4.2 Operational measures 

4.2.1 Minor tuning 
The NOx emission data previously reviewed by M_E_S showed that there is significant scatter.  Some 
of the scatter may be attributed to movement in flue gas %O2 levels, mills in-service, coal volatile 
matter and other operational changes.  Based on the evaluation of the present coal as well as mills 
and burner condition, the following measures may provide an improvement in NOx levels:  

� Where possible fire with lower mills levels in service.  This will result in fuel staging which is 
an established method of NOx control and 

� Investigate reason for A/B flue gas %O2 imbalance and attempt to achieve more closely 
matched flue gas %O2 levels.  

� Burner tilts: The actual nozzle angles should be checked to ensure that all nozzles are 
moving in unison at a particular corner, all corners are at equal angles and that the 
indications in the PCR agree with the local observations. 

4.2.2 Modified operational parameters 
Measures which may be implemented with no capital cost involve adjustment to boiler combustion 
settings.  These include: 

� Reduced excess air operation 

� Burners out of service (BOOs) 

� Parametric combustion optimisation. 

The expected impact of these measures are presented in Figure 4-2 below. 

 

Figure 4-2 Expected Liddell NOx emission levels with modified operational parameters 
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The figure shows that: 

� Reduced excess air operation may allow the Group 5 limit to be met most of the time.  

� A parametric combustion optimisation system may provide enough NOx reduction to move 
emissions to well within the Group 5 limit. The lowest NOx levels would meet the Group 6 
limit.  However this measure would involve of expenditure 
on software and additional monitoring and instrumentation 

� It is probable that with the BOOs measure, Group 5 limits may still be exceeded for some of 
the time. 

4.3 Combustion system modifications 
The expected NOx levels for the various combustion system modification options have been applied to 
the observed range of NOx emission values at Liddell.  The results are presented graphically in 
Figure 4-3 below. 

Figure 4-3 Expected Liddell NOx levels for the combustion system modification options 

 

 

A number of conclusions can be drawn from this figure: 

� All of the measures will bring emissions levels to below the Group5 limit 

� Two of the measures (LNCFS and SOFA) appear to be able to bring NOx levels down to 
the Group 6 limit.  However there would be no margin for periods of high NOx formation (ie 
for periods when an uncontrolled level of 1000 mg/Nm3 is exceeded,  these measures would 
exceed achieve 500 mg/Nm3). 

� Two of the measures (M-PM low NOx burner and BOFA) would achieve the Group 6 limit 
with a margin of at least 100 mg/Nm3.     
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4.4 Post combustion measures 
Owing to the operating costs associated with the post-combustion options, they are 
generally only implemented in combination with combustion control measures.   

Figure 4-4 illustrates the expected emissions levels when the post combustion measures are applied 
with two of the OFA options.  For comparison, the use of SCR with an unmodified Liddell boiler is also 
shown. 

 

Figure 4-4 Expected Liddell NOx levels for the post combustion options 

 

 

From Figure 4-4 it can be seen that: 

� The implementation of post combustion controls measures would allow Group 6 emissions 
levels to be achieved.   

� The use of SNCR and SCR alone could allow the Group 6 limit to be met. 

 

4.5 Evaluation of NOx control options for Liddell 
The features of the nine options identified are summarised in Table 4-1, Table 4-2 and Table 4-3. 

Table 4-1  Summary of overfire air options 

 Overfire air 

CCOFA SOFA BOFA  

Description Close coupled OFA Separated OFA Boosted OFA 

Capital cost  $/kW 34 35  

Total / boiler ($m) 

Total for station ($m) 

Operating cost 
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 Overfire air 

CCOFA SOFA BOFA  

NOx emission reduction 
range % 

15 to 30 25 to 50 35 to 70  

Expected Liddell NOx 
emission range (mg/Nm3) 

360 to 700 315 to 500  275 to 300  

Emission level attained  Group 5 Group 5 Group 6 

Technology and 
Engineering 
considerations 

due to only 
minor windbox changes 

Requires additional water 
wall penetrations and 
extensions to windbox 

Requires additional water 
wall penetrations and 

booster fan 

Consumables nil nil nil 

Waste products No additional waste products unless increased unburned carbon makes fly ash unsaleable.  

Approx. outage length  

(weeks per boiler) 

up to up to 

Suitability for use on 
Liddell  boilers option with minimal 

plant modifications. (no water 
wall modification required)  

Needs to be implemented 
with a combustion system 

modification to meet Group 5 
limit 

option. However 
meets Group 5 emissions 

limit. 

 

Table 4-2 Summary of low NOx combustion options 

 LNCFS M-PM Low NOx burners 

Description Low NOx concentric firing 
(Alstom) 

MHI low NOx burner  for 
tangentially fired boilers 

Low NOx swirl burners to 
replace fuel nozzles 

Capital cost  $/kW 30 60 20 10 to 20 61  

Total / boiler ($m) 15 10 61 5 to10 

Total for station  ($m) 60 40 20 to 40 

Operating cost No expected impact on O&M 
costs, provided unburned 
carbon remains constant. 

No expected impact, provided unburned carbon remains 
constant and no additional primary or secondary air 

pressure loss 

NOx emission reduction 
range % 

35 to 50 30 to 60  40 to 70 

Expected Liddell NOx 
emission range (mg/Nm3) 

275 to 500 290 to 400 250 to 300 

Emission level attained  Group 6 (with no margin) Group 6 Group 6 

Technology and 
Engineering 
considerations 

Completed burner nozzle 
assembly replacement 

New burner nozzles Completed burner nozzle 
assembly replacement 

Consumables nil nil nil 

Waste products No additional waste products unless increased unburned carbon makes fly ash unsaleable. 

Approx. outage length  Up to15  3 to 5 3 to 5 

                                                      
60 The Advanced Tangentially Fired Combustion Techniques for the Reduction of Nitrogen Oxides (NOx) Emissions from Coal-
Fired Boilers Demonstration Project: A DOE Assessment.  DOE/NETL-2000/1122 
61 Aurecon estimate 2016 

cl 1(g), 4(d)

cl 1(g), 4(d)cl 1(g), 4(d)cl 1(g)

cl 1(g), 4(d)
cl 1(g), 4(d)

cl 1(g), 4(d)

R
eleased by the E

nvironm
ent P

rotection A
uthority under the G

IP
A

 A
ct. R

ef: G
IP

A
 E

P
A

407 - IR



 

 

Project  252431  File  Liddell NOx Report final 23 June 17 - HT.docx  23 June 2017   Revision 2  Page 34 
 

 LNCFS M-PM Low NOx burners 

(weeks per boiler) 

Suitability for use on 
Liddell  boilers 

cost but with risk 
of not always achieving 

Group 6 

Effectiveness will require 
nozzles and tilts correctly 

maintained  

for Liddell due 
to 48 burners per unit 

 

Table 4-3  Summary of reburn and post-combustion control options 

 Reburning post combustion 

SNCR SCR 

Description Additional level of gas 
burners installed above 

existing combustion zone 

Ammonia is injected into 
optimum temperature zone in 

boiler 

Ammonia is injected into flue 
gas in the presence of a 

catalyst 

Capital cost  $/kW Error! Bookmark not defined.  

Total / boiler ($m) (+ LNB + OFA) 

Total for station  ($m) 40 to 100 16 to 64 320 (assume lower end of 
range due to economies of 

scale) 

Operating cost Additional cost of up to 
fuel input from natural 

gas.

Ongoing cost of reagent 
(urea or ammonia).  US EPA 
estimate $400 to $2500 per 

tonne NOx removal. 

Assuming $400/t Ammonia 
cost, 75% removal and 

300ppm inlet NOx 
concentration this is 

equivalent to MWh61 

US EPA : $2000-$5000 per 
tonne NOx removal 

NOx emission reduction 
range % 

50 to 70 40 to 60 75 to 85 

Expected Liddell NOx 
emission range (ppm) 

210 to 300 250 to 400 105 to 150 

Emission level attained  Group 6 Group 6 Group 6 

Technology and 
Engineering 
considerations 

Requires gas
reburn fuel. 

operating cost.  Impact 
on flyash disposal or re-use 

capital cost and 
operating cost. Impact on 
flyash disposal or re-use  

Consumables natural gas Ammonia or Urea Ammonia 

Waste products No additional waste 
products 

Possible ammonia carryover; contamination of fly ash with 
ammonia. 

Approx. outage length  

(weeks per boiler) 

Extensive modifications to boiler back-end.  Up to weeks 
outage required 

Suitability for use on 
Liddell  boilers 

Unlikely to be suitable due 
to cost and availability of 

reburn fuel 

Technology is better suited to 
smaller unit sizes 

Would only be used in 
conjunction with OFA and low 

NOx firing system 

 

 

cl 1(g), 4(d) cl 1(g), 4(d)

cl 1(g), 4(d) cl 1(g), 4(d) cl 1(g), 4(d)

cl 1(g), 4(d) cl 1(g), 4(d) cl 1(g), 4(d)

cl 1(g), 4(d)

cl 1(g), 4(d)

cl 1(g), 4(d)
cl 1(g), 4(d)

cl 1(g), 4(d) cl 1(g), 4(d) cl 1(g), 4(d)

cl 1(g), 4(d) cl 1(g), 4(d)

R
eleased by the E

nvironm
ent P

rotection A
uthority under the G

IP
A

 A
ct. R

ef: G
IP

A
 E

P
A

407 - IR



 

 

Project 252431  File Liddell NOx Report final 23 June 17 - HT.docx  23 June 2017  Revision 2  Page 35 
 

The foregoing analysis has shown that there are various measures which may be implemented at 
Liddell to meet both Group 5 and Group 6 emissions limits.  The measures include: 

� Modified operational parameters 

� Combustion system modifications 

� Post-combustion measures. 

 

The performance of the modified operational parameters is illustrated in Figure 4-2.  It can be seen 
that the only measure which may allow the Group 5 limit to be met would be the Parametric 
Combustion Optimisation.   The reduced excess air measure would not allow any margin and it may 
be expected that exceedances may occur.   

The performance of a range of combustion system modification and post-combustion options were 
evaluated and are illustrated in Figures 4-3 and 4-4 respectively.  Their performance levels and capital 
cost estimates are presented in Figure 5-1.  

 

Figure 5-1  Notional capital cost and nominal emissions level for each NOx reduction option. 

 

 

Based on the above figure as well as Tables 4-1, 4-2 and 4-3, it may be concluded that the following 
measures are available to meet the Group 5, Group 6 and International best practice emissions levels 
(all Dry, STP, 273 K, 101.3kPa, 7% O2): 

 

5 Summary 
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Group 5  

800 mg/m3  

A range of measures are available to allow Liddell meet the Group 5 
emissions limit of 800 mg/Nm3 with margin to allow for spikes in NOx 
production due to operational events.   These include: 

� Parametric combustion optimisation 

� LNCFS 

� CCOFA 

� SOFA 

The minimum cost to meet the Group 5 limit (with margin) would be 
approximately per boiler for CCOFA (close coupled overfire 
air). 

Group 6 

500 mg/m3 

None of the operational measures alone are able to reduce the Liddell 
emissions to Group 6 levels 

� The MHI M-PM burners, Low NOx burners (LNB) or Boosted 
Overfire Air (BOFA) options would allow the Group 6 
modifications to be met. 

� The low NOx concentric firing (LNCFS) and separated overfire 
air (SOFA) measures will just meet the Group 6 limit.  There 
would be no margin to absorb any baseline NOx increase or 
lessened NOx reduction.  

The minimum expenditure necessary to meet Group 6 limits would be 
approximately per boiler for the low NOx burners. 

International best 
practice 

Less than 500 mg/m3 

The use of selective catalytic reduction (SCR) with LNB and overfire air  
would achieve International best practice (at a cost per boiler of more than 
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B&W Babcock & Wilcox 

BHK Babcock-Hitachi K.K 

BHEL Bharat Heavy Electricals 

BOFA Boosted Overfire air 

BOOS Burners Out Of Service 

CCOFA Close-Coupled Overfire Air  

CE Combustion Engineering 

CFD Computational Fluid Dynamics 

CRIEPI Central Research Institute of the Electric Power Industry (Japan) 

daf Dry ash free 

ESP Electrostatic precipitator  

FGR Flue gas recirculation 

FW Foster Wheeler 

FC Fixed carbon 

IHI Ishikawajima-Harima Heavy Industries Co., Ltd.2 

LNCF Low NOx Concentric Firing system 

M-PM Multiple pollution minimum burner (MHI) 

MCR Maximum continuous rating 

MHI Mitsubishi Heavy Industries 

NOx Nitrogen oxides  

OFA Overfire air 

PF Pulverised fuel 

SCR Selective catalytic reduction 

SNCR Selective non-catalytic reduction 

STP Standard Temperature & Pressure (273 K, 101.3kPa) 

SOFA Separated overfire air 

VM Volatile Matter  

 

 

6 Glossary 
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Appendix A 
Data provided by AGL Macquarie 
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Monthly Coal Data 

 

 

 

 

 

 

 

 

 

 

 

Tilt Position Screen Shots 
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Flue gas oxygen levels 

AGL Macquarie provided computer logs of A and B side %O2 values, along with boiler MW load for 
Units 1 and 2 at 2 hourly intervals for the first 7 months of 2016. 
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Angola, Australia, Botswana, China, 
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Philippines, Qatar, Singapore, South Africa,  
Swaziland, Tanzania, Thailand, Uganda,  
United Arab Emirates, Vietnam. 
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