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ABSTRACT 

Despite efforts to curb global warming, the use of coal for power generation is projected 

to increase. The impact of this on global warming could be negated by the proliferation of 

carbon capture technologies, but their adoption is slow and inhibited by techno-economic 

challenges. In the meantime, coal combustion is associated with NOx emissions, which 

cause a plethora of environmental problems, and economic uncertainties caused by ash-

related issues. The aim of this thesis is to minimise the negative impactǎ ƻŦ ŎƻŀƭΩǎ ŎƻƴǘƛƴǳŜŘ 

consumption, through aiding the development of clean coal power generation. This aim 

was achieved by investigating two technologies.  

The first was the use of low-NOx burners during oxy-coal combustion in order to minimise 

NO formation and maximise destruction of recycled NO via reburning, using a 250 kWth 

combustion test facility that can be run in air-firing or oxy-firing mode. A range of burner 

configurations were tested across two oxy-fuel regimes with varying levels of NO recycling. 

Measurements were taken at the flue, radially in the flame and axially down the centreline 

of the flame. The profiles showed that burner staging aids in controlling the products of 

NO reburning. 

The second technology, an Fe-based additive, was investigated in two parts. The first route 

was investigating the impact of this additive on selective non-catalytic reduction, using a 

100 kWth combustion test facility able to load the fuel with additive. The presence of the 

Fe-based additive was shown to increase NO reduction due to SNCR. This interaction was 

then kinetically modelled and analysed for its sensitivity to process conditions. The second 

route was investigating the impact of the additive on fireside corrosion, using the 

equilibrium modelling software, FactSage. The investigated coal ash was not corrosive 

enough to show any trends in FactSage, so three biomass fuel ashes were investigated and 

the Fe-based additive was compared with two coal ashes and alumina to analyse the extent 

of any inhibition witnessed. The metrics used for analysis were the formation of various 

corrosive compounds and by-products. The Fe-based additive could inhibit corrosion but 

not as well as either of the coal ashes, as it was key to increase the Al and Si content of the 

deposits. The Fe-based additive should not be used solely to inhibit corrosion but it is a 

positive side effect if used for other applications.  
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CHAPTER 1 INTRODUCTION 

1.1 Thesis Overview 

This thesis will attempt to present and discuss novel technologies, which aim to improve 

coal combustion, with respect to reducing NOx emissions and impeding fireside corrosion, 

so that it is compatible for use in future power generation portfolios. It is split into seven 

chapters, starting with the introduction, which aims to set the scene with regards to the 

use of coal for power generation, the state of carbon capture technologies, the impact of 

NOx emissions on the environment and the cost of corrosion in coal boilers. Chapter 2 will 

survey literature to determine how NOx is formed, the state of technologies to reduce 

formation, how NOx processes differ during oxy-coal combustion, how fireside corrosion 

occurs and the state of additive technologies that reduce corrosion. This will highlight two 

technologies with the potential to significantly aid the techno-economic feasibility of clean 

coal processes but requiring greater industrial confidence. 

The first technology to be discussed is the implementation of low-NOx burner technology 

during oxy-coal combustion, with particular attention on the impact of different burner 

staging environments on the reburning of NO from the recirculated flue gas; Chapter 4 will 

encompass this discussion. The second technology is to be discussed in two separate 

contexts; the first being the use of an Fe-based additive in conjunction with selective non-

catalytic reduction in order to improve the NO reduction potential of the latter technology, 

and the second being the impact of an Fe-based additive on reducing the rate of fireside 

corrosion. The first of these investigations will be presented in Chapter 5 with experimental 

findings, techno-economic analysis and kinetic modelling analysis. The second will be 

presented in Chapter 6 using equilibrium modelling, comparing the impacts across a variety 

of fuels with a variety of additives. A description of the facilities, processes and software 

used will be presented in Chapter 3. Chapter 7 will conclude the thesis with the major 

findings and recommendations for future work. 
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1.2 Our Energy Landscape 

1.2.1 The State of Power Generation 

Since the dawn of the Industrial Revolution, access to electricity has become so increasingly 

vital to modern society that it is now widely regarded as a human right (Tully, 2006) and 

key to the socio-economic development of developing nations (Kanagawa and Nakata, 

2008). Over the course of the 20th century, the expansion of the global economy and the 

Ǿŀǎǘ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ Ƙŀǎ ƭŜŘ ǘƻ ŀƴ ƛƴŎǊŜŘƛōƭŜ ŘŜƳŀƴŘ ŦƻǊ ŜƭŜŎǘǊƛŎƛǘȅΣ ǿƘƛŎƘ 

has in turn, unintentionally, been the root cause of a plethora of environmental crises. Two 

of the most prominent of these crises are anthropogenic climate change caused by global 

warming and the decrease of urban air quality caused by photochemical pollution. Both of 

these issues are at least partly attributable to the use of fossil fuels in power generation. 

¢ƘŜ ǿƻǊƭŘΩǎ ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ǇƻǊǘŦƻƭƛƻ ǇǊƛƴŎƛǇŀƭƭȅ Ŏƻƴǘŀƛƴǎ Ŧƻǎǎƛƭ ŦǳŜƭ ǎƻǳǊŎŜǎ όCƛƎǳǊe 1.1) 

and, despite an uptake in renewable and nuclear energy technologies, will continue to do 

so for the foreseeable future. The share of individual fossil fuels, however, has changed 

quite dramatically since 1971. The proportion of electricity generation from oil has 

decreased radically (Figure 1.2) as oil usage has been increasingly earmarked for transport 

fuel and plastic production, while the use of natural gas has become far more popular due 

to progress in the shale gas industry in the USA, primarily driven by a desire for energy 

security.  

 

Figure 1.1 ς World electricity generation by fuel (TWh) (1971-2017) (IEA, 2019)  
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Figure 1.2 ς Shares of electricity generation attributed to major sources (1973 and 2017) 

(IEA, 2019) 

The apparent constancy of the proportion of electricity generation from coal over the last 

40 years does not accurately represent the actual transformation. In this time period, coal 

use has remained relatively stable in OECD nations in terms of total primary energy supply 

(TPES) (IEA, 2019) but the rapid economic development experienced in China and India 

required a great increase in energy demand όǳǇ ǘƻ Ϥоо҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŜƴŜǊƎȅ ŘŜƳŀƴŘ 

(IEA, 2019)), which was largely powered by coal, hence maintaining the status quo. 

Together, India and China are responsible for over 55% of power generation from coal (IEA, 

2019). The proportional decrease in coal use in OECD nations is attributable to, at first, 

concerns over deteriorating air quality in major cities, which unfortunately culminated in 

events such as the Great London Smog  of 1952 claiming the lives of 8000 people (Stone, 

2002), and, later following increased scientific consensus, anthropogenic climate change. 

In recent years, this process has been helped by the improving economic qualities of 

renewable energy options and, as mentioned, the falling cost of natural gas (IEA, 2019b). 
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Figure 1.3 ς The growth in world energy demand by region (IEA, 2019) 

Carbon dioxide is formed from the combustion of any carbon-based fuel, however, due to 

its significantly greater carbon to hydrogen ratio, coal produces far more CO2 per unit 

energy when compared to oil and gas. As highlighted in Figure 1.4, coal combustion is 

responsible for 44.2% of CO2 emissions, even though it contributes a meagre 27.1% of 

global TPES (IEA, 2019). The Kyoto Protocol and Paris Climate Agreement have brought 

nations together with the aim of decreasing CO2 emissions in order to minimise climate 

change to only a 1.5 °C temperature rise. This drive will see the reduction in overall fossil 

fuel use, in particular the use of coal. However, coal could still be used in an 

environmentally acceptable way if a carbon capture and storage technology is utilised; this 

is a desirable outcome given the vast quantities of coal reserves still present (Abas, 2015). 

 

Figure 1.4 ς Change in contribution of individual fossil fuels to CO2 emissions from 1971 to 

2017 (IEA, 2019) 
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This reduction in coal use, however, is not a definite outcome yet. Under the policies that 

national governments have laid out, coal demand will remain relatively stable through to 

нлпл ŀǎ /Ƙƛƴŀ ŀƴŘ LƴŘƛŀΩǎ ƎǊƻǿǘƘ ƛƴ ŘŜƳŀƴŘ ŀōǎƻǊōǎ ǘƘŜ ŜŦŦƻǊt of European and North 

American attempts to move away from coal (Figure 1.5). Under a sustainable development 

scenario, there must be greater effort to decrease coal use by all parties. Even the 

European and North American nations must bring their coal demand to under 150 Mtce, 

instead of the 600 Mtce that they are currently forecast to use. The greatest effort must 

be made by the Asia Pacific group of nations that must agree to decreasing coal demand 

by over 50%. 

 

Figure 1.5 ς The forecast demand for coal under business as usual and sustainable 

development scenarios (IEA, 2019b) 

In contrast, the progression of renewable technologies must be able to cover the drop in 

coal demand and to be able to account for an increase in total energy demand that will 

accompany the aim of continuing global economic growth. These renewable technologies 

will mainly be solar PV, wind turbines (on-shore and off-shore), hydropower and 

biomass/biogas, and different nations will have limited capacity to install each of these 

based on their geographical characteristics. Nevertheless, as seen in Figure 1.6, great 

changes will need to be made to existing plans in order to meet sustainable development 

goals by 2040. In particular, greater uptake of renewable technologies in the Asia Pacific 

region is required between 2030 and 2040. This is something that is becoming more and 
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more feasible as technologies mature and innovations are made, leading to changing 

associated economic landscapes, ŀǎ ǎŜŜƴ ǿƛǘƘ 9ǳǊƻǇŜΩǎ ŎƻƭƭŜŎǘƛǾŜ ǎǳŎŎŜǎǎ ǿƛǘƘ ƻŦŦ-shore 

wind in the recent past (IEA, 2019b). 

 

Figure 1.6 ς The forecast renewable electricity capacity under business as usual and 

sustainable development scenarios (IEA, 2019b) 

1.2.2 Solid Fuel Combustion 

Coal combustion for power generation can occur in a number of different technologies, 

namely: fixed bed, fluidised bed or pulverised fuel systems, with the most common 

technology being the last. In pulverised fuel boilers/furnaces (Figure 1.7), the coal, which 

has been pulverised in a mill, is entrained in a portion of the overall excess air known as 

the primary air and is carried to a burner; this mixture is then enveloped by a preheated 

secondary portion of the oxidant to enable combustion. There are two common 

classifications of burner: swirl burners and jet burners. Basic swirl burners introduce both 

streams with significant angular momentum; this affects the mixing of the primary and 

secondary oxidant and, hence, burnout of the fuel. Jet burners inject the fuel and portions 

of oxidant with no angular momentum and are mainly utilised for high-moisture fuels 

(Toporov, 2014). The resulting combustion forms a flame, whose shape and length are 

dictated by the fluid dynamics of the air. In an industrial furnace, there will be a series of 

flames arranged either in the wall-fired pattern, where burners appear only on one wall or 
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two opposing walls, or the tangentially-fired pattern, where the burners are placed in the 

corners of the furnace (Tillman, et al., 2012). 

 

Figure 1.7 ς Two-Pass Benson-Type 750 MW Pulverised Coal Boiler for Supercritical Steam 

Generation (with SCR) (Termuehlen and Emsperger, 2003) 

When coal particles enter the flame, water is driven off and the coal undergoes 

devolatilization, where the small chain hydrocarbons known as volatiles are released from 

the coal particle and combusted. The heat from the combusted volatiles is then great 

enough to commence combustion and breakdown of the char, the remaining 

heterogenous hydrocarbon-based matrix forming the majority of the coal particle. The 

heat from this combustion is radiated from the flames to the waterwall tubes and from the 

flue gas into the superheater and reheater tubes. The steam is heated to the designed 

temperature and is used to generate electricity via turbines. 

One method to reduce CO2 emissions from coal combustion is to increase the designed 

temperature of the steam by improving efficiencies in the heat transfer surfaces and 

combustion process, so less coal is needed to generate a unit of electricity. Most existing 

coal power plants are designated as subcritical and have efficiencies of ~33%, but this 

method to reduce CO2 emissions can improve efficiencies to ~40% and ~46% by installing 
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supercritical and ultra-supercritical technologies (Kumar and Kumar, 2018). These high 

efficiencies were made attainable due to significant progress in the research of steel alloys 

that are able to withstand higher temperatures and pressures than previous steels. This 

research has primarily been in increasing the high temperature strength of ferritic steels, 

which, unlike austenitic steels, do not present thermal fatigue issues. Ferritic steels allow 

for upper operating conditions of 620-630 °C; while, above this temperature, nickel-based 

superalloys have been found to be promising (Holcomb, et al., 2005). Together, these 

techniques, along with others, are known as high efficiency low emission (HELE) 

technologies, as improvements in efficiency not only lead to a decrease in CO2 emissions 

but also a decrease in NOx, SOx and PM emissions. 

Once the flue gas has passed the boiler arch, it is treated to minimise the content of SO2, 

NO and PM, before being released from a stack. Technologies to reduce NO emissions may 

already be in service within the flame or post-flame regions of the boiler, but some of these 

technologies can have the effect of decreasing the flame temperature, thus leading to an 

increased carbon content in the ash, which can make the fly ash unsuitable for use as a 

precursor in concrete production, leading to issues regarding disposability of the fly ash. 

In an effort to meet Paris Climate Agreement targets, some power plant operators have 

switched to co-firing coal with biomass or even burning pure biomass; this will lead to a 

reduction in life-cycle CO2 emissions in the former and a carbon neutral lifecycle in the 

latter, due to the CO2 sequestered by the biomass when growing. Biomass is a catch-all 

term, but, generally, currently utilised biomass fuels tend to have some major differences 

to the previously used coals. Biomass fuels will have a higher water content and a greater 

oxygen and hydrogen content, therefore producing greater amounts of volatiles. This will 

result in low heating values and some flame stability issues when utilising existing industrial 

burners, which, together with increased corrosion from greater chlorine and alkali metal 

contents, can lead to economic problems (Werther, et al., 2000). Typically, the 

sustainability of harvesting biomass fuels with low chlorine/alkali metal contents is 

disputed (European Commission, 2017). However, biomass fuels also commonly have low 

nitrogen and sulphur contents, often low enough to eliminate the need for costly 

abatement processes. 
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1.2.3 Carbon Capture and Storage 

Carbon capture and storage technologies are processes that aim to reduce or eliminate 

carbon dioxide emissions from fossil fuel combustion through the chemical/physical 

capture of CO2. This CO2 is then to be transported to a storage site, most likely a retired oil 

reservoir or saline aquifer, where it is sequestered using the geological formations present. 

There are three major carbon capture technologies: pre-combustion capture (utilising 

integrated gasification combined cycle (IGCC)), post-combustion capture and oxy-fuel 

combustion.  

Pre-combustion capture involves gasifying coal in order to create a syngas stream 

constituted of CO, CO2 and H2, which can then be utilised as a fuel in a combined cycle gas 

turbine. Alternatively, the syngas can be treated using the water-gas shift reaction so that 

the CO is converted to CO2 , which can be separated ready for transportation and storage, 

while the remaining pure H2 stream is combusted in a turbine to produce only water as a 

by-product. This process is shown in Figure 1.8. This process has favourable process 

economics but is associated with disparaging capital costs and complex design features 

(Toftegaard, et al., 2010). However, this may be a more desirable option in East Asian 

countries, which typically have large coal stockpiles and little access to natural gas (Tillman, 

2018). 

 

Figure 1.8 ς Pre-combustion capture process (Vattenfall, 2008) 
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Post-combustion capture involves the conventional combustion of the coal in air, but, 

rather than emitting the flue gas after some pollutant control, the CO2 is scrubbed out of 

the exhaust using, most commonly, monoethanolamine (MEA). This creates a rich CO2-

laden sorbent that is then pumped to a stripper, where the absorbent is regenerated and 

the CO2 is driven off, collected, and prepared for transportation and storage (Abu-Zahra, 

et al., 2016). This process is shown in Figure 1.9. However, this technology currently carries 

a significant efficiency penalty for the plant and requires a flue gas stream effectively free 

from SO2 and NO2 as these can permanently degrade the absorbent (Toftegaard, et al., 

2010). Currently, there are two major post-combustion capture plants being operated at 

Petra Nova in Texas, USA and Boundary Dam in Saskatchewan, Canada. 

 

Figure 1.9 ς Post-combustion capture process (Vattenfall, 2008) 

Oxy-fuel combustion of fuel in an O2/CO2 mixture, as opposed to air, is used in order to 

produce a flue gas with a far greater CO2 concentration, hence simplifying CO2 purification 

processes to simply dehydration and the usual pollutant abatement units (desulphurisation 

and SCR or acid gas compression). The O2/CO2 mixture is formed by recirculating a portion 

of the flue gas back to the burner and mixing with O2 purified from air using an air 

separation unit (ASU). This process is shown in Figure 1.10. This technology can provide 
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ǎƻƳŜ ǘŜŎƘƴƛŎŀƭ ŎƘŀƭƭŜƴƎŜǎ ŀƴŘ ŀƴ ŜƴŜǊƎȅ ǇŜƴŀƭǘȅ ŘǳŜ ǘƻ ǘƘŜ !{¦ ōǳǘ ƛǎ ǎŀƛŘ ǘƻ ōŜ ΨǘƘŜ Ƴƻǎǘ 

energy and cost efficient of the carbon capture technologƛŜǎΩ ό¢ƻŦǘŜƎŀŀǊŘΣ Ŝǘ ŀƭΦΣ нлмлύΦ 

 

Figure 1.10 ς Oxy-fuel combustion process (Vattenfall, 2008) 

Further novel technologies are continuously being developed, an example being chemical 

looping combustion. This involves solid fuel being fed into a fuel reactor, where it comes 

into contact with a metal oxide known as an oxygen carrier. The fuel reactor is heated and 

the fuel/oxygen carrier mixture is fluidised with steam or recirculated flue gas; this causes 

the fuel to devolatilise, the char to be gasified and the subsequent gaseous mixture of H2, 

CO and volatiles are oxidised by the oxygen carrier. Following this, the reduced oxygen 

carrier passes into the air reactor, where it is re-oxidised by air (Adanez, et al., 2018). 

Carbon capture and storage technologies can also be used to capture CO2 emissions from 

biomass combustion in order to create a negative emission technology (NET). These 

ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǊŜ ƪƴƻǿƴ ōȅ ǘƘŜ ǳƳōǊŜƭƭŀ ǘŜǊƳ Ψōƛƻ-energy carōƻƴ ŎŀǇǘǳǊŜ ŀƴŘ ǎǘƻǊŀƎŜΩ 

(BECCS) and are believed to be a key part of the effort to meet the Paris Climate Agreement 

obligations by making up for industries that will not be able to decarbonise without 

significant innovations, such as shipping and air travel. In addition to BECCS, direct air 
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capture (DAC) is another collection of carbon negative technologies, where CO2 is scrubbed 

out of ambient air at atmospheric pressure. DAC is thought to require a large amount of 

energy, up to 12% of electric energy and 60% of non-electric energy by 2100, but can 

potentially be coupled with dedicated renewable power generation technologies to reduce 

operating costs (Creutzig, et al., 2019).  

1.3 Nitrogen Oxides: A Noxious Problem 

1.3.1 Origins and Impact 

Nitrogen oxides, NOx, refers to a group of pollutants arising from the oxidation of fuel-

bound nitrogen or nitrogen in air during high temperature combustion, and contributing 

to a number of prominent environmental problems. Nitric oxide (NO) is likely to evolve 

from any combustion, where nitrogen is present, and will eventually oxidise to nitrogen 

dioxide (NO2) when emitted to atmosphere. Nitrous oxide (N2O) is most relevant in 

fluidised bed combustion systems due to the lower temperature combustion zones, but 

can be emitted from any combustion process, as well as chemical processes (Skalska, et al., 

2010). In the UK, as of 2016, 34% of the total NOx emissions came from road transport, 

while power generation was responsible for 22% and domestic and industrial combustion 

emitted 19% (DEFRA, 2019). From immediately after emission in the troposphere to 

migration into the stratosphere, NOx is involved in complex processes of oxidation, 

reduction and photolysis that leads to the formation of transitionary highly reactive NOy 

compounds (short-lived oxidised NOx compounds, such as NO3 and N2O5) (Figure 1.11). 

Subsequently, NOx compounds play a role in all major air pollution crises, e.g. 

photochemical pollution (smog), acid rain, ozone depletion and, even, global warming, 

leading to up to 40000 deaths per year and an economic cost of £20 billion per year in the 

UK alone (Holgate, 2017). 
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Figure 1.11 ς Atmospheric NOx chemistry (Atkinson, 2000) 

The most notable NOx associated process is that of photochemical pollution/smog. This 

process involves NO2 catalysing the production of ozone (O3), which is highly toxic due to 

its highly oxidising nature. In reaction (1-1), NO2 is photolysed by daylight, producing NO 

and an oxygen radical that, subsequently, attacks an oxygen atom in reaction (1-2). 

Reaction (1-3) should complete the cycle, remove the O3 and return the NO2 and O2; but 

the environments in which these processes occur also contains radicals originating from 

the incomplete combustion of hydrocarbons, such as peroxy and hydroperoxyl radicals, 

which can react with NO to reform NO2, thus competing with reaction (1-3). 

ὔὕ Ὤὺᴼὔ/ /     (1-1) 

ὕ ὕ ὓᴼὕ -    (1-2) 

ὔὕ ὕ ᴼὔὕ ὕ     (1-3) 

During the night, reaction (1-1) cannot occur and reaction (1-3) continues rapidly, resulting 

in virtually all NOx being NO2; NO3 then starts to accumulate through reaction (1-4) and the 

lack of light to photolyse it after formation.  

ὔὕ ὕ ᴼὔὕ ὕ    (1-4) 

The NO3 can then react with NO2 to form N2O5, which will readily dissolve in water to form 

nitric acid, hence contributing to acid rain. 

ὔὕ ὔὕᴼὔὕ      (1-5) 

ὔὕ Ὄ/ ᴼς(.ὕ     (1-6) 
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The formation of HNO3 is a chain termination reaction that leads to the consumption of 

the majority of the tropospheric NO and NO2 within four days (Skalska, et al., 2010). 

However, some NOx will migrate to the stratosphere, where it will catalyse the 

decomposition of ozone, as seen with reactions (1-3) and (1-7) with reaction (1-8) 

combining the two. 

ὔὕ ὕ ᴼὔὕ ὕ     (1-3) 

ὔὕ ὕᴼὔὕ ὕ     (1-7) 

ὕ ὕ ᴼςὕ      (1-8) 

As mentioned, only a small amount of NO and NO2 will reach the stratosphere; N2O can act 

as a source of NO within the stratosphere as it is photolysed (reactions (1-9) and (1-10)) or 

attacked by an O radical (reactions (1-11) and (1-12)). 

ὔ/ ὬὺO ὔὕ .     (1-9) 

ὔ/ ὬὺO ὔ /     (1-10) 

ὔ/ ὕᴼὔ ὕ      (1-11) 

ὔ/ ὕᴼςὔὕ     (1-12) 

In addition to N2O participating in stratospheric ozone destruction, it is also known to be a 

greenhouse gas that is 270 times more potent than carbon dioxide (Wright, 2003). 

1.3.2 Legislative Limits 

The discussed issue caused by NOx has led to increasingly stringent legislation around the 

world. The greatest users of coal for power generation are shown in Figure 1.12 to be the 

tŜƻǇƭŜΩǎ wŜǇǳōƭƛŎ ƻŦ /Ƙƛƴŀ όtw/ύΣ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ƻŦ !ƳŜǊƛŎŀΣ LƴŘƛŀΣ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΣ WŀǇŀƴ 

and Korea (IEA, 2019). The current legislative limits of NOx emissions for these nations will 

be discussed. 
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Figure 1.12 ς Greatest users of coal for power generation 

Starting with China, the NOx emission limits depend on the capacity of the boiler and the 

location, with more stringent limits in conurbations. Being the largest user of coal, it is 

important that China leads the way with significant standards. These limits can be seen in 

Table 1.1. 

Capacity (tonnes/hour) NOx limit (mg/m3) 

>65 100 

10-65 

Existing boilers 400 

New boilers 300 

Boilers located in key regions 200 

Table 1.1 ς Emission limit values (mg/m3) for NOx from utility coal-fired boilers in China (IEA 

Clean Coal Centre, 2015) 

In the US, the emission limits are more complicated and depend heavily on when the plant 

was constructed or modified rather than the capacity of the plant. Further, the Clean Air 

Act states that these emission limits are merely a maximum level and that plants will be 

assessed on a case-by-case basis with the specific limit being decided by the best available 

control technology (BACT), which is decided from techno-economic analysis. 
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Period of construction/modification NOx Limit (mg/MW) 

1971-1978 300 

1978-1997 210 (subbituminous), 260 (other coals) 

1978-2005 200 (gross output), 65 (heat input) 

2005-2011  Construction 130 (gross output) 

2005-2011  Reconstruction 130 (gross output), 47 (heat input) 

2005-2011 Modified 180 (gross output), 65 (heat input) 

Post-2011  Construction/reconstruction 88 (gross output), 98 (net output) 

Post-2011 Modified 140 (gross output) 

Table 1.2 ς Emission limit values (mg/MW) for NOx from utility coal plants in the USA (IEA 

Clean Coal Centre, 2019d) 

India, a nation with chronic and severe air pollution issues, has adopted stringent emission 

limits for new coal-fired power plants, while older plants face some of the most lax limits 

of the major coal using nations. 

Period of construction NOx Limit (mg/m3) 

Pre-2004 600 

2004-2017 300 

Post-2017 100 

Table 1.3 ς Emission limit values (mg/m3) for NOx from coal and lignite fired power plants 

in India (IEA Clean Coal Centre, 2019a) 

The 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ LƴŘǳǎǘǊƛŀƭ 9Ƴƛǎǎƛƻƴǎ 5ƛǊŜŎǘƛǾŜ (Directive 2010/75/EU) has mandated 

the following emission limits of NOx in mg/Nm3 (6% O2) for solid fuels: 
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Total rated thermal input (MW) 
NOx Limit (mg/Nm3) 

Coal (except lignite) Lignite Biomass 

50-100 300 400 250 

100-300 200 200 200 

> 300 150 200 150 

Table 1.4 ς Emission limit values (mg/Nm3) for NOx from large combustion plants using 

solid fuels in the EU 

These values come with some caveats. Combustion plants of a thermal rating <500 MW 

built before 2003 are allowed to emit up to 450 mg/Nm3, as long as they do not operate 

for more than 1500 hours per year. Similarly, combustion plants of a thermal rating >500 

MW built before 1987 are subject to the same conditions. This is most likely to provide 

flexibility in extreme scenarios. The EU also legislated for medium combustion plants (1-50 

MW) (Directive (EU) 2015/2193), with the following emission limits of NOx in mg/Nm3 (6% 

O2) for solid fuels: 

Total rated thermal input (MW) 
NOx Limit (mg/Nm3) 

Coal Biomass 

1-50  Existing plants 650 650 

1-5 New plants 500 500 

5-50 New Plants 300 300 

Table 1.5 ς Emission limit values (mg/Nm3) for NOx from medium combustion plants using 

solid fuels in the EU 

Japan sets limits based on steam generation, rather than thermal rating, and, when 

converted to mg/m3 using a simplistic conversion factor of ppm x 2.05, is rather more lax 

than the EU for the higher capacity units. That being said, individual prefectures in Japan 

regularly set stricter standards for emissions than the national limits. 
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Capacity (m3/hr) NOx Limit (ppm) 

>700,000 200 

400,000-700,000 250 

<400,000 300 

Table 1.6 ς Emission limit values (ppm) for NOx from coal combustion boilers in Japan (IEA 

Clean Coal Centre, 2019b) 

Korea leads the way with the most stringent NOx emission limits of this group. The 

legislation is clear, concise and is likely to promote innovation and eliminate the 

contribution of power plants to the NOx related issues raised in section 1.3.1. However, it 

will likely have been incredibly expensive to achieve these limits, which may have a 

negative impact on the plant economics, as well as the consumer, and could be used as a 

political tool to indirectly close coal power plants. 

Capacity (MW) 
NOx Limit (ppm) 

Pre-July 1996 July 1996-2014 Post-2014 

<100 90 60 30 

>100 70 50 15 

Table 1.7 ς Emission limit values (ppm) for NOx from coal power plants in Korea (IEA Clean 

Coal Centre, 2019c) 

The emission limits displayed in this section are likely to be the principal drivers behind 

innovations leading to the research and development of new and improved NOx abatement 

technologies. The result of these innovations may be that the rising consumers of coal, 

such as South Africa, Indonesia and Poland, will not face the same economic trade-off 

between air quality and affordable power as their predecessors. 

1.4 Fireside Corrosion: Eating Away at Profitability 

Solid fuels contain many impurities in addition to nitrogen; in particular, sulphur, chlorine 

and mineral matter, known as ash, interact around the boiler to degrade components, 

reduce efficiencies, increase costs and, ultimately, cause outages. The principle ash related 
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problems are fireside corrosion, slagging and fouling. Fireside corrosion is the process of 

chemical attack reducing wall thickness of the heat transfer surfaces by acidic gases in the 

flue. Slagging refers to ash deposition on a heat transfer surface or the refractory, resulting 

from the sintering of molten ash components (Malmgrem and Riley, 2012). Fouling refers 

to deposits on a heat transfer surface by condensed volatile salts and fly ash at a 

temperature below its melting point (Bryers, 1996). Both slagging and fouling reduce the 

rate of heat transfer through the tube wall, resulting in reduced plant efficiencies and 

higher CO2 emissions per unit of power, while also providing a reservoir of corrosive species 

to accelerate fireside corrosion. 

 

Figure 1.13 ς Extreme slagging on superheater tubes (Niu, et al., 2010) 

In a 2001 report, the Electric Power Research Institute (EPRI) estimated the cost of 

corrosion in American power plants during 1998 as $17.3 billion, which represents 7.9% of 

the cost of electricity to the US and 0.2% of the 1998 GDP (EPRI, 2001). They also estimated 

that 22% of this cost is avoidable through affordable measures (EPRI, 2001). Subsequently, 

some power generators have looked towards fuel additives to relieve their ash related 

problems; this is in conflict to reports suggesting that most commercial additives, other 

than kaolin and calcium based additives (for SO2 removal in fluidised bed combustion) are 

ineffective (Minchener and McMullan, 2007, and European Commission, 1994). 

Nevertheless, Drax Power Ltd. filed a patent describing the use of a mitigant in order to 

reduce slagging, fouling and corrosion problems (Drax Power Ltd, 2014). Other additives, 
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such as one investigated by Daood, et al., (2017), have also been empirically shown to be 

able to mitigate corrosion, as well as reduce NO emissions and improve combustion. 

1.5 Summary, Aims and Objectives 

Lǘ Ƙŀǎ ōŜŜƴ ŘƛǎŎǳǎǎŜŘ ǘƘŀǘ Ŏƻŀƭ ŎƻƳōǳǎǘƛƻƴ ƛǎ ŀƴ ƛƴǘŜƎǊŀƭ ǇŀǊǘ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǿŜǊ 

generation portfolio and, under current strategies, will remain so unless there is a dramatic 

change. This dramatic change is thought to be necessary in order to meet Paris Climate 

Agreement obligations, but the progression of carbon capture and storage technologies 

may open alternative routes to meeting these obligations. Nevertheless, coal combustion 

is responsible for much of the global NOx emissions that can cause devastating 

environmental and health problems. In light of this, the principal users of coal for power 

generation have enacted stringent legislation, which will require significant uptake of 

effective NOx abatement technologies or the closure of coal power plants. Fireside 

corrosion and other ash-related problems also significantly affect the life and economics 

of coal power plants and may be aggravated by the adoption of certain NOx abatement 

technologies/strategies. 

Thus, the aim of this thesis is to improve the confidence of clean coal power generation 

technologies so that the detrimental effects of the continued use of coal can be as little as 

possible. The following section will conduct a literature review, outlining the current status 

of, and gaps in, knowledge of the impact of important parameters for NOx abatement in a 

variety of coal combustion configurations and, through this action, will identify ǘƘŜ ǘƘŜǎƛǎΩǎ 

objectives.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

This literature review will first describe the fundamentals of nitrogen chemistry within 

combustion, then discuss and critique primary NOx abatement techniques along with a 

detailed analysis of the state of NOx abatement within oxy-coal combustion. This will be 

followed by a review of secondary NOx abatement techniques, namely SNCR and SCR, and 

an introduction to Fe-based additives. The impact of Fe-based additives on fireside 

corrosion will then require an understanding of the fundamentals of fireside corrosion and 

its precursors. Each of these sections will be concluded with a summary of the identified 

research gaps. 

2.2 NOx Production in PF Combustion and Primary NOx Abatement 

Technologies 

2.2.1 NO Production in PF Combustion 

NO formation during combustion has been researched extensively, with three major 

mechanisms taking precedence: 

¶ Thermal NO formation 

¶ Prompt NO formation 

¶ Fuel NO formation 

Thermal NO formation, also known as the Zeldovich mechanism (Zeldovich, 1946), involves 

elemental nitrogen being oxidised by oxygen in the combustion flame. This mechanism 

occurs primarily through this sequence: 

ὕ ὔ ᴾὔὕ ὔ     (2-1) 

ὔ ὕ ᴾὔὕ ὕ     (2-2) 

During fuel-rich conditions, reaction (2-3) becomes dominant and, together with the 

previous reactions, the entire mechanism is known as the extended Zeldovich mechanism. 

ὔ ὕὌP ὔὕ Ὄ     (2-3) 
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Due to the high activation energy of the first reaction (2-1), the mechanism only becomes 

significant at temperatures above 1800 K (van der Lans, et al., 1997). Low-NOx burners are 

now widely used in commercial power plants, greatly reducing NO formation through the 

Zeldovich mechanism by lowering the flame temperature. However, thermal NO remains 

the greatest contributor to NO formation from natural gas combustion (Wünning and 

Wünning, 1997). 

Prompt NO formation, also known as the Fenimore mechanism (Fenimore, 1971), was 

discovered when recorded NO formation rates from a hydrocarbon flame exceeded those 

predicted from thermal NO formation. This extra NO formation was found to be initiated 

through rapid attack of elemental nitrogen from CH radicals: 

ὅὌ ὔ ᴾὌὅὔὔ    (2-4) 

The HCN is then oxidised to produce NO. This mechanism can be dominant in fuel-rich 

hydrocarbon flames (Glarborg, et al., 1986), but is negligible in solid fuel systems; even 

when the solid fuel contains a large low-N volatile component (Glarborg, et al., 2003). 

The most important source of NO from pulverised coal is that produced from fuel nitrogen; 

roughly 80% of NO produced from solid fuels is produced via conversion of fuel nitrogen 

to NO (Glarborg, et al, 2003). The dominance of fuel-NO production can lead to a drop in 

thermal-NO production due to the reversibility of the reaction (2-1) (Glarborg, et al., 2003). 

On initiation of pulverised coal combustion, devolatilisation of the coal particle occurs and 

the fuel nitrogen is partitioned into volatile-N and char-N, the distribution of which can be 

dependent upon the fuel structure, temperature and the rank of the coal (Bassilakis, et al., 

1993). The relative conversion of volatile-N and char-N to NO is vastly different. 

Char-N, nitrogen bound inside/to the fuel matrix, has been found to exclusively convert to 

NO during combustion within a temperature range of 1050-1150 °C, while only 65% of 

char-N converts to NO at 850 °C; this lower net NO formation was found to be due to 

reduction of NO by reaction with char (Jensen, et al., 2000). However, Pohl and Sarofim 

(1977) found that at 1500 K, 60-80% of NO is formed from oxidation of volatile-N. 

Therefore, it is imperative to have an understanding of the complexities of volatile-N 

oxidation. 
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Volatile-N consists of tar-N and light gaseous compounds, such as HCN and NH3. The tar-N, 

produced during primary devolatilisation, consists of fragments of the coal matrix that have 

ǾŀǇƻǊƛǎŜŘ ŘǳǊƛƴƎ ƛƴƛǘƛŀƭ ƘŜŀǘƛƴƎ ŀƴŘ ƛǎ ŘŜŦƛƴŜŘ ōȅ DƭŀǊōƻǊƎΣ Ŝǘ ŀƭΦΣ όнллоύ ŀǎ ΨǘƘŜ ǾƻƭŀǘƛƭŜǎ 

released thŀǘ ŎƻƴŘŜƴǎŜ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΩΤ ǘƘƛǎ Ŏƻƴǘŀƛƴǎ ŀƭƳƻǎǘ ŀƭƭ ƻŦ ǘƘŜ ƛƴƛǘƛŀƭ ƴƛǘǊƻƎŜƴ 

released (Zhang and Fletcher, 2001). While secondary devolatilisation leads to the release 

of the light gaseous compounds from decomposing char and tar, the remaining tar-N is 

incorporated into soot (Chen, et al., 1992), this soot-N is further oxidised to NO (Rigby, et 

al, 2001). 

The most important volatile-N constituents are HCN and NH3, both of which have been 

found to undergo complex reaction pathways oxidising selectively towards N2 or NO 

depending on oxygen availability and fuel-nitrogen levels (Glarborg, et al., 2003). The 

reaction pathways have been extensively investigated and overview of the reactions are 

shown in Figure 2.1 below: 

 

Figure 2.1 ς HCN and NH3 evolution pathways (Miller, et al., 1985) 

These pathways give the opportunity for engineers to design modifications to the 

combustion conditions to favour the pathways leading to N2 formation. 

2.2.2 Low-NOx Burners and Other Primary NOx Abatement Technologies 

Low-NOx burners (LNBs) are a combustion modification technique that involves staging of 

the combustion; LNBs can be either air-staged or fuel-staged. Air-staged LNBs operate to 

maximise volatile release, provide an initial O2 deficient zone, maximise char residence 

time in this zone and then provide a fuel-lean zone to maximise burnout. The lack of oxygen 

in the fuel-rich zone favours the N2 formation pathways for volatile-N (Figure 2.1) and goes 

further to reduce NO formed elsewhere to N2 (Hill and Smoot, 2000). The control of air-



24 

 

fuel mixing patterns is achieved by swirling secondary and tertiary air to stabilise the fuel-

rich zone and complete combustion in a cooler environment (due to the sub-stoichiometric 

conditions); this also enables a lower flame temperature and, therefore, limited thermal-

NO production (Muzio and Quartucy, 1997). The structure of zones within the low-NOx 

burner is shown in Figure 2.2: 

 

Figure 2.2 ς Low-NOx burner concept (Ochi, et al., 2009) 

Doosan Power Systems has had success with the Mk III burner (Doosan Babcock, 2020), 

which involves staging the oxidant (usually air) input into three streams. The primary 

stream entrains the fuel and provides the initial oxygen, the secondary stream is heavily 

swirled in order to create an inner recirculation zone at the centre of the flame and the 

tertiary zone enters with comparatively less swirl to complete char combustion and create 

an external recirculation zone at the edge of the flame. The inner recirculation zone (IRZ) 

has the effect of maintaining the devolatilization process and primary combustion products 

in an oxygen deficient environment for as long as possible, as well as recirculating these 

products and heat. This results in maximising devolatilisation and the activity of volatile-N 

to N2 formation pathways (Szuhánszki, 2014), while the external recirculation zone (ERZ) 

helps stabilise the flame by recycling hot combustion gas back into the flame root (Smart 

and Morgan, 1992). The shear boundary layer between the IRZ and the secondary stream 

acts to introduce oxygen in the IRZ to initiate the completion of combustion. 
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Figure 2.3 ς Doosan Mk III Burner (Doosan Babcock, 2015) 

The above burner will most likely create a type-2 flame. The IFRF (2006) defined four types 

of flame. A type-0 flame is essentially a swirled jet flame with just external recirculation 

zones that is only seen with gaseous and liquid fuels. A type-1 flame contains greater swirl 

and is accompanied by the formation of internal recirculation zones but it is still penetrated 

by a jet; this can be achieved with any fuel. A type-2 flame contains an even stronger swirl 

and the internal recirculation zones are more protected due to the lack of jet penetration. 

A type-3 flame is considered unusual; it contains the most swirl and has two sets of inner 

recirculation zones. 

 

Figure 2.4 ς Flame types as defined by the IFRF (IFRF, 2006) 

Another popular air staging method is known as overfire air (OFA). Similar to LNBs, OFA 

involves creating a fuel-rich primary combustion zone and a fuel-lean lower temperature 
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secondary combustion zone (Javed, et al., 2007); but OFA involves injecting a portion of 

the combustion air (10-25%) above the upper most burner (Skalska, et al., 2010). This can 

lead to 10-30% reduction in NO emissions (with an average reduction of 23%) at a cost of 

5-15 $/kW (with an average cost of 8.2 $/kW) (Nelson, et al., 1994). Unfortunately, like 

LNBs, OFA has been found to lead to a diminished combustion efficiency (Smart, et al., 

1989) due to the decreased stoichiometry in the primary combustion zone. This can also 

lead to an extreme reducing atmosphere, which will lead to increased corrosion (USEPA, 

1994). Further to this, the primary zone created during air staging is highly reducing and 

can lead to high temperature corrosion and slagging in the vicinity of the burner (Ma, et 

al., 2017). 

The most studied fuel staging technique is reburning; this involves burning 80-90% of the 

fuel under fuel-lean conditions in the primary combustion zone and introducing the 

remaining fuel in a fuel-rich zone known as the reburn zone. This reburn zone is heavily 

reducing due to incomplete combustion generating hydrocarbon radicals, which reduce 

NO formed in the primary zone (Nimmo and Liu, 2010).  

 

Figure 2.5 ς Reburning mechanism (Toftegaard, et al., 2010) 

A third zone called the burnout zone then introduces the remaining air to complete 

burnout of hydrocarbons and char.  Liu, et al., (1997) reported that, when testing a variety 

of coals, up to 60% NOx reduction could be achieved when there is a high NO concentration 

in the primary zone, high carbon burnout in the reburn zone and high volatile-N release in 

the reburn zone. However, it can prove beneficial to NOx reduction to use a different fuel 

for reburning, for example, Mereb and Wendt (1994) compared the use of natural gas and 

bituminous coal as reburn fuels to find that natural gas offered ~80% NOx reduction 

compared to ~60% for bituminous coal. 
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In order to increase NOx reduction from reburning, research has been undertaken into 

variation of reburning known as advanced reburning. This hybrid technology combines 

reburning and selective non-catalytic reduction (SNCR) (discussed further in 2.4.1) so that 

ammonia/urea is added in the fuel-rich reburning zone or the overfire air (Maly, et al., 

1999) to provide up to 80-90% NOx reduction compared to classic reburning, which can 

provide 45-65% (Zamansky, et al., 1996). Maly, et al., (1999) achieved a 95% NOx reduction 

when the reducing agent was combined with a sodium containing additive; they went on 

to claim that this technology was in the same category as selective catalytic reduction (SCR) 

(discussed further in Section 2.4.2) for effectiveness but with a far lower cost. The 

operating temperature for this technology would not be optimal for conventional SNCR, 

but, due to the sub-stoichiometric conditions upstream, there is a large concentration of 

CO, which expands the operating temperature window for reduction (Hampartsoumian, et 

al., 2003). Major complications due to reburning are avoided with advanced reburning. 

Hampartsoumian, et al., (2003) found that with advanced reburning, lower reburn fuel 

fractions can be used. This means that the reburn zone can be operated closer to 

stoichiometric conditions, and thus practical consequences of a fuel-rich zone can be 

avoided.  

2.2.3 Flue Gas Recirculation and Oxy-coal Combustion 

Flue gas recirculation (FGR) involves redirecting a small portion of flue gas into the 

combustion zone; the high concentration of inerts in the flue gas has the effect of lowering 

the adiabatic flame temperature, which in turn helps reduce thermal-NO formation but 

has been said to have little effect on fuel-NO (Muzio and Quartucy, 1997). The lower 

temperature flue gas leads to a decreased furnace temperature; this can cause less stable 

combustion and lower combustion efficiency (Zhang, et al., 2015). Muzio and Quartucy 

(1997) describe tests on boilers using combinations of BOOS (burners out of service), OFA 

and FGR. These tests found that FGR can provide NOx reductions of up to 45%; but they 

comment that this is a technique more applicable to natural gas configurations. Baltasar, 

et al., (1997) found that FGR is especially good at disrupting the prompt NO formation 

mechanism; since these mechanisms are iƴǎƛƎƴƛŦƛŎŀƴǘ ƛƴ ŎƻŀƭΣ aǳȊƛƻ ŀƴŘ vǳŀǊǘǳŎȅΩǎ 

recommendation is appropriate. 
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However, this process can be considered operationally inherent in oxy-fuel combustion; a 

process that is cited as being one of the most promising carbon capture techniques. Oxy-

fuel combustion involves combusting fuel using an O2/ flue gas mixture instead of air, 

creating a flue gas in which there is a far larger CO2 concentration than air-fired combustion 

(14% vol/vol dry).  The flue gas is scrubbed to remove NOx, SO2 and particulates and then 

cooled to remove water vapour (Toftegaard, et al., 2010). Further purification of the flue 

gas to remove O2, N2 and Ar creates a 96-98% pure CO2 stream that is ready for 

sequestration (Li, et al., 2009); this amounts to a capture of 90-95% of the carbon dioxide 

produced from combustion (Pehnt and Henkel, 2009). Oxy-fuel combustion provides a 

carbon capture process with simpler and cheaper CO2 purification compared to the other 

conventional capture processes. It also provides higher boiler efficiency due to smaller flue 

gas volumes and less required NOx abatement, due to reduced thermal-NO formation 

(Varagani, et al., 2005).  

 

Figure 2.6 ς Typical oxy-fuel combustion plant design (Li, et al., 2009) 

However, a major complication with oxy-fuel combustion involves the value of the 

adiabatic flame temperature when compared to air-fired combustion. The O2/CO2 mixture 

has a higher specific heat capacity compared to air; this results in a decreased adiabatic 

flame temperature and a destabilised flame if the oxygen concentration is 21% (analogous 

to air) (Liu, et al., 2005a). In order to mimic the flame temperature observed during air-

fired combustion and therefore operate using developed burners, the oxygen 

concentration must be around or above 30% (Liu, et al., 2005a). Although, this high level 

of oxygen is thought to enhance the fuel NOx formation mechanisms (Tan, et al., 2006). 
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One would expect that NOx emissions from oxy-fuel combustion to be comparable to the 

air case flue gas recirculation scenario without any thermal-NO or prompt-NO formation, 

due to the lack of nitrogen, and with the extra fuel-NO, but this is not the case. Andersson, 

et al., (2008) found that when run with an oxy-fuel configuration, NO emissions (mg/MW) 

were reduced to less than 30% of emissions from air-firing.  

One could expect the impact of recirculating a flue gas with a significant level of NO to 

initiate processes similar to the reburning mechanisms, processes which reduce NO 

through the use of fuel fragments as reducing agents. Toftegaard, et al., (2010) defined 

three types of reaction that contribute to the reduction of NO through reburning: 

The reaction with volatile-C, released during devolatilisation of the coal, to form volatile-

N. 

ὅὌ ὔὕO ὌὅὔὴὶέὨόὧὸί   (2-5) 

The reaction with volatile-N, released during devolatilisation of the coal, to form N2. 

ὔὌ ὔὕO ὔ ὴὶέὨόὧὸί   (2-6) 

The reaction with coal char, in the presence of CO, to form N2. 

ὅὕ ὅ ᴼὅὕ ὅ     (2-7) 

ὔὕ ὅ ᴼὅ ὔ     (2-8) 

 Where C(O) represents oxygen chemisorbed to char and C(f) represents an activated 

carbon site on the char (Chan, et al, 1983). 

Okazaki and Ando (1997) investigated the impact of each of these mechanisms as well as 

the increased CO2 concentration on the final NOx concentration. The effect of the increased 

CO2 concentration is used to test NO reduction on char under the assumption that at high 

CO2 concentrations, the CO concentration will be increased and this will enhance NOx 

reduction on char. They found that the increased CO2 led char reactions accounted for less 

than 10% of the NOx reduction while NO reactions with volatile-C account for 50-80% of 

NOx reduction and the remaining 10-50% is caused by NO reactions with volatile-N. 

Andersson, et al., (2008) show that at high temperatures (>1500 °C) during oxy-fuel 

combustion it is possible for the Zeldovich mechanism to be reversed due to the lack of 
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nitrogen. However, Normann, et al., (2008) show that for the reverse Zeldovich mechanism 

to be dominant, there must be negligible air ingress, high oxygen purity, sub-stoichiometric 

combustion conditions, long residence time and high temperatures (>1800 °C); although 

the temperature must also decrease with NOx concentration through the flame. 

Operation of an oxy-fuel burner will present inevitable variations in the flame structure 

and mixing of the fuel and oxidiser (Toftegaard, et al., 2010). The comparable lack of 

secondary oxidiser flow leads to limited O2 availability and a higher adiabatic flame 

temperature, promoting conversion of volatile-N to N2 and aiding NOx reduction 

(Mackrory, et al., 2007). The lack of secondary oxidiser, however, is an issue and arises 

from the requirement for an O2 concentration of ~30% as this leads to a smaller volumetric 

flow rate through the burner. If future oxy-fuel plants are to be commissioned from old air-

fired plants, then the coal feed rate must remain constant; this requires the same primary 

oxidant velocity in order to keep the coal in suspension (Zanganeh and Shafeen, 2007). 

Since the density of the O2/CO2 mixture is greater than that of air, the mass flow rate of 

the primary flow for oxy-fuel is higher and the secondary mass flow rate is reduced; this 

leads to a reduced velocity for the secondary flow (Khare, et al., 2008). In the average 

burner, the secondary flow is swirled to aid stability of the flame; if there is a slower 

secondary flow, there is less swirl and therefore the flame is less stable. In order to correct 

issues regarding stability of oxy-fuel flames in burners designed for air-fired use, NOx 

reduction may have to be compromised. 

In order to maximise NO reduction without significantly affecting the flow dynamics, Liu, 

et al., (2005b) studied the impact of staging recycled NOx in oxy-fuel flames. This study 

showed that injecting recycled NO in either the primary or the secondary stream will 

provide high reduction (~90%); however, if the NO is recycled in the tertiary stream then 

the reduction is severely reduced (~45%). This is due to the lack of fuel-rich zones, to 

initiate the reburning mechanisms, in the tertiary zone. Staging NOx introduction into an 

oxy-fuel flame may not be feasible, since commercial plants will likely not split the 

recirculated flue gas into its constituent parts due to cost impacts; therefore, attention 

must be paid instead, to burner configuration. Chui, et al., (2003) showed that increasing 

the swirl number of the secondary stream in an oxy-fuel burner leads to a reduction in NOx 

production (~37% reduction); they said that the swirl has the ability of retaining the fuel-N 
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within the fuel-rich zone to maximise N2 formation, therefore preventing fuel-N oxidation 

in the burnout zone. This study, however, found that more NOx is produced when their 

burner was run on an oxy-fuel configuration. An enhanced burner was tested in Chui, et 

al., (2004) and notable NOx reductions were achieved; however, the trends and 

configurations used to achieve these reductions were said to be very explicit to the burners 

tested and general recommendations are lacking (Toftegaard, et al., 2010). 

In Spinti and PershinƎΩǎ нлло ǎǘǳŘȅ ƻƴ ŎƘŀǊ-N oxidation in air-fired flames, they identify 

four factors that influence overall NO emissions. These are the volatile-N oxidation, char-

N/volatile-N split, char-N oxidation and reduction of volatile-N during char oxidation. A 

burner designed for low NOx emissions must manipulate these factors; this can be done by 

providing a fuel-rich core to minimise volatile-N oxidation, high temperatures during 

devolatilisation for maximum volatile formation and a low temperature char oxidation 

zone with a low oxygen concentration (Spinti and Pershing, 2003). These assertions concur 

ǿƛǘƘ IŜǎǎŜƭƳŀƴƴ ŀƴŘ aŀǊǘŀΩǎ όнллмύ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ǘƘŀǘ ƛƴŎƭǳŘŜŘΥ ŎǊŜŀǘƛƴƎ ŀƴ ƛƴƛǘƛŀƭ 

oxygen-lean/fuel-rich zone early in the flame, maximising volatile yield within this zone, 

optimising the residence time in this zone, maximising char-N residence time in this zone 

and avoiding high temperature peaks.  

In contrast to the established belief that oxy-coal combustion requires an oxygen 

concentration of 30%, Toporov, et al., (2008) investigated an oxy-fuel burner designed to 

run at 21% O2. They found that the flame could be stabilised in both air and oxy-fuel 

regimes using swirl to recirculate hot combustion products (~1200 °C) back to the burner 

in order to compensate for higher specific heat capacity of the oxidant. The NO 

concentration was measured axially across the flame and compared to predictions from a 

numerical model but no optimisation took place to maximise NOx reduction. The 

experimental results also deviated from the predictions indicating issues with the models 

used. Becher, et al., (2007) also tested a burner working away from the 30% 

recommendation; this burner was run using 50% O2 with the aim to reduce the required 

flue gas recirculation in order to reduce energy and cost intensity. The flame temperature 

was then controlled by staging fuel input, either using over-stoichiometric and then under-

stoichiometric burners or vice versa. This shows promise in NO reduction by creating strong 

reducing atmospheres; however, NO reduction was not investigated. Tan, et al., (2006) 
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recommended that in order to maximise NOx reduction in oxy-fuel processes, the burner 

should be specifically designed for O2 and recirculated flue gas. Doosan Power Systems 

successfully demonstrated an oxy-coal burner achieving low NOx (250 mg/Nm3) flue gas 

concentrations in air and flame stability during oxy-fuel configuration; but unfortunately 

the NOx and CO emissions were twice as high (Sturgeon, et al., 2013). However, installing 

an oxy-coal burner may not be economically feasible for those looking to retrofit to oxy-

fuel due to the cost of the burner and costs associated with installing SCR to meet NOx 

limits.  

In light of this, Fry, et al., (2011) established some principles for retrofitting air-coal burners 

for use during oxy-coal combustion. They found that maintaining primary mass flow-rate 

or momentum when switching from air-firing to oxy-firing would maintain a stable flame, 

whereas, maintaining primary velocity would lead to slight detachment. Interestingly, this 

study also found that the primary stream could consist of purely recirculated flue gas and 

still achieve a stable flame, which could greatly impact the char/volatile split in the fuel-

rich zone. However, this analysis was performed merely in terms of changes in the visual 

structure and radiation intensity along the flame length, and no principles in terms of 

minimising NOx emissions were presented. 

Correa da Silva, et al., (2014) investigated an industrial burner forming a type-1 flame 

finding that swirl and secondary/tertiary flow ratio were the key attributes to stabilising an 

oxy-fired flame and that limits to stability were similar for both air-fired and oxy-fired 

flames. Further studies of this burner go on to show that high swirl and secondary/tertiary 

ratio also result in substantial NO reduction (Correa da Silva and Krautz, 2014). In-flame 

measurements showed that NO formation was axially delayed in oxy-fired flames due to 

reduced mixing of oxygen into the penetrating jet and the presence of high temperature 

oxygen-lean regions (Correa da Silva and Krautz, 2018). Detailed emission analysis was also 

performed on another burner at 21 vol% and 25 vol% O2 and a fixed swirl highlighting 

trends between increasing O2 utilisation and decreased NO formation (Hees, et al., 2016). 

Although these studies perform detailed analysis of swirling flames and confirm the 

significant impact of increasing swirl on a reduction in NO formation, there is very little 

discussion of any impact on the destruction rates of recycled NO or reburning. It should 

also be mentioned that the investigation into altering the secondary/tertiary ratio showed 
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that type-1 oxy-fired flames are less impacted by this than air-fired flames, perhaps 

highlighting that type-1 flames are not as easily optimised and type-2 oxy-fired flames 

should have the same level of scrutiny. 

In-furnace staging was previously discussed in the context of overfire air, creating a 

reducing (fuel-rich) zone initially around the burner and then introducing overfire air in an 

oxidising zone to complete combustion. This concept has been studied for use in oxy-coal 

combustion to show that the fuel-rich zones cause far greater NO reduction in oxy-

combustion than in air and the NO concentration in the flue gas shows less sensitivity to 

the reducing zone stoichiometry than air (Mackrory and Tree, 2012). Further to this, it is 

believed that staged combustion in an O2/CO2 environment would lead to a significant 

reduction in NOx emissions (Wantanabe, et al., 2011). However, the issue with in-furnace 

staging is that NOx, from the recirculated flue gas, would be present in all streams and 

injecting a portion of it downstream would potentially decrease NOx reduction rate 

(Toftegaard, et al., 2012). 

 

Figure 2.7 ς Diagrams of (a) in-furnace staging and (b) burner staging (adapted from 

Normann, et al., 2009) 

2.2.4 Summary of Gaps in the Research 

Section 2.2.1 introduced how NO evolves during pulverised coal combustion, with 

particular attention to the processes involved with fuel-NO. It was then discussed how 

these processes can be manipulated towards the nitrogen production pathways by primary 

NOx abatement technologies. Finally, the carbon capture process oxy-fuel combustion was 

discussed due to its inherent use of flue gas recirculation and the attributed phenomena 

of NO reburning that only significantly occurs during oxy-coal combustion. There is great 

discussion around oxy-coal flame stability, but sometimes this leads to a compromise with 

regards to NO emissions. 
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However, there appears to be an opportunity with oxy-coal flames with regards to 

minimising NO formation and maximising NO reburning in that, due to the lack of nitrogen, 

the reducing zones are far more reducing and, due to the comparably reduced mass flow 

rates, an oxy-Ŏƻŀƭ ŦƭŀƳŜΩǎ ǎǿƛǊƭ ƛǎ ŘƛŦŦŜǊŜƴǘ ǘƻ ǘƘŀǘ ƻŦ ŀƛǊ ŦƭŀƳŜǎΦ aƛƴƛƳƛǎƛƴƎ bh ŦƻǊƳŀǘƛƻƴ 

is not often a primary objective, while maximising NO reburning is seldom discussed. An 

effort should be made to marry the two concepts whilst maintaining flame stability, so that 

a flame is visibly still rooted and burnout is not compromised. This could prove important 

in that an operator could minimise the NO concentration at the input of a SCR unit, thus 

minimising the operational capacity and hence, the cost of the unit, which would aid the 

appearance of financial feasibility for this technology. 

2.3 Fe Interactions with NO 

IŀȅƘǳǊǎǘ ŀƴŘ [ŀǿǊŜƴŎŜΩǎ ǎǘǳŘȅ (1997) showed that the presence of iron oxides in a 

fluidised bed led to an 80% reduction in NO emissions. The mechanism was initiated by the 

reduction of Fe2O3 by CO. The subsequent Fe ions were then oxidised by NO to produce N2 

and regenerate the Fe2O3. Therefore, the iron catalyses and increases the selectivity of the 

reduction of NO by CO. 

σὅὕ ὊὩὕ ᴼσὅὕ ςὊὩ   (2-9) 

ςὊὩ σὔὕO ὔ ὊὩὕ     (2-10) 

Lissianski, et al., (2001a) investigated the technique of injecting iron additives into the 

combustion zone and reburning zone of a down-fired burner. The iron additives of interest 

were described as Fe metal, Fe waste, Fe2O3 and Fe3O4. When the additives were co-

injected with the reburning fuel, each additive showed the tendency to increase the NOx 

reduction compared to reburning without any additives. The order of increasing 

effectiveness, when reburning was set at 18%, was: Fe3O4 (4% increase), Fe metal (6%), Fe 

waste (13%) then Fe2O3 (16%). Whereas, when reburning was set at 35%, the order of 

increasing effectiveness was: Fe metal (6% increase), Fe3O4 (9%), Fe waste (19%) then 

Fe2O3 (20%). Fe2O3 was tested in a variety of injection locations, including: co-injection with 

the main fuel, co-injection with the reburning fuel and injection into the reburning zone. 

The highest NOx reduction was observed when Fe2O3 was injected with the reburning fuel; 

whereas the smallest increase in NOx reduction was observed when Fe2O3 was injected into 
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the reburning zone. The latter is probably due to the greater degree of mixing that is 

achieved when injected with the fuel; while the former is probably due to the sub-

stoichiometric conditions caused by the reburning fuel in the reburning zone, leading to 

higher concentrations of CO than in the main combustion zone. This is confirmed in Lasek 

(2014), where they investigated Fe-related NOx reduction in fuel-lean and fuel-rich 

environments. It was found that NOx reduction is far higher in fuel-rich atmospheres and 

the presence of oxygen slightly inhibits Fe NOx reduction mechanisms. The presence of high 

levels of CO2 in the fuel-rich zones has been found to have no effect on the rate of NO 

destruction (Gradon and Lasek, 2010). 

In a separate study, Lissianski, et al., (2001b) studied the effect of injecting Na, K and Ca 

containing additives and fly ash on NOx reduction and combustion when injected into  the 

main fuel, the reburning fuel or the reburning zone. They found that when the additives 

were injected into the main fuel, there was a reduction in NOx emissions regardless of 

whether reburning was also used; the order of effectiveness being Na, K then Ca. When 

the additives were injected into the reburning fuel, there was still NOx reduction but this 

was smaller; a similar effect was noted for fly ash addition to the reburning fuel. The Ca 

additives also had the notable effect of reducing the SO2 emissions by 50% when included 

in the main fuel. Modelling showed that the NOx reduction observed when using Na-based 

additives was due to inhibition of the local combustion environment. The authors, 

however, concluded that iron containing additives provided far more effective NOx 

reduction.  

Fennell and Hayhurst (2002) studied the kinetics of the NO reduction reaction in the 

presence of iron. Using their detailed rate expressions, they described a possible 

mechanism involving NO dissociating while adsorbed onto Fe2O3. The adsorbed N atoms 

either re-associate with O atoms or combine with other adsorbed N atoms to produce N2, 

leaving the O atoms to diffuse into the Fe2O3 matrix. However, Reddy and Khanna (2004) 

detailed a different mechanism, where the initial step involves a CO or NO adsorbing to the 

Fe2O3. This process weakens the O-Fe bonds leading to a CO being oxidised at one of the O 

atoms; this reduces the Fe2O3 to Fe2O2. NO then oxidises the reduced Fe2O2, forming N2 in 

the process. 
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Fe has also been found to have a significant effect on coal pyrolysis. In Yan, et al., (2005), 

they investigated the effect of inherent minerals on coal pyrolysis. Demineralisation of the 

coal was found to inhibit conversion of char to volatiles, therefore decreasing nitrogen 

formation. Fe was found to be the most important mineral for NH3 formation and 

decreasing char-N yield, therefore promoting N2 formation instead of NO. Tsubouchi and 

Ohtsuka (2008) confirm that Fe has a catalytic role in not only NH3 formation, but also the 

secondary decomposition of tar-N, NH3 and HCN to N2, as well as the conversion of char-N 

to N2. 

Sowa and Fletcher (2011) attempted to take advantage of the effect of Fe on coal pyrolysis 

by investigating the effect of an Fe-based additive in a pulverised coal burner. A coal was 

treated with two different loadings of the Fe-based catalyst to produce the treated coals 

KYT1 and KYT2; KYT2 has roughly twice as much catalyst loading as KYT1. Both of the 

treated coals were found to lead to a substantially increased volatile yield compared to the 

untreated coal; precisely a 37% and 49% increase in volatile yield for KYT1 and KYT2 

respectively. When char oxidation was observed, KYT2 was found to display a 47% increase 

in char reactivity, while KYT1 only displayed an increase of 5% compared to untreated coal. 

Daood, et al., (2014a) investigated a commercialised fuel additive technology consisting of 

iron, aluminium, calcium and silicon on both a pilot scale 100 kWth down-fired combustion 

test facility and a full-scale commercial 260 tons/hr boiler. The effect of this additive on 

coal pyrolysis led to an increase in flame temperature of 12-30 °C, which led to a 1-5% 

increase in combustion efficiency. This, in turn, led to a decrease in the carbon content of 

ǘƘŜ Ŧƭȅ ŀǎƘΦ Lƴ 5ŀƻƻŘΣ Ŝǘ ŀƭΦΣ όнлмпōύΣ ǘƘŜȅ ŜȄǇƭŀƛƴ ǘƘŀǘ ǘƘƛǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ŀŘŘƛǘƛǾŜΩǎ ŦƛƴŜǊ 

particle size and greater heat transfer properties, causing heavy hydrocarbons in the coal 

matrix to break down into lighter hydrocarbons.  This is shown in Figure 2.8: 

 

Figure 2.8 ς Effect of additive on coal pyrolysis and char/volatile split (Daood, et al., 2014b) 
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This impact on coal pyrolysis has the same effect with fuel-N evolution; greater volatile-N 

release increases the rate of N2 formation over NO formation. The increased volatile-N 

formation and the interaction between NO and Fe led to an observed 25% NO reduction 

(Daood, et al., 2014a). 

 

Figure 2.9 ς Effect of additive on fuel-N evolution (Daood, et al., 2014a) 

2.4 Post-Combustion NOx Abatement 

2.4.1 Selective Non-Catalytic Reduction 

Alternative approaches to reduce NOx emissions involve installing technologies post 

combustion. The two most common post-combustion techniques are selective non-

catalytic reduction (SNCR) and selective catalytic reduction (SCR). Selective non-catalytic 

reduction involves the addition of typically ammonia, urea or cyanuric acid at a suitable 

temperature where NH3 will selectively react with NO. In the mid-1970s, first tests showed 

that ammonia or urea would react with NO to produce N2 (Lyon and Longwell, 1976) 

(Muzio, et al., 1977). However, if the temperature was too high (>1000 °C) then the reagent 

would be oxidised by O2, and NO emissions would increase but if the temperature was too 

low (<800 °C), then the reagent would not react at all, resulting in ammonia slippage (Lyon 

and Longwell, 1976). Javed, et al., (2007) gives a summary of the mechanism investigated 

in detail by several researchers. The mechanism is initiated by ammonia reacting with 

hydroxyl radicals: 

ὔὌ ὕὌ P ὔὌ Ὄὕ    (2-11) 

Alternatively, if there is a lack of OH radicals (possibly due to a lack of water vapour), the 

amidogen (NH2) radical can be formed by ammonia reacting with an oxygen atom: 

ὔὌ ὕᴾὔὌ ὕὌ    (2-12) 
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The creation of amidogen radicals is critical as they selectively react with NO: 

ὔὌ ὔὕP ὔ Ὄὕ    (2-13) 

ὔὌ ὔὕP ὔὔὌ ὕὌ    (2-14) 

However, the creation of amidogen radicals depends on OH and O concentrations. 

Therefore, for this mechanism to be self-sustaining, OH and O must be regenerated 

through chain reactions. The NNH radical from reaction (2-14) is key to making this 

mechanism self-sustaining through chain branching reactions: 

ὔὔὌ ὔὕP ὔ Ὄὔὕ    (2-15) 

Ὄὔὕ ὓᴾὌ ὔὕ ὓ    (2-16) 

The H atom then reacts with oxygen: 

Ὄ ὕ ᴾὕὌ ὕ     (2-17) 

The O atom produced can then be used in reaction (2-12) or can react with water: 

ὕ ὌὕᴾὕὌ ὕὌ    (2-18) 

Therefore, assuming water vapour is present, reaction (2-11) will be dominant over 

reaction (2-12), reactions (2-13) and (2-14) proceed and four hydroxyl radicals will be 

produced for every two consumed and the mechanism is self-sustaining. 

Javed, et al., (2007) then goes on to explain the vital effect of the previously mentioned 

temperature variation on the reaction mechanism and how the optimal temperature range 

is where we see a balance between chain branching and termination reactions. At 

temperatures below the optimal range, reactions (2-17) and (2-18) slow down, HNO 

radicals stop being consumed as the concentration of H atoms increases and chain 

termination reactions (2-13), (2-19) and (2-20) start to compete with the chain branching 

reactions. This has the effect of consuming amidogen and hydroxyl radicals and creating 

further NO. 

ὔὌ ὌὔὕP ὔὕ ὔὌ     (2-19) 

ὕὌ ὌὔὕP Ὄὕ ὔὕ    (2-20) 
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As the hydroxyl radicals are ultimately depleted, ammonia will start to pass through the 

reactor unreacted and the ammonia slip that is inherent below the optimal temperature 

window will be observed. 

During the optimal temperature window, the selective amidogen oxidation reactions (2-

13) and (2-14) are dominant over the non-selective amidogen reactions (2-21) and (2-22). 

ὔὌ ὕὌ P ὔὌ Ὄὕ    (2-21) 

ὔὌ ὔὌ  P ὔὌ ὔὌ    (2-22) 

The aforementioned balance of chain branching and chain termination reactions is active 

so that enough hydroxyl radicals are created to sustain the chain reaction. This is in part 

due to reaction (2-16) becoming dominant over reaction (2-20), leading to hydrogen atoms 

to react in reactions (2-17) or (2-23). 

Ὄ ὌὕᴾὕὌ Ὄ      (2-23) 

Above the temperature window, the rate of hydroxyl formation reactions (2-17) and (2-18) 

increases, leading to an increase in the concentration of hydroxyl radicals. This, in turn, 

leads to increased reaction rate for reaction (2-21) leading to NH formation, which, when 

oxidised, leads to NO formation. The HNO formed in reactions (2-24) and (2-25) is 

converted to NO by reaction (2-20). 

ὔὌ ὕ ᴾὌὔὕ ὕ    (2-24) 

ὔὌ ὕὌP Ὄὔὕ Ὄ    (2-25) 

ὔὌ ὕ ᴾὕὌ ὔὕ    (2-26) 

The amount of NO formed through this sequence will equal the amount destroyed at a 

temperature of around 1230 °C (Javed, et al., 2007). 

The kinetic modelling of ammonia based SNCR is well developed and reported (Glarborg, 

et al., 2018), largely due to the reliance on H/N/O chemistry developed for larger 

combustion modelling needs. The greatest developments, and also uncertainty, in the 

model comes from the role of NNH in nitrogen chemistry, with Klippenstein, et al., (2011) 

recently decreasing the NNH lifetime significantly compared to the established works of 

Miller and Bowman (1989) and Konnov, et al., (2000). 
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¢ƘŜ ŦƻŎǳǎ ƻŦ Ƴŀƴȅ ǊŜǎŜŀǊŎƘŜǊǎΩ ǎǘǳŘƛŜǎ Ƙŀǎ ōŜŜƴ ǘƻ ǘǊȅ ǘƻ ƳŀȄƛƳƛǎŜ ǘƘŜ bhx reduction 

during SNCR. It could be assumed that increasing the ammonia input would lead to more 

NOx reduction by pushing reaction (2-11) in the forward direction. However, early studies 

by Muzio, et al., (1977) revealed that at a temperature of ~1240 K the maximum NO 

reduction is achieved when the ratio between added ammonia and initial NO 

concentration reaches 2 and when further ammonia is added, ammonia slip increases 

dramatically (Lodder and Lefers, 1985) and the NO reduction remains constant. They also 

found that the initial NO concentration has a great effect on the NO reduction; when the 

initial NO concentration is 1050 ppm, an 80% reduction in NO is seen at a NH3/NO ratio of 

1, compared to only 40% when the initial NO concentration is 100 ppm. The NH3/NO ratio 

can be compared to urea usage by using a normalised stoichiometric ratio (NSR) which 

takes into account the number of amidogens produced by the reagent, i.e. a urea/NO ratio 

of 0.5 is equivalent to an NSR of 1 and a NH3/NO ratio of 1 (Javed, et al., 2007).  

Lyon and Hardy (1986) discuss a phenomenon, discovered by Lyon and Benn (1979), named 

the self-inhibition effect that leads to limited NO reduction at high ammonia input levels. 

They state that the process described by reactions (2-11)-(2-18) produces 1.6 NH2 radicals 

per NH2 consumed. When the ammonia input is high enough that the ammonia 

concentration in the reaction zone is nearing the oxygen concentration, then the following 

reaction becomes active: 

Ὄ ὔὌ ᴾὔὌ Ὄ     (2-27) 

Lyon and Hardy (1986) state that reaction (2-27) will start to compete with reaction (2-17), 

reducing the number of hydroxyl radicals and oxygen atoms in the system and causing only 

0.8 NH2 radicals to be produced for every one consumed. In this case, NH2 is produced in 

alternative slower reactions: 

ὔὌ ὕ ᴾὔὌ Ὄὕ    (2-28) 

Ὄὕ ὌᴾὕὌ ὕὌ    (2-29) 

This results in the NO reduction being delayed and a longer than usual residence time being 

required. Lyon and Benn (1979) claim that the NH3 concentration, required for the self-

inhibition effect, increases with O2 content in the flue gas, temperature and reduction time. 

In Muzio, et al., (1977), they found that the reaction sequence was completed in 200 ms, 
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therefore measurements in a standard high NH3 study are likely to find disparaging results. 

However, this is of little concern as the cost of running a high NH3 SNCR system would be 

infeasible to many operators.  

Among published results for maximum NO reduction through SNCR, there is a distinct 

discrepancy between tests depending on the system in which the tests were taking place. 

In Muzio, et al., (1977), for example, tests were conducted using a plug flow combustion 

tunnel fired with natural gas with a flue gas containing 300 ppm NO, and they achieved 

~80% NO reduction at 1240 K and NH3/NO ratio of 1. However, in Muzio, et al., (1979) a 

larger combustion facility was used producing a flue gas containing 500 ppm. When gas 

fired, this led to a decreased NO reduction of ~65% at a similar temperature (~1200 K) and 

the same ratio NH3/NO. In Muzio, et al., (1977), they report that a higher initial NO 

concentration leads to a greater NO reduction; therefore, the NO reduction in the later test 

should be greater. This situation highlights how engineering parameters, such as the 

dimensions of the reactor vessel and reagent flowrate, can lead to changes in mixing 

conditions and therefore different SNCR performances. 

In Lee, et al., (2008), they state the lack of information on effects of mixing conditions to 

SNCR performance as motive for their research. They find that to achieve the highest NO 

reduction, the NH3 must be premixed with the NO containing gas prior to entry to the 

reactor; this leads to a uniformly distributed mixture of NO and NH3. This is simply not a 

feasible situation in an operational environment and so the NH3 must be injected 

downstream of the burner. Lee, et al., (2008) then tested a range of injection flow rates 

(10-500 mL/min) with four NSRs (1-4) and three initial NO conditions (100, 300, 500 ppm). 

The conditions of interest are NSRs 1 and 2 at an initial NO of 500 ppm. At a NSR of 1, the 

increasing injection flow rate leads to an increased NO reduction (up to 20%). However, at 

a NSR of 2, the NO reduction increases (from 35% to 50%) with injection flow rate until the 

optimum is reached at 100 mL/min; past this point, NO reduction decreases slightly to 45%. 

This was caused by the higher injection flow rate allowing some of the NH3 to escape the 

reactor before reacting. Nevertheless, this study highlights the importance of a degree of 

turbulence in the reacting section of a furnace to improve reduction efficiency. This study 

also attempted to gain some insight regarding the influence of momentum ratio (J), which 

they describe as a correlation between injected fluid and bulk gas (Lee, et al., 2008). They 
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found an ideal range of 8-130. This is in contrast to an earlier study on mixing by Østberg, 

et al., (1997) that says the ideal range is 20-30. 

In this study by Østberg, et al., (1997), they also contrast the use of air and nitrogen as 

carriers for the ammonia. They conclude that the absence of oxygen from the carrier gas 

has a negligible effect on NO reduction, but that the presence of O2 in the flue gas is vital 

to SNCR performance. In a study by Irons, et al., (1991), oxygen content in the flue gas was 

varied between 1-5 % for tests at 908 °C and 1000 °C. They showed that at 1000 °C there 

is little change in SNCR performance when oxygen is varied but at 908 °C there is a 

substantial variation; however, between 3-4%, which is the standard oxygen content in a 

coal-fired flue gas, there is very little change in SNCR performance. If an operator were to 

consider altering the process so that there is more oxygen in the flue gas, this would 

negatively affect the plant efficiency due to a cooler flue gas. 

Wenli, et al., (1989) investigated the impact of varied water vapour addition in the flue gas. 

Three addition concentrations were investigated: 0%, 2.7% and 10%. When 2.7% was 

added, SNCR performance was increased and the optimum temperature range was 

widened. When 10% was added, SNCR performance was increased compared to the 0% 

condition but had decreased compared to 2.7%; also, the optimum temperature range had 

shifted up slightly. Therefore, it may prove worthwhile to consider adding water vapour if 

an operator is working at the upper end of the temperature range.  

Researchers have tried to influence the performance parameters of SNCR using process 

additives; the majority of which are reducing agents that would theoretically reduce NO in 

a non-selective process. This idea may have grown from early attempts to explain the 

kinetics of the SNCR reactions such as in Wendt, et al., (1973). In this study, methane and 

ammonia are compared as reburning fuels for the reduction of sulphur trioxide and nitric 

oxide; they suggested that the high NO reduction seen with the addition of ammonia was 

due to reduction from hydrogen produced by ammonia pyrolysing on the stainless steel 

wall. Lyon (1975) debunked this and claimed they had merely achieved non-selective 

reduction; nevertheless, hydrogen was tested as a process additive in this patent and was 

said to reduce the optimum temperature range by ~170 °C. This is later proved in Lyon and 

Hardy (1986), where they show that with an increasing addition of hydrogen decreases and 

slightly narrows the optimum temperature range. This addition of hydrogen increases the 
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rate of temperature dependent reaction (2-17) causing more hydroxyl radicals to be 

produced and, therefore, more NH2 radicals to be produced. At temperatures below the 

standard optimum range, enough hydroxyl radicals are created to proceed with the SNCR 

mechanism. At temperatures around the standard optimum, too many hydroxyl radicals 

are being created and reaction (2-21) becomes competitive leading to NO formation. 

Azuhata, et al., (1982) investigated another method to influence SNCR performance 

through increasing hydroxyl radical formation; this time through addition of hydrogen 

peroxide. Hydrogen peroxide would decompose upon heating into two hydroxyl radicals. 

Similar to the use of hydrogen, the primary impact of this additive is reducing the optimum 

temperature range by ~300 °C. However, a secondary consequence was also noted; this 

was the formation of NO2, which has an obvious negative effect on the overall NOx 

reduction. Nitrogen dioxide is thought to be produced through the following mechanism 

(Azuhata, et al., 1982): 

Ὄὕ ὕὌP Ὄὕ Ὄὕ    (2-30) 

Ὄὕ ὔὕP ὔὕ ὕὌ    (2-31) 

Azuhata, et al., (1982) then hypothesised that the NO2 would oxidise NH2 radicals to both 

create more NO and inhibit the NO destruction mechanism. While Miller and Bowman 

(1989) state that NO2 could be attacked by hydrogen or oxygen atoms to form NO. 

Wenli, et al., (1991) tested a range of combustible additives, including a range of alkanes, 

alcohols and amines, to find that every additive had the effect of reducing the optimum 

temperature range. The amines, when used in conjunction with ammonia, also decreased 

the width of the temperature range. When used alone, the two amines had drastically 

different performances. CH3NH2 produced a slightly less NO reduction with a lower 

temperature range, when compared with ammonia. (CH2NH2)2 produced a greatly 

decreased NO reduction with a much lower and wider compared to ammonia. 

Banna and Branch (1981) noticed that carbon monoxide levels increased when ammonia 

was added in the SNCR configuration, indicating that the oxidation of CO is inhibited by 

ammonia. While testing the effect of CO injection on SNCR performance, Lodder and Lefers 

(1985) confirmed this and found that CO injection reduced the optimum temperature 

window by 150-200 K. The presence of extra CO was also shown to accelerate both NO 



44 

 

reduction and NO formation, through NH3 oxidation, reactions; hence, decreasing the 

selectivity of ammonia. Lyon and Hardy (1986) provided an explanation for these effects. 

The oxidation of CO involves the following reaction: 

ὅὕ ὕὌP ὅὕ Ὄ    (2-32) 

The inhibited oxidation of CO was due to competition for OH radicals from ammonia. When 

CO was introduced in large quantities, more H atoms were produced and, therefore, 

reactions (2-17) and (2-18) were accelerated, forming more OH radicals and O atoms. 

However, a greater concentration of O atoms then led to a NH forming reaction: 

ὔὌ ὕᴾὔὌ ὕὌ    (2-33) 

Therefore, the introduction of CO led to the acceleration of NH2 formation but the decrease 

in the selectivity of these radicals. 

Further studies to improve SNCR performance involve the addition of metal additives that 

simulate an increased content of a specific mineral in the combusted coal. Hao, et al., 

(2015) tested the effect of sodium (NaCl and Na2CO3) and potassium (KCl) based additives, 

as well as fly ash addition, on SNCR performance. They found that these additives slightly 

increased NO reduction without the use of fly ash, but when fly ash is used in conjunction 

with the additives then a more substantial reduction was achieved. When only fly ash is 

used, there is a significant decrease in NO reduction. However, these tests were conducted 

using a quartz reactor and fly ash from a circulating fluidised bed combustor; therefore, 

any observations made from these tests are likely to differ substantially when tests are 

done on a pilot or industrial scale, as these would be conducted in a steel furnace the 

surface of which being able to catalyse ammonia reactions. Furthermore, fly ash from 

pulverised coal combustion would be formed at a higher temperature than during fluidised 

bed combustion and so the phase composition of the ash could be substantially  different. 

Zamansky, et al., (1999) also studied the effect of sodium species on the SNCR process. By 

adding small amounts of sodium containing salts to the reducing agent, the SNCR 

temperature window was broadened and NO reduction was improved. When the amount 

of injected sodium was increased, there was a reduction in the observed promotion effect. 

Han and Lu (2007) conducted a kinetic study on the use of Na2CO3 during SNCR, finding 

that the increased performance was the net result of sodium species encouraging 



45 

 

conversion of H2O and HO2 to OH radicals. A further study by Guo, et al., (2012) set up a 

detailed model to investigate the effects of KOH and NaOH on the SNCR mechanism. This 

found that both these additives extended the temperature window by 100 K down by 

providing an alternative source of OH radicals.  

Li, et al., (2010) tested the effect of using of CaO on SNCR performance at low temperatures 

(650-850 °C). They observed a catalytic effect on NH3 decomposition, NH3 oxidation and 

NO reduction, with an overall impact of increasing NO emissions through NH3 oxidation. 

They also tested the effect of using CaCO3 by maintaining a high CO2 concentration in the 

reaction vessel. This proved to lead to less NH3 oxidation but greater NH3 decomposition; 

therefore, the overall impact was less NO produced than when using CaO but more than 

without additives. Further confirmation of the inhibitory effect of CaCO3 on SNCR was 

published (Fu, et al., 2015) along with a mechanism and kinetic model detailing this 

phenomenon. The impact of sulphated CaO on SNCR was also investigated in order to 

design a process that combines SNCR with dry flue gas desulphurisation (Li, et al., 2010). 

The results confirmed that sulphated CaO had a catalytic effect on NO reduction by NH3, 

however the study does not consider the effect of CO2 or H2O on the reaction mechanism 

and concedes that the un-sulphated CaO will catalyse NH3 oxidation, as is confirmed 

elsewhere (Sun, et al., 2017).  

Fu, et al., (2014) conducted a detailed study into the use of pure Fe2O3 during SNCR, 

including an experimental investigation and the construction of a kinetic model used to 

discuss the relationships between Fe2O3, NH3 and NO. To study the impact on the SNCR 

mechanism, they measured NO and NH3 emissions over temperatures ranging from 973 K 

to 1373 K when they injected 500 ppm NH3, 500 ppm NO and 2% O2 (balanced with N2) 

through a fixed bed of 10 mg of Fe2O3. They found that NH3 was increasingly catalytically 

oxidised to NO until the temperature reached 1173 K (the start of the SNCR temperature 

window), from this point NH3 oxidation diminished but the presence of Fe2O3 was clearly 

inhibitory. In the absence of NO or O2, NH3 was found to be catalytically reduced to N2 and 

H2. However, when O2 was added and NO remained absent, the NO concentration rose, 

displaying the catalytic oxidation of NH3. When O2 was absent, there was a slight catalytic 

activity increasing NO reduction by NH3. The kinetic model fit sufficiently with the 

experimental results, although this model was heavily simplified so that a few reaction rate 
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constants were used to represent the entire complicated H/N/O mechanism. It should also 

be noted that the reacting atmosphere was chosen to mirror calcination and does not 

include CO2 or water vapour, which could produce radicals that would greatly impact the 

SNCR mechanism. 

2.4.2 Selective Catalytic Reduction 

The idea of attempting to catalyse NO reduction is mature, and selective catalytic reduction 

is an established technology. SCR is  said to be the most popular NOx reduction technology 

due to its applicability in both power stations and automobiles and high NOx reduction 

potential (60-85%) (Bosch and Janssen, 1988); however, SCR is accompanied by larger costs 

than any other NOx abatement technique due to the high costs of the catalysts involved 

(McCahey, et al., 1999). SCR requires temperatures to be 400-850 K depending on the 

catalyst used (Gomez-Garcia, et al., 2005) and so is usually situated between the boiler and 

the electro-static precipitator (removing dust and particulate matter). However, SCR 

catalysts are liable to poisoning from dust and SO2; therefore, SCR can be situated in other 

operational positions to prolong catalyst life. The other operational positions require the 

temperature of the flue gas to be raised in order to increase SCR performance, therefore 

requiring an increase in operational costs and power plant efficiency loss. Figure 2.10 

shows the potential operational positions of SCR in an oxy-fired coal power plant: 

 

Figure 2.10 ς Possible operational positions of SCR (Normann, et al., 2009) 

In the presence of a catalyst, NSR~1 and T<400 °C, NO and NO2 are reduced in the following 

reactions (Busca, et al., 1998, Parvulescu, et al., 1998): 

τὔὌ τὔὕ ὕ ᴾτὔ φὌὕ   (2-34) 

τὔὌ φὔὕP υὔ φὌὕ   (2-35) 

τὔὌ ςὔὕ ὕ ᴾσὔ φὌὕ   (2-36) 
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ψὔὌ φὔὕ ᴾχὔ ρςὌὕ   (2-37) 

However, non-selective reactions can become competitive upon unfavourable conditions, 

such as temperatures above the temperature range of the catalyst: 

ςὔὌ ὕ ᴾὔ σὌὕ    (2-38) 

ςὔὌ ςὕ ᴾὔὕ σὌὕ   (2-39) 

ςὔὌ ὕ ᴾςὔὕ σὌὕ   (2-40) 

Reaction (2-38), although undesirable in the context of NO reduction, is of interest to 

researchers due to the opportunity to reduce ammonia slip from SCR reactors; this has 

been called selective catalytic oxidation of ammonia (SCO) (Busca, et al., 1998).  

Catalysts for SCR can be broadly divided into three groups: supported metal oxides, metal 

ion exchanged zeolites or supported noble metal. Figure 2.11 shows the operational 

variation between these groups of catalysts and the theoretical NOx reduction of each 

group with respect to the operational temperature range. Figure 2.11 particularly 

highlights that the noble metals are generally unfavourable due to their vast limitations. 

 

Figure 2.11 ς Operating characteristics and ideal temperature ranges for popular SCR 

catalysts for popular SCR catalysts (Heck, 1999) 

Commercial catalysts are typically of the supported metal oxide group consisting of an 

active component, usually V2O5-WO3 or V2O5-MoO3, layered on a support, usually TiO2. The 

vanadium oxide provides the majority of the active sites for ammonia sorption, while 

tungsten oxide and molybdenum oxide increase the selectivity and activity of the catalyst. 
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The popularity of titanium oxide as the support is due to its resistance to sulfation and the 

effect of increasing catalyst activity (Busca, et al., 1998). Topsøe, et al., (1998) described 

the SCR mechanism as starting with NH3 adsorption to a Brønsted acid site on the V5+-OH. 

This ammonia is ǘƘŜƴ ΨŀŎǘƛǾŀǘŜŘΩ ǿƘŜƴ ŀƴ I ŀǘƻƳ ƛǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ±5+=O site. NO is then 

reduced forming nitrogen and water and reforming the vanadium-based active sites. This 

is shown graphically in Figure 2.12: 

 

Figure 2.12 ς DeNOx catalytic cycle (Topsøe, et al., 1995) 

Due to concerns regarding the toxicity and low melting point of vanadium oxide, as well as 

the tendency to oxidise SO2, which can be less easy to remove by flue gas desulphurisation, 

and produce N2O at high temperatures, researchers have continued to develop and 

investigate new catalysts. Researching for high temperature SCR, zeolite based catalysts 

have been investigated. Zeolites are aluminosilicate lattices consisting of channels 

containing cations; these are activated through ion exchange with a solution whose cation 

is required for catalysis (Weitkamp, 2000). Preparation of a zeolite remains to be 

optimised; for example, Qi and Yang (2005) found that the Fe-ZSM-5 prepared by incipient 

wetness impregnation showed higher NO reduction (up to ~95%) than traditional Fe-ZSM-

5 prepared by ion exchange (up to 90%). This catalyst also showed higher NO reduction 

when compared to a V2O5-WO3 catalyst across the tested temperature range (300-500 °C), 

as opposed to the Fe-ZSM-5 prepared though aqueous ion exchange, which only showed a 

higher NO reduction at temperatures above 350 °C. The preparation method to produce 

higher catalyst activity was shown to be the two step method. They suggested that this 
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was because the ion exchange was incomplete from the one step method and some of the 

FeCl2 was oxidised to Fe2O3 during the calcination in air; whereas the two step method 

used helium first, which inhibited any oxidation. However, they concluded that the Fe2O3 

also contributed to the high activity of the catalyst. 

Apostlescu, et al., (2005) tested a catalyst comprising of ZrO2 coated with Fe2O3 and WO3, 

developed to reduce NOx from the exhaust of diesel engines, from which they found a 

100% reduction in NO at 350 °C. They concluded that the zirconium oxide support is a more 

effective support than those previously tested. The use of tungsten with Fe2O3 increased 

both the catalyst activity and the thermal stability. They reported that the active sites were 

mainly found on Fe2O3, where an Eley-Rideal mechanism is initiated when the ammonia 

partially reduces the iron to form an amide species. These amides are highly reactive and 

react with the NO to form nitrogen and water. The partially reduced iron is then oxidised 

by oxygen to reactivate them. This Eley-Rideal mechanism can be seen in Figure 2.13: 

 

Figure 2.13 ς Catalytic NO reduction mechanism for iron oxide (Apostolescu, et al., 2005) 

In an effort to reduce costs associated with SCR, Gullett, et al., (1994) presented a pilot 

scale test combining the use SNCR with SCR in a hybrid technology.  This hybrid technology 

involved injecting urea at an appropriate position within the furnace to achieve the primary 

NOx reduction, then the remaining NOx and ammonia slip would pass downstream to a 

vanadium-titanium SCR, where ammonia slip was reduced to >3 ppm and total NOx 

reduction was increased to 85%. This study showed the opportunity to use higher NSRs 

during SNCR without fear of an unsuitable ammonia slip and to reduce the size (and, 

therefore, cost) of the SCR catalyst without compromising NOx reduction. Urbas and Boyle 

(1998) performed tests on a utility boiler using a commercial hybrid SNCR/SCR technology; 

they increased reducing agent addition to the existing SNCR above normal operating 

conditions to induce an ammonia slip, which was then reduced in the new SCR. They 
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modelled the reduction in SCR catalyst volume based on desired overall reduction and 

maximum possible reduction from the SNCR in Figure 2.14: 

 

Figure 2.14 ς Optimisation of hybrid SNCR/SCR (Urbas and Boyle, 1998) 

Further successful experimentation and modelling of hybrid SNCR/SCR was achieved by 

Wendt, et al., (2001). However, this study found that this technology may not be as 

economically viable as previously claimed. Indications from their coal utility environmental 

cost model showed that the hybrid technology only becomes economical when SCNR is 

able to achieve over 60% NOx reduction, which is highly difficult to achieve in practice due 

to mixing limitations. Therefore, for a system in which both high NOx reduction (>95 %) and 

low ammonia slip (<5 ppm) is required, there was found to be little economic benefit in 

installing the hybrid technology over just SCR. 

2.4.3 Summary of Gaps in the Research 

As shown in section 2.3, there is a wealth of research into the in-flame benefits of utilising 

iron derivatives during pulverised combustion that gives some legitimacy to the idea of 

using them in industry, provided it is economically feasible for individual applications. 

Section 2.4.1 discussed the technology selective non-catalytic reduction as a post-

combustion NOx abatement technology. It was shown how the trend in research of this 

technology is surrounding a desire to improve NO reduction, shift/expand the temperature 

window and improve ammonia utilisation efficiency (to minimise ammonia slip/emissions), 

although not much progress to this intent has been made. 

Instead, the focus has been on making selective catalytic reduction, the alternative 

technology, more economical and resilient. To this purpose, novel catalysts and a wide 
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range of catalyst supports were investigated. A common thread in these studies was the 

ability of iron to interact with ammonia, either in a zeolite structure or in addition to 

vanadia. This raises a question about whether an iron additive, used for its in-flame 

benefits, would interact with ammonia within the furnace, if selective non-catalytic 

reduction were to be used. One study explored this possibility to find a slight negative 

impact, however, as discussed, several concerns about the methodology and the 

accompanying kinetic modelling can be raised and the applicability of the results to 

pulverised coal furnace can be significantly doubted. Therefore, this remains an avenue 

that requires pilot-scale investigation and comprehensive kinetic modelling. 

2.5 Fireside Corrosion in PF boilers 

2.5.1 Fireside Corrosion Processes 

Impurities in coal and high operating temperatures within PF boilers lead to mechanisms 

such as fireside corrosion, slagging and fouling, all of which shorten the lifespan of boiler 

ǘǳōŜ ǿŀƭƭǎΦ CƛǊŜǎƛŘŜ ŎƻǊǊƻǎƛƻƴ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ΨŎƻǊǊƻǎƛƻƴ ƻŦ ǘǳōŜǎ ŘǳŜ ǘƻ ŎƘŜƳƛŎŀƭ ŀǘǘŀŎƪ 

occurring on the furnace or fireside of heat exchanging surfaces in fossil fuel-ŦƛǊŜŘ ŦǳǊƴŀŎŜǎΩ 

(Harb and Smith, 1990). While slagging and fouling are phenomena that involve ash 

deposition on tube walls. These processes are caused by the presence in significant 

quantity of the inorganic elements shown in Figure 2.15 (Bryers, 1996): 

 

Figure 2.15 ς Effect of coal impurities on corrosion, slagging and fouling (Bryers, 1996) 

The inorganic components evolve from mineral matter in the coal that is either inherent 

or extraneous. Inherent mineral matter is closely associated with the pulverised coal, while 

extraneous mineral matter is separated from the coal during milling (Wall, 1992). During 
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coal devolatilisation, mineral matter is released and reducing environments are formed; 

within these areas, ash fusion temperatures are lower and mineral deposition increases 

(Harb and Smith, 1990). These reducing environments are characterised by high CO, low 

O2 and moderate H2S concentrations and the presence of only partially combusted coal 

particles; therefore, corrosion problems are exacerbated by NOx reduction-led air/fuel 

staging. Reducing environments formed when burning a coal high in sulphur and iron were 

found to be contributing to corrosion by Manny, et al., (1978); these corrosion processes 

were reduced when the air flow was altered to increase oxygen concentration in these 

reducing environments. Within these reducing environments, reacted pyrite (FeS) and fuel-

S exist as H2S in the flue gas and can react with either the base metal iron or, due to the 

high CO concentration, the protective iron oxide layer to form iron sulphide, which leads 

to high metal wastage (Kung, 2006).  

Ash deposition on boiler tubes leads to increased corrosion and decreased heat flux 

through the walls. For plant operators, this results in a reduction in plant efficiency as well 

as an increase in operating costs, as boiler tubes have to be replaced. In hot areas near the 

flame, ash deposition is due to ash melting on the tube wall. In cooler areas (such as on 

superheater walls), the volatile alkali salts condense forming a sticky layer that solid ash 

particles are able to attach to. As the fly ash particles collide with the sticky layer, the 

deposited ash thickens at an uneven rate around the tube. The temperature of this 

deposition will increase and the saturation temperature of the volatiles will be met; this 

results in the condensation rate falling to zero and, subsequently, no more ash deposition 

ό¢ƻƳŜŎȊŜƪ ŀƴŘ ²ŀŎƱŀǿƛŀƪΣ нллфύΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ǘƻ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 2.16: 
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Figure 2.16 ς !ǎƘ ŘŜǇƻǎƛǘƛƻƴ ƳŜŎƘŀƴƛǎƳ ό¢ƻƳŜŎȊŜƪ ŀƴŘ ²ŀŎƱŀǿƛŀƪΣ нллфύ 

Once ash has deposited on the tube walls, many new avenues for fireside corrosion 

become available. Significant corrosion rates can be caused by the formation of alkali-iron 

trisulphates through either pyrosulphates as intermediates or the mechanism described by 

Corey, et al., (Harb and Smith, 1990). The alkali-iron trisulphate mechanism devised by 

Corey, et al., and described in Harb and Smith (1990) is initiated by deposition of alkali 

sulphates, formed from reaction between alkali metals in the fly ash and SO2 in the flue gas 

on the wall of the tubes. As this deposited layer thickens, it becomes sticky and traps ash, 

which then sinters, forming a molten slag and releasing SO3. SO3 is also formed through the 

molten sulphates catalysing SO2 oxidation during the diffusion of O2 and SO2 through the 

molten slag (Hendry and Lees, 1980): 

Ὓὕ πȢυὕ ᴾὛὕ     (2-41) 

As oxygen diffuses through the molten sulphates faster than SO3, the base metal (iron) is 

oxidised to form a protective oxide film. The SO3 then reacts with both the protective oxide 

film and the alkali sulphate to initiate metal wastage, as such: 

σὃὛὕ ὊὩὕ σὛὕ ᴼςὃὊὩὛὕ   (2-42) 

As these reactions remove the iron oxide film, the base iron becomes oxidised and reaction 

(2-42) repeats, creating a cycle. Additionally, the trisulphates react with the base metal in 

a mechanism devised by Reid (1971): 

ωὊὩ ςὃὊὩὛὕ ᴼσὃὛὕ τὊὩὕ σὊὩὛ (2-43) 
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τὊὩὛχὕ ᴼςὊὩὕ τὛὕ    (2-44) 

Reactions (2-41) and (2-42) then repeat. 

 

Figure 2.17 ς Alkali-iron trisulphates formation mechanism (Reid, 1971) 

Alternatively, the trisulphates attack the base metal in the following fashion (Zeng, et al., 

2017): 

ρωὊὩ ςὃὊὩὛὕ ᴼσὃὛ φὊὩὕ σὊὩὛ  (2-45) 

The alkali and iron sulphides will then be oxidised to reform alkali sulphates, Fe2O3 and SO3, 

continuing the cycle of metal wastage. 

Tomeczek (2007) proposes a slightly different mechanism for trisulphate production and 

subsequent metal wastage (Figure 2.18) states that the mechanism involves SO3 first 

reacting with iron oxide: 

ὊὩὕ σὛὕ ᴾὊὩὛὕ     (2-46) 
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Figure 2.18 ς Alternative trisulphate initiation mechanism (Tomeczek, 2007) 

Due to the low activity of this compound, it is believed to be consumed upon dissolution in 

the molten sulphates: 

σὃὛὕ ὊὩὛὕ ᴼςὃὊὩὛὕ   (2-47) 

It is also possible for pyrosulphates to be stable on the walls of the tube, formed through 

reaction of the molten sulphates with SO3 (Zeng, et al., 2017): 

ὃὛὕ Ὓὕ ᴼὃὛὕ    (2-48) 

These pyrosulphates then react with the iron oxide film to produce another pathway 

towards trisulphate production when in the temperature range 672-755 K (Srivastava, et 

al., 1997): 

σὃὛὕ ὊὩὕ ᴼςὃὊὩὛὕ    (2-49) 

Although, this route is believed to be more unlikely due to the high SO3 and alkali metal 

concentration required (Hendry and Lees, 1980). Alternatively, the pyrosulphates can 

attack the base metal as such, creating a cycle of degradation (Zeng, et al., 2017): 

σὃὛὕ σὊὩO ὊὩὕ ὊὩὛὃὛὕ  (2-50) 

Fuels containing high levels of chlorine will emit substantial quantities of HCl on 

combustion. In the 1950s, chlorine impacts on corrosion became evident due to the high 

chlorine content in UK coals (Bryers, 1996). It is believed that the chlorine based corrosion 

mechanism is initiated through the oxidation of HCl (Grabke, et al., 2004): 

ςὌὅὰ ὕ ᴼὌὕ ὅὰ    (2-51) 
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The chlorine then diffuses through the protective oxide film to react with the iron or the 

alloying metals: 

ὅὰ ὊὩO ὊὩὅὰ ᴼὊὩὅὰ    (2-52) 

Hydrogen chloride can also attack the protective metal oxide or the base metal directly 

(Zeng, et al., 2017): 

ςὌὅὰὊὩὕOὊὩὅὰ Ὄὕ   (2-53) 

ςὌὅὰὊὩO ὊὩὅὰ Ὄ     (2-54) 

The evaporation and diffusion of FeCl2 is a steady process and is the rate-controlling step 

of the mechanism (Grabke, et al., 1995); the resulting gas diffuses through the scale and 

slagging until it comes in contact with an oxidative atmosphere, in which the chlorine gas 

is reformed: 

ὊὩὅὰ ὕ ᴼὊὩὕ ὅὰ   (2-55) 

These oxides do not form as a film and provide no protection to the base metal. A 

diagrammatic representation is shown below: 

 

Figure 2.19 ς Effect of chlorine attack on base metal (Reidl, et al., 1999) 

Alternatively, alkali metal chlorides can be a source of chlorine and responsible for its 

migration to the tube wall. Gaseous alkali metal chlorides can attack the chromium in the 

tube metal alloy or facilitate the breakdown of the protective chromia layer, leaving the 

base metal exposed and providing a source of chlorine adjacent to the base metal (Niu, et 

al., 2016): 
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ςὃὅὰ ὅὶςὕ ᴼςὃὅὶὕ ςὅὰ  (2-56) 

τὃὅὰ ὅὶὕ ὕ ᴼςὃὅὶὕ ςὅὰ (2-57) 

Deposited alkali metal chlorides are usually found on the innermost section of a deposit 

(Niu, et al., 2010) and can melt with each other and alkali metal sulphates to form low 

temperature eutectics (Niu, et al., 2016). Both deposited and molten alkali metal chlorides 

can attack protective metal oxides, again leaving base metal exposed and creating a source 

of molecular chlorine adjacent to the base metal (Antunes and de Oliveira, 2013). The 

molten phase alkali metal chlorides are particularly aggressive, with the highest reaction 

rates and the formation of a conductive electrolyte that can lead to electrochemical attack 

(Nielsen, et al., 2000). 

ςὃὅὰȟ ὊὩὕ ὕ ᴼὃὊὩὕ ὅὰ  (2-58) 

τὃὅὰȟ ὅὶὕ ὕ ᴼςὃὅὶὕ ςὅὰ (2-59) 

Alkali metal chlorides can release chlorine through conversion to sulphates: 

ςὃὅὰὛὕ ὕ ᴼὃὛὕ ὅὰ   (2-60) 

ςὃὅὰὛὕ ὕ ὌὕᴼὃὛὕ ςὌὅὰ (2-61) 

Reaction (2-60) tends to occur nearer the surface of the scaling, leading to chlorine being 

lost through entrainment in the flue gas. Therefore, the presence of SO2 actually partially 

mitigates the chlorine corrosion mechanism (Grabke, et al., 1995). 

2.5.2 Inhibition Techniques 

When burning biomass or co-firing with biomass and coal, fireside corrosion is drastically 

intensified. Biomass combustion produces higher levels of alkali content in the ash of 

differing species than coal (Antunes and de Oliveira, 2013), as well as higher levels of 

chlorine during the combustion of straw-type biomass (Baxter, et al., 1996). The higher 

level of chlorine not only has an adverse effect on chlorine related corrosion but also leads 

to the evolution of more volatile potassium species from the fuel (Nielsen, et al., 2000). For 

this reason, there has been a focus to research and develop techniques for the inhibition 

of all ash-related problems but, in particular, slagging and corrosion. Traditionally, research 

has surrounded novel materials for use as tubing but recently, the utilisation of fuel 
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additives has become more popular. Fuel additives have the impact of changing the ash 

chemistry through the addition of minerals. They are either blended with the fuel prior to 

combustion, or delivered into the combustion chamber through dedicated sprayers (Wang, 

et al., 2012). There are thought to be four ways in which additives can mitigate ash 

problems: 

¶ Chemical absorption: the sequestering of alkali metals within compounds with high 

melting temperatures. 

¶ Physical adsorption: the trapping of volatile and molten compounds within inert 

compounds that are entrained in the flue gas. 

¶ Alteration of the ash melting behaviour through the introduction of inerts such as 

SiO2 and Al2O3. 

¶ Dilution of the more problematic compounds. 

The latter three are universal to all additives, however the nature of chemical absorption 

is individual to the type of additive being used. Wang, et al., (2012) defined four types of 

additive: alumino-silicate based additives, sulphur based additives, calcium based additives 

and phosphorus based additives.  

Alumino-silicates are reportedly able to capture potassium and sodium from gaseous KCl 

and NaCl (Dayton, et al., 1999), which, as shown in Figure 2.16, can contribute to ash 

deposition; however, the capture of the alkali metals led to the liberation of gaseous HCl. 

This has resulted in significant research, using experimental and equilibrium modelling 

methods, both into the use of alumino-silicate based additives, especially kaolin, and into 

the abatement of alkali metal based issues during biomass and cofired combustion (Coda, 

et al., 2001 and Wei, et al., 2002), with findings suggesting the formation of KAlSi2O6 

(leucite). Further study of the use of kaolin during coal combustion found additional 

benefits regarding the capture of volatile-K; KOH, produced during combustion, was 

captured by aluminosilicates and transferred to coarse fly ash particles, which could then 

be easily removed using an ESP (Zhou, et al., 2010). This resulted in a reduction in PM1 

generation, as well as a reduction in the K content of the PM1; the consequences of which 

are beneficial to the environment and human health (Zhou, et al., 2010).  
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Further study of KOH capture by kaolin and mullite was performed by Wang, et al., (2018a), 

including equilibrium modelling using FactSage; they found that kaolin was being 

completely converted to K-aluminosilicates between 1100-1450 °C (including formation of 

kaliophilite (KAlSiO4) above 1300 °C and amorphous K-aluminosilicates below 1300 °C), 

while the equilibrium calculations were accurate for low concentrations of KOH and 

temperatures above 1100 °C. Mullite, formed when kaolin is heated above 1100 °C (Chen, 

et al., 2000), was found to be less effective at capturing potassium below 1100 °C.  

However, when the temperature is increased past 1300 °C, the potassium capture rate 

starts to mirror that of kaolin. This group went on to also investigate capture of K2CO3, KCl 

and K2SO4 using kaolin (Wang, et al., 2018b). Almost complete capture of K2CO3 and KCl 

was witnessed experimentally and numerically above 1100 °C; however, below 1000 °C, 

the predicted formation of these species at equilibrium was greater than witnessed 

experimentally, indicating kinetic limitations to this potassium capture. Equilibrium 

predictions for K2SO4 capture were inaccurate because FactSage assumed kaliophilite to be 

the product as opposed to leucite, which was revealed to be the true product by XRD. The 

study concludes by recommending the use of a high Si content (relative to Al) for chlorine-

rich fuels, due to this prevalence for leucite formation.  

In addition to conventional alumino-silicates, it has been found that silica and alumina 

individually are able to capture alkali metals and mitigate some ash-related problems. 

However, they have been found by Llorente, et al., (2008) to offer inferior performance 

compared to alumino-silicates, in terms of reducing sintering.  While, Kyi and Chadwick 

(1999) found that only ~50% of sodium could be retained when using alumina compared 

to ~95% at the same loading of kaolin and Liu, et al., (2020) found that silica and alumina 

could inhibit potassium emissions by a maximum of ~70%, compared to a maximum of 

~90% for the alumino-silicates. 

Sulphur based additives are used for the sole purpose of promoting reactions (2-60) and 

(2-61), converting KCl to K2SO4. This reduces the chlorine content in the deposit, causes 

more HCl to be carried out of the furnace in the flue gas and changes the nature of the 

corrosive thrŜŀǘΣ ƛΦŜΦ ǘƘŀǘ ǇƻǘŀǎǎƛǳƳ ǎǳƭǇƘŀǘŜ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ ƭŜǎǎ ΨǎǘƛŎƪȅΩ ŀƴŘ ŎƻǊǊƻǎƛǾŜ 

than potassium chloride (Brostrom, et al., 2007). Sulphur based additives can prove 

unsuccessful in scenarios where a significant CaO content converts the SO3 from the 
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additive to calcium sulphate, and alkali hydroxides convert the liberated HCl back into alkali 

chlorides (Aho, et al., 2008). 

Calcium based additives and phosphorus based additives are used with the aim of 

sequestering potassium within calcium-rich phosphates rather than allowing the formation 

of potassium silicates. The former has a higher melting temperature thus hindering ash 

sintering and slagging (Wang, et al., 2012). 

There may be yet another group of additives; Daood, et al., (2014a) noted that the 

investigated Fe-based additive would aid the mitigation of corrosion, slagging and fouling. 

This was studied in greater detail in Daood, et al., (2017); in which, they exposed portions 

of T22 boiler tube coated with an additive/coal fly ash mixture for 1000 hours to a 

simulated flue gas containing SO2 and HCl gas at 833.15 K. The results indicated that the 

boiler tubes would last up to 4.2 years, compared to 3.2 years when no additive is used. 

Three reasons were cited for this improvement in life span: in the additive/coal fly ash 

mixture there is a lower concentration of potassium oxide, iron oxide in the additive could 

inhibit the direct chlorination of the base metal and chromia in the additive prevents metal 

oxidation. 

It was theorised that the lower concentration of potassium oxide leads to less potassium 

sulphate being formed, which, in turn, leads to less alkali iron trisulphates being formed. 

These molten compounds are unstable and will react with the base metal, leading to loss 

of wall thickness. The higher concentration of Fe2O3 could also prevent the chlorination of 

the base iron by reacting with chlorine containing compounds prior to diffusion through 

the deposits, leaving the protective oxide layer untouched. Not only is there are a larger 

concentration of Fe2O3 but also the chromia content in the additive/coal fly ash mixture is 

approximately double the level in coal fly ash alone and the chromia protects the base 

metal by forming a protective layer; although it should be noted that the chromia content 

in the additive is very low and the authors may be overstating any impact from this. It is 

also important to note the appearance of alumino-silicates in the make-up of the Fe-based 

additive, with the alumina content being reported as 4.71% and the silica content as 

34.69% (Daood, et al., 2014a); this could lead to a sizeable amount of potassium being 

sequestered. 
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2.5.3 Summary of Gaps in the Research 

Section 2.5.1 discussed the processes responsible for ash-based fireside corrosion in 

pulverised fuel boilers, focussing on the role of sulphur and chlorine and the alkali metals 

that aid migration of the two. Section 2.5.2 then discussed the use of fuel additives to 

depress the corrosive processes, with alumino-silicates being the most widely researched 

and recognised as beneficial. However, the Fe-based additive that was discussed in section 

2.3 was also shown to be beneficial when preliminary tests were carried out with coal ash, 

however the explanation for the reduced corrosion rates witnessed was weak. Additional 

research to identify how this additive is actually impacting the corrosive processes would 

be required, to enable a recommendation for using this technology in order to inhibit 

corrosion. Further, a comparison to the impact of alumino-silicates on fireside corrosion 

would shed light on just how ground-breaking the application of this technology is. 

2.6 Conclusions and Summary of the Research Gaps 

This chapter summarised the state of research with regards to NOx production and 

abatement and fireside corrosion and its inhibition. After discussing the varying pathways 

responsible for producing NO, the technologies that are designed to manipulate or depress 

these pathways were discussed, with particular attention to low NOx burners and their 

control of fluid dynamics to stage species transfer. Oxy-coal combustion was then 

discussed, due to its importance as a developed carbon capture technology and the 

presence of the NO reburning phenomenon. The emergence of loading coal with iron 

compounds to enhance combustion and reduce NO emissions was then discussed, along 

with a detailed examination of the secondary NOx abatement technologies, SNCR and SCR. 

Finally, the processes responsible for fireside corrosion were analysed, as were the 

mitigation options, in the form of additives. 

This review highlighted some research gaps that can be considered achievable avenues for 

study. First was the use of low-NOx burners during oxy-coal combustion and the impact of 

varying burner settings on both NO formation and NO destruction (through reburning). The 

use of the Fe-based additive raised two prominent routes for investigation: how the Fe-

based additive would interact with ammonia during SNCR and how it would impact fireside 
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corrosion. There were studies that had started to investigate these factors but had raised 

more questions than were answered, so further investigation is warranted. 

Hence the aim stated at the close of the introduction is to be achieved through the 

following objectives: 

¶ Improving confidence and understanding in the performance of low NOx burners 

during oxy-coal combustion (for intended carbon capture purposes), with particular 

attention to maximising the rate of reburning of recycled NO. 

¶ Improving the performance of selective non-catalytic reduction using an Fe-based 

additive, and investigating sensitivities of this new process. 

¶ Improving the confidence of the proposed ability of the Fe-based additive to 

mitigate fireside corrosion of superheater tubes through comparison with a variety 

of established additives on a variety of fuels. 
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CHAPTER 3 EXPERIMENTAL SETUP AND COMPUTATIONAL 

SOFTWARE 

3.1 Introduction 

The following content of this chapter is a description of the facilities, software and methods 

used to harvest the data presented in chapters 4-6. This is presented in the same order as 

the analysis is presented and, due to the variety of facilities used, an effort has been made 

to be concise in their description. The 250 kWth combustion test facility discussed in this 

section was used to study a variety of oxy-coal flames and examine the impact of burner 

configuration on flame stability, NO formation and NO reburning rates. The 100 kWth 

combustion test facility was used to combust coal in air and study the impact of an Fe-

based additive on NO reduction by selective non-catalytic reduction. This interaction was 

then studied further using a kinetic model of a continuously stirred tank reactor in Cantera. 

Finally, the equilibrium modelling software FactSage was used to study the impact of 

various fuel additives on the formation of corrosive species and the by-products of 

corrosion. 

3.2 250 kWth Oxy-coal Combustion Test Facility 

3.2.1 Description of the Combustion Test Facility 

A large pilot scale 250 kWth combustion test facility (CTF) (Figure 3.1) at the UK carbon 

capture and storage research centreΩs pilot-scale advanced CO2-capture technology centre 

(UKCCSRC - PACT) has been utilised for experimental data collection of an oxy-coal flame. 

The furnace of the 250 kWth CTF measures approximately 4 m in height with an internal 

diameter of 0.9 m and contains a total of eight modular sections, the first six of which are 

water cooled and the first three contain viewing ports. Each section is 0.5 m high and lined 

with 100 mm thick light weight alumino-silicate refractory (Figure 3.2). A high density 96% 

alumina (thermally rated to 1850 °C) is used to cast the quarl section of the burner and the 

section connected to the quarl. 

An induced draft fan (IDF) maintains a negative pressure inside the CTF and draws out the 

combustion products (fly ash and flue gas) from the bottom of the CTF; this then passes 

through a cyclone separator and a candle filtration unit (for fine particulate removal). This 
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negative pressure is achieved by sealing the bottom of the furnace with a water tray, which, 

in turn, provides a safe container to capture and quench falling bottom ash and slag, and 

allows for pressure release in the event that the IDF fails to maintain the negative pressure. 

The fly/bottom ash was collected, to be available for analysis, after each test from catch 

pots located at the exhaust point and at the cyclone. This analysis was executed externally 

and involved: heating to remove contaminants and moisture; weight measurements 

before and after the removal of moisture; heating in a muffle furnace to remove unburned 

carbon and then a final weighing. These values were then used to determine the quantity 

of unburned carbon in the sample under ISO:1171-2010. 



65 

 

 

Figure 3.1 ς Layout of UKCCSRC-PACT oxy fuel combustion testing facility (250 kWth) 

(Szuhanszki, et al., 2017) 

3.2.2 Sample Collection and Analysis 

¢ƘŜǊŜ ŀǊŜ ƴǳƳŜǊƻǳǎ ǇƻǊǘǎ ƻŦ мΦрέ diameter along the combustor which could be used for 

the measurement of process temperature and inflame emissions and recording flame 

shape. The first three sections contain four sampling ports and a viewing port; the next 

four sections each contain only one sampling port located at the centre point of the 



66 

 

section. Each section has a thermocouple for measuring the process temperature at the 

ǿŀƭƭΣ ŀƭǘƘƻǳƎƘ ǎŜŎǘƛƻƴ пΩǎ ǘƘŜǊƳƻŎƻǳǇƭŜ ǿŀǎ ƴƻǘ ƻǇŜǊŀǘƛƻƴŀƭ ŘǳǊƛƴƎ ǘƘŜ ǘŜǎǘǎΦ 

 

Figure 3.2 ς Furnace geometry and position of measurement ports (all dimensions in mm) 

Process thermocouples, along with continuous emission monitoring equipment (i.e. NOx, 

CO2, CO, O2, SO2, and THC), are utilised for data gathering purposes for specific test runs. 

The data collected during the test is logged every 5 seconds through a supervisory control 

and data acquisition system connected to a human-machine interface (HMI) (Figure 3.3), 

which displays past and present measurements over user preferred time periods. 
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Figure 3.3 ς HMI for monitoring online data measurements 

In-flame and flue gas samples are continuously drawn through two water jacketed probes 

via a Drechsel bottle, to remove large particulates and moisture, and into a heated filter 

kept at 180 °C. From this heated filter, the sample passes through a heated line (191 °C), 

to prevent condensation, and to another heated fine filter element for further fine particle 

removal. The probes can only be used one at a time and a valve is used to switch between 

the probes. Both probes are supplied with a compressed air line that can be opened in the 

event of a blockage or deposit within the sample probe, usually recognised by an abnormal 

oxygen reading on the HMI.  Following the fine particle filter, the gas is fed to a cooler 

(cooled to 5 °C), to remove any remaining moisture, and subsequently reheated to 191 °C 

and fed to the individual CO2/O2, NO/NO2, CO and THC analysers at a rate of approximately 

1 L/min, while any remaining sample is ejected along with the analysed sample.  

The primary O2 analyser was a 7208MG Signal paramagnetic analyser that was able to 

evaluate the dry O2 concentration. A secondary Servomex 2700  O2 analyser was also used 

to measure the wet O2 concentration when gas was not being pulled through the sampling 

probes; this was used in case a problem occurred during this time. The NO/NO2 analyser 

was a Signal 4000VM chemiluminescence analyser that utilises the reaction of NO with 

ozone; 10% of the subsequent NO2 formed is in an excited state and emits photons that 
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are measured by the analyser, thus giving a measurement that is proportional to the NO 

concentration in the gas. The CO2 (7208MG Signal Multi-Gas analyser) and CO (Signal 

7000FM) analysers utilise the gas filter correlation non-dispersive infra-red technique and 

are able to present the concentrations of these compounds in various ranges from ppm to 

percent, which are automatically changed during measurement. The THC analyser (Signal 

3000HM) utilises the principle of flame ionisation to measure VOCs in the gas, with the 

output also being displayed in ppmv or percent. To account for any drift in the instrument-

related measurement, zero and span calibrations are periodically performed before and 

during each test using calibration gases permanently connected to the analyser rack. 

 

Figure 3.4 ς The gas analyser rack with preheater (top) and chiller (bottom) 
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During data analysis, all NO measurements collected from the flue are corrected to 6% O2; 

whereas, all in-flame NO measurements are reported as collected accompanied by the 

local O2 concentration. Instantaneous flame images were recorded using a water-cooled 

optical probe inserted into the upmost section of the furnace. This probe contains a wide-

angle lens that focuses light onto a complementary metal oxide semiconductor (CMOS) 

sensor of an industrial camera. The CMOS sensor allows videos of the flame to be recorded 

on a nearby laptop computer. Further information on the optical probe can be found in 

Farias Moguel, et al., (2018). 

3.2.3 Burner Description 

The burner is a scaled down version of a Doosan Babcock Mk III low-NOx burner, previously 

discussed in section 2.2.2; this consists of a primary annulus through which the coal is fed 

with a portion of the oxidant and the swirling secondary and tertiary annuli through which 

the remaining oxidant is delivered (Figure 3.5). A sliding partitioning damper controls the 

split between the secondary and tertiary oxidants; this enables a change in the 

stoichiometry in the near burner region and the overall swirl of the flame due to the larger 

swirl angle of the secondary register. The swirling primary oxidant, carrying coal particles, 

engages with the coal collectors for later mixing with swirling secondary and tertiary 

oxidant registers. ! ǘŜǊƳΣ ǎŜŎƻƴŘŀǊȅ ƻȄƛŘŀƴǘ ǇǊƻǇƻǊǘƛƻƴ Ψ{ΩΣ ƛǎ ǳǎŜŘ ǘƻ ŘŜƴƻǘŜ ǘƘŜ ōǳǊƴŜǊ 

setting and represents the proportion of excess oxidant that is flowing through the 

secondary register. 

 

Figure 3.5 ς CAD drawing of the investigated burner (all dimensions in mm) (Adapted from 

Clements, et al., 2015) 
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3.2.4 Oxidant Supply and Operational Method 

The combustion air is sent from the on-site compressor to mass flow controllers controlling 

the primary and combined secondary/tertiary flows. The oxy-fuel oxidant is not contain 

actual recycled flue gas but uses pure O2 and CO2 to create a simulated dry oxy-fuel oxidant. 

This is supplied from dedicated cryogenic storage tanks of O2 and CO2 through a primary 

compressor to a mass flow controlled manifold with Coriolis mass flow meters and 

pneumatically actuated control valves, before entering to the primary, secondary and 

tertiary air registers. The desired air and O2/CO2 mass flow rates and O2/CO2 mass ratios 

are inputted using the HMI connected to a SCADA system (Figure 3.6). The temperature of 

all the oxidant streams can be maintained using bespoke electrical heaters. The primary 

stream is unheated and limited to containing 21% O2 due to being responsible for 

entraining and transporting the coal to the burner, and to avoid auto-ignition of the fuel. 

¢Ƙƛǎ Ŏƻŀƭ ƛǎ ƭƻŀŘŜŘ ƛƴǘƻ ŀ ƘƻǇǇŜǊ ƻƴ ǘƘŜ ƳŜȊȊŀƴƛƴŜ ƻŦ ǘƘŜ /¢C ǇǊƛƻǊ ǘƻ ŀ ŘŀȅΩǎ ǘŜǎǘΦ ¢Ƙƛǎ ǘƘŜƴ 

passes into a lower hopper that is constantly vibrating in order to prevent bridging. 

Following the lower hopper, the coal is fed through a screw valve onto a vibrating plate, 

and finally into the primary line via a venturi. During air operation this venturi is open to 

the atmosphere; however, during oxy-fuel combustion, a small portion of the primary 

oxidant is routed to the venturi to eliminate the need for air, in order to prevent air ingress. 
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Figure 3.6 ς HMI for controlling oxy-fuel oxidant mass flows 

An issue in the operation of an air/oxy-fuel furnace is the setting of the primary flow rate 

during switchover from air to oxy-fuel. One method (as demonstrated in Smart, et al., 

(2010) and Zhang, et al., (2011)) is to maintain the primary flow rate, as this offers the most 

simple operational philosophy and guarantees that coal particles will remain entrained in 

suspension. This technique was found to delay flame ignition and lead to a lifted flame, 

which was only corrected when the primary volumetric flow rate was decreased (Fry, et 

al., 2011). Therefore, Gharebaghi, et al., (2011) instead maintained the primary volumetric 

flow rate as a ratio of the total oxidant flow and achieved a stable flame without 

jeopardising the entrainment of the coal. This same approach is used at the 250 kWth CTF 

in this study; however, the ratio that is to be used had to be investigated in order to find 

the preferable option. Four ratios, 16%, 18%, 20% or 22% of the total oxidant, were tested 

using air over a range of burner staging environments while the NO emissions and 

unburned carbon in ash were monitored/analysed. Maintaining the primary flow rate at 

20% of the total flow was found to be the most preferable option and this value was then 

maintained for all air-fired and oxy-fired tests henceforth. This is readdressed in full in 

chapter 4. The operating conditions for the baseline 200 kWth and the core 170 kWth tests 

can be found in Table 3.1, where OF is used as short-hand for oxy-fuel.  
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Primary 
Stream 

Combined 
Secondary/Tertiary Stream 

Air (200 kWth) 

Air (kg/hr) 56 235 

Temperature (°C) 20 260 

Coal Feed Rate (kg/hr) 24.35 

OF 28 (200 kWth) 

O2 (kg/hr) 9 56 

CO2 (kg/hr) 52 182 

Temperature (°C) 20 260 

Coal Feed Rate (kg/hr) 24.35 

OF 27 (170 kWth) 

O2 (kg/hr) 8 44 

CO2 (kg/hr) 42 152 

Temperature (°C) 20 260 

Coal Feed Rate (kg/hr) 20.7 

OF 30 (170 kWth) 

O2 (kg/hr) 7 44 

CO2 (kg/hr) 37 126 

Temperature (°C) 20 260 

Coal Feed Rate (kg/hr) 20.7 

Table 3.1 ς Operating conditions 

Natural gas is primarily used to heat up the CTF for roughly 2-2.5 hours until the furnace 

temperature is greater than 1000 °C. At this point, the fuel is switched to pulverised coal 

but at a lower thermal rating than will be used for the test. The El Cerrejón coal analysis 

was carried out externally and is given in Table 3.2. This coal is a bituminous coal, well-

known for its low sulphur and ash content and relatively high volatile content, which aids 

ignition substantially. The thermal rating is gradually increased as desired as the 

temperature of the furnace is increased. Conventional air-fired coal combustion takes 

approximately 1 hour to stabilise and reach thermal equilibrium, before the measurements 

can be recorded. This point is determined by monitoring the temperatures recorded by the 

thermocouples (~1500 °C measured at the thermocouple in section 2) as well as NO 

concentration in the flue gas. For the oxy-fuel cases, this is the point when the switchover 

from air to oxy-fuel is then initiated; this takes another hour to stabilise before 

measurements can be taken within the scope of the test. Each test is completed by 
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reverting back to air-fired combustion from oxy-fuel combustion in order to check the coal 

feeding and sampling stability.  

Ultimate Analysis (%) Proximate Analysis (%) Calorific 
Value 

(MJ/kg) 
C H N O S Moisture 

Volatile 
Matter 

Fixed 
Carbon 

Ash 

74.50 5.04 1.58 18.50 0.38 5.12 36.90 56.06 1.92 29.57 

Table 3.2 ς El Cerrejón Coal analysis (as received basis) 

A separate 99.5% NO in N2 injection manifold, with automatic shut-off safety valves, is used 

to inject NO into the O2/CO2 blend in order to simulate dry recycled flue gas. During the 

tests, a variety of levels of NO were injected and mixed into different streams to simulate 

the recycled NO for both air and oxy-fuel cases. The concentration of the simulated NO 

injected was in the range of 122-1500 ppm, chosen from a review of available literature 

(Stanmore and Visona, 2000, Al-Abbas and Naser, 2012, Backreedy, et al., 2005, Meij and 

te Winkel, 2004, Cao, et al., 2010, Ling, et al., 2014), and the reported NO destruction rates 

were calculated using (3-1): 

ὔὕ ὨὩίὸὶόὧὸὭέὲ Ϸ ρππ   (3-1) 

Where NObaseline are measurements taken without any recycled NO, NOrecycled is the 

concentration of NO in the oxidant, and NOmeasured are measurements taken when the NO 

concentration in the oxidant is equal to the value NOrecycled. 

3.3 100 kWth Fe-based Additive Combustion Test Facility with Selective 

Non-Catalytic Reduction Capability 

3.3.1 Description of the Combustion Test Facility 

This pulverised fuel (PF) combustion test facility was located at the former industrial 

partner, International Innovative Technologies Ltd, in Gateshead, UK. It was a 4 m tall 

down-fired furnace consisting of 8 sections of 500 mm height and 650 mm outer diameter, 

with interior diameters of 400 mm, and a quarl of 450 mm height and 500 mm outer 

diameter. The dimensions can be viewed in Figure 3.8. The burner arrangement is two-

stage, with the primary air entraining the coal and the Fe-based additive and the secondary 

air completing burnout. The CTF is designed up to 100 kWth input of coal ranging from 15-

20 kg/hr based on the calorific value of the fuel. The coal is fed onto a vibratory tray feeder 
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using a Rospen twin-screw feeder, with a nominal uncertainty of ±0.5%, while the Fe-based 

additive (if in use) is also fed onto this tray using a single fine pitch screw feeder. This 

smaller feeder can be calibrated to feed the Fe-based additive from 0.27 kg/hr to 1 kg/hr; 

a 3 point calibration is done on this feeder to give repeatability confidence. The vibratory 

tray feeds this mixture into the primary air where it is entrained and, due to the turbulence 

of the primary air flow and the distance to the burner (9-10 m), it can be assumed to be 

fully mixed when it arrives at the burner. The majority of the combustion air is split 

between the primary (carrier) air and secondary air, which is supplied through a dedicated 

compressor and a blower fan. The configuration is shown in Figure 3.7: 
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Figure 3.7 ς A: Broad view of the 100kWth CTF, B: Additive feeding system, C: Coal feeding 

system, D: Burner and quarl (Daood, et al., 2014a) 

A water-cooled probe is used to sample the gaseous constituents of the flue gas at a sample 

point in the eighth section. The sample is fed through a series of Drechsel flasks and filters 

to remove moisture and large particulates to a series of gas analysers. NO was measured 

using a chemiluminescence-based Signal series 440 analyser. CO2 was measured using a 

non-dispersive infra-red based Signal 7000FM GFC analyser. CO was measured using a non-
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dispersive infra-red based Analytical Development Company and O2 was be measured 

using paramagnetic-based Servomex 570A analyser. The sampling probe is periodically 

purged using compressed air to remove condensed water and deposited fly ash, which may 

block the probe or influence measurements. Thermocouples are installed in each of the 

top seven sections to measure the temperature at the wall, and there are viewing ports in 

the top four sections for visual inspection of the flame. 

The arrangement for the injection of ammonia, the reagent in use for selective non-

catalytic reduction,  consisted of a specialized mixing skid with calibrated flowmeters for 

the measurement of both pure ammonia and nitrogen used as a carrier. The momentum 

induced by the entraining nitrogen helps induce thorough mixing of the injected ammonia 

into the hot gas mixture inside the furnace. The ammonia and nitrogen mixture, through a 

water-cooled injection probe, is introduced at the module that provides a compromise 

between highest possible NO reduction and lowest possible ammonia slip, as discussed in 

Section 3.3.2. This arrangement benefits in the maximum reactivity of the reducing amides 

with the oxides of nitrogen within the optimum temperature window (850 °C to 1100 °C). 

The appropriate ammonia flow rate (AFR) is calculated using: 

ὃὊὙ ὔὕ ρπ ὗ ὔὛὙ   (3-2) 

Where Q is the volumetric flow rate of air (mL/min) and NOinitial is the concentration of NO 

in the flue gas prior to ammonia injection (ppm). The NSR is a term used to standardise the 

desired NO reduction between different reagents, e.g. a NSR of 1 will theoretically reduce 

1 mole of NO and requires 1 mole of ammonia or 0.5 moles of urea. The calculated 

ammonia flow rate ƛǎ ŎƻƴǾŜǊǘŜŘ ǘƻ ŀƴ ŀǊōƛǘǊŀǊȅ Ŧƭƻǿ ǾŀƭǳŜ ǳǎƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

calibration chart. 

A general arrangement drawing with accurate dimensions with respect to the furnace, port 

locations and thermocouple locations is presented in Figure 3.8; the dimensions and 

locations of pipes and other equipment is not exact. 



77 

 

 

Figure 3.8 ς General arrangement drawing of the 100 kWth CTF 

3.3.2 SNCR Optimisation 

The injection point and the flow rate of the nitrogen was investigated in order to optimise 

the SNCR. Four injection points (four different axial locations for the intrusive probe) within 

the literature temperature range for SNCR were studied along with two nitrogen flow rates. 

The NO reduction and ammonia slip were measured for each of these axial locations at a 

NSR of 2.5 to find that ammonia slip decreased as the temperature at the injection point 

increased and as the nitrogen flow rate increased, while the NO reduction reaches a peak 

at 1050 °C and 30 L/min of nitrogen (as shown in Figure 3.9); therefore, this axial location 

was chosen as the ammonia injection site. The higher nitrogen flow rate is likely to aid the 

penetration of the turbulent combustion gas; while at the higher temperatures, it is likely 

that the ammonia to NO pathways are incentivised, therefore decreasing the ammonia 

utilisation efficiency, and at the 950 °C injection point, the flue gas point is too close in 
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proximity and the reaction time is insufficient for a higher NO reduction or lower ammonia 

slip. 

 

Figure 3.9 ς SNCR performance at various axial injection positions 

The radial position of the injection probe also has to be optimised for the highest possible 

NO reduction. For the previous optimisation a radial position of 150 mm was used; for this 

optimisation, the NO reduction was measured at every 50 mm of probe insertion (bar the 

50 mm point) into the furnace until a maximum of 350 mm. The maximum NO reduction 

was measured for the 150 mm position; at this position, it is likely that the 

ammonia/nitrogen mix is able to fully penetrate and mix with the turbulent combustion 

gas. Past this 150 mm point, it is likely that the ammonia/nitrogen mix is overly penetrating 

the combustion gas and so a portion of ammonia escapes at the far wall. This is displayed 

in Figure 3.10: 
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Figure 3.10 ς SNCR performance at various radial positions 

3.3.3 Operational Method 

The actual commencement of the test starts by using propane as the main fuel at around 

50 kWth thermal input. When the temperature of the modules near the burner reach 

around 1000o C then the fuel is switched to pulverised coal. This fuel transition causes a 

temperature ramp that continues until the temperature near the burner stabilises at 

around 1300 oC. The walls of the top section behind the refractory are water-cooled to 

avoid temperature creep and provide stable operating conditions. The combustion test 

facility is operated under slight negative pressure (8ς12 mmH2O) achieved with the help of 

an induced draft fan and a water seal maintained at the lower section of the rig.  

Once the aforementioned temperature ramp from the switch to coal from propane has 

levelled off at ~1300 °C, steady state is assumed to be achieved and the NO concentration 

in the flue gas is designated as the coal baseline level. Following the acquisition of sufficient 

data points, approximately 100-120 points (with one reading every ten seconds), at the 

coal baseline, ammonia is added at a flow rate to give a desired NSR. The NSR range under 

investigation is between 0-3. This is because during preliminary tests, it was discovered 

that above a NSR of 3 the self-inhibition effect is observed and NO reduction is greatly 

decreased. After all the desired NSRs have been investigated, the ammonia addition ceases 
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and there is a return to coal baseline. This confirms that no reduction in NO can be 

attributed to a change in initial conditions. The Fe-based additive is then added and the 

steady state NO reduction is observed. Using the NO concentration in the flue gas for the 

Fe-based additive baseline as NOinitial, ammonia is re-introduced to the system at the same 

NSRs as before. Each combination of NSR and Fe-based additive concentration is observed 

and recorded for approximately ten minutes. This gives a direct indication of the effect of 

the Fe-based additive on the NO reduction by SNCR. A simplified infographic of the 

experimental procedure can be seen in Figure 3.11: 

 

Figure 3.11 ς Operational procedure 

The coal under investigation was Durrans grade 240 coal, and the as-received ultimate 

analysis and calorific value is presented below. 

Ultimate Analysis (%) Calorific Value 
(MJ/kg) C H N O S Moisture Ash 

69.2 4.4 0.8 18.0 0.6 4.0 3.0 29.57 

Table 3.3 ς Ultimate analysis and net calorific value of Durrans grade 240 coal 

3.4 /ŀƴǘŜǊŀΩǎ /{¢w aƻŘŜƭ 

Cantera is an open-source software package for use in the solution of problems regarding 

chemical kinetics, thermodynamics and transport processes. Cantera can be used with 

Python, Matlab or programs using C/C++ and Fortran 90. For work done here, Cantera was 

used in the Python environment Spyder. It is essentially a package of functions allowing 

the user to simply define species, phases and reactions and then use this information to 

kinetically model reactors without having to resort to any complex mathematics. 

/ŀƴǘŜǊŀΩǎ Ŏƻƴǘƛƴǳƻǳǎƭȅ ǎǘƛǊǊŜŘ ǘŀƴƪ ǊŜŀŎǘƻǊ ό/{¢wύ ŦǳƴŎǘƛƻƴ ǿŀǎ ǳǎŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ 

section of the 100 kWth CTF into which the ammonia was added. A CSTR was chosen to be 

modelled instead of a plug flow reactor (PFR) as this section of the furnace was considered 

to be well mixed both radially and axially, due to the injection of ammonia in a radial 

direction as well as eddies present in this section. This CSTR is simply defined to have an 
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inlet, an outlet, a constant volume and for the species (and energy) to be homogeneously 

distributed, with the governing equations for single reactors applying. The first step to 

initiating a Cantera CSTR is to define a solution, which is the mixture that is flowing through 

the reactor. The solution contains the list of species and reactions, the thermodynamic and 

transport properties of the species and the kinetic properties of the reactions. Then the 

initial temperature, pressure and composition of the gas must be inputted and an 

upstream reservoir must be created containing this gas. The reactor is then created with a 

set volume (in this case the volume of the section under investigation). An environment is 

created into which heat is lost from the reactor, along with the wall of the reactor through 

which the heat is lost. The wall has properties that must be defined: area (A) and heat 

transfer coefficient (U). The area is inputted as the area of the wall surrounding the section. 

The heat transfer coefficient was not changed from the example value for two reasons: this 

U led to an almost isothermal (±5 C) reactor, which was desired in order to assess the 

impacts of the independent variables, and changing U had little impact on the finishing 

temperature anyway. 

The upstream reservoir is then connected to the reactor through a simulated mass flow 

controller set to a desired mass flow rate. The exhaust of the reactor is designated as a 

downstream reservoir and a valve is created to connect the two. A co-efficient, K, must be 

ŜƴǘŜǊŜŘ ǘƻ ŘŜǎƛƎƴŀǘŜ ΨƘƻǿ ƻǇŜƴΩ ǘƘŜ ǾŀƭǾŜ ƛǎΤ ǘƘis was designated as 1, as K must be 

sufficiently large otherwise there will be a spike in the temperature and pressure, and 

seeing as the next section in the CTF would have a similar temperature and pressure, this 

is undesirable. A network is then created combining all the defined operations and, from 

here, one is able to integrate with time. The model was run for a total time of 10 s with 

calculations every 1E-04 s. This is displayed in Appendix 2. 

How Cantera was utilised and the specific inputs used are described in detail in section 

5.3.1. Appendix 1 contains the CTI file used to describe the thermodynamic, transport and 

kinetic data for all the species and reactions that could be present in an N/H/O system. The 

ǎǇŜŎƛŜǎΩ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǊe described using NASA 7-coefficient polynomial 

parameterisation. This is used to compute the specific heat capacity, enthalpy and entropy 

of a species between a specified temperature range. The transport characteristics for a 

species is described by inputting parameters relating to collision diameter, atomic 
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geometry, well depth and polarity. Kinetic data is described using the stoichiometric 

equation, Arrhenius co-efficient, pre-exponential factor and the activation energy of the 

reaction. 

3.5 FactSage and Deposit Model Design 

3.5.1 FactSage Overview 

The thermodynamic equilibrium modelling software FactSage was used to investigate 

theoretical ash deposits. This proprietary software contains thermodynamic databases 

with thousands of pure substance compounds and hundreds of evaluated and optimised 

metal oxide and molten and solid salt solutions, as well as many other solutions not 

applicable in this case (Bale, et al., 2016), which are easily accessible due to a user-friendly 

GUI. ¢ƘŜ CŀŎǘ{ŀƎŜ Ψ9ǉǳƛƭƛōΩ ƳƻŘǳƭŜ ǳǘƛƭƛǎŜǎ these databases to model complex multi-phase 

ŜǉǳƛƭƛōǊƛŀ ǳǎƛƴƎ ǘƘŜ DƛōōΩǎ ŦǊŜŜ ŜƴŜǊƎȅ ƳƛƴƛƳƛǎŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜΦ ¢ƘŜ ƭƛƳƛǘŀǘƛƻƴǎ ǘƻ ǘƘe 

utilisation of the FactSage databases have been well discussed by Becidan, et al., (2009). 

These limitations include: the lack of influence of kinetic constraints, residence times and 

temperature/concentration gradients; a lack of consideration of physical processes; an 

assumption of perfect mixing; and the results are completely dependent on the input 

variables and the selected databases. Measures to minimise the impact of these limitations 

have also been discussed by Becidan, et al., (2009) but, simplified, any model requires 

careful consideration and full disclosure of input conditions and solution selection in order 

to grant the ability to compare and contrast with alternative and experimental results. 

For predicting ash behaviour within real boilers, laboratory data can prove difficult to 

collect and utilise; therefore, equilibrium modelling can be used instead as the full 

composition of the ash and flue gas are taken into account (Rizvi, et al., 2015). This 

technique has played a leading role, or has even been the sole basis, in a multitude of 

important studies covering fireside corrosion (Becidan, et al., 2009, Jabaz, et al., 2017, 

Paneru, et al., 2017), biomass ash challenges (Nordgren, et al., 2013, Zheng, et al., 2007) 

and additives (Zhou, et al., 2015, Stam and Brem, 2019, Liao, et al., 2015). 

3.5.2 Ash Deposit Model 

This model is used to study the corrosive potential of ash deposits with varying loadings of 

fuel additives on stainless steel tubing in the superheater region of a furnace. The corrosive 
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potential of the ash deposits will be determined by the presence and yield of alkali 

chlorides and sulphates. It is assumed that the alkali chlorides will be able to diffuse to the 

metal wall and aid in the production of metal chlorides, however, for simplification, the 

condensation process is not taken into account. The results of the calculations are not 

expected to give exact verifiable yields but rather provide trends and information regarding 

the probability of these additives to impede corrosion under the investigated ash deposit. 

A single coal and three biomass fuels (Rizvi, et al., 2015) were investigated. The biomass 

fuels represent a range of fuels with regard to the silica and potassium contents, with the 

sunflower husk ash containing very little silica and almost 50% K2O, while the peanut shell 

ash and miscanthus husk ash contain much greater silica contents but retain considerable 

potassium levels. The ash compositions, detected using XRF analysis, are displayed in Table 

3.4. 

 
El Cerrejón 
(Ca-rich) 

Coal 

Peanut Shell 
(Rizvi, et al., 

2015) 

Sunflower Husk  
(Rizvi, et al., 

2015) 

Miscanthus Husk 
(Rizvi, et al., 

2015) 

Ash (%AR) 2.00 3.20 2.69 3.61 

     

SiO2 (%) 31.87 35.51 3.21 49.55 

TiO2 (%) 0.50 0.83 0.03 0.01 

Al2O3 (%) 15.88 8.25 0.48 0.45 

Fe2O3 (%) 8.59 3.24 0.84 0.41 

MgO (%) 2.20 5.16 15.24 2.86 

CaO (%) 18.28 9.29 27.16 7.95 

Na2O (%) 2.00 1.33 0.21 2.39 

K2O (%) 0.70 31.10 45.10 30.49 

P2O5 (%) 0.40 4.52 5.30 5.76 

SO3 (%) 19.58 0.78 2.43 0.13 

Table 3.4 ς Ash content of each fuel and the composition of each ash 

The composition of the Fe-based additive (Daood, et al., 2014a, Daood, et al., 2014b, 

Daood, et al., 2017) was derived from Daood, et al., (2014b) by taking an average of all the 

individual components and then normalising the mixture. The ash from the tested coal was 

used for comparison with the Fe-based additive and named Ca-rich coal ash for its 
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considerable calcium content; this was chosen for convenience and due to the relatively 

high content of alumina and silica in the ash, making it an appropriate candidate for use as 

reuse in actual boilers. Another coal ash (Al-rich coal ash), with a greater Si/Al content, was 

tested as a comparison to highlight the impact of contaminants within the coal ash, along 

ǿƛǘƘ ΨǇǳǊŜΩ ŀƭǳƳƛƴŀ ǘƻ ǘŜǎǘ ǘƘŀǘ ǊŜŘǳŎŜŘ ŀŎǘƛǾƛǘȅ ǿould in fact be reported by FactSage. The 

compositions of the additives used are presented below. 

 
Fe-based Additive 

(Daood, et al, 
2014) 

Ca-rich 
Coal Ash 

Al-rich Coal Ash 
(Daood, et al., 

2017) 

Alumina 
(Llorente, et al., 

2008) 

SiO2 (%) 38.04 31.87 56.28 0.87 

TiO2 (%) 0.20 0.50 1.04 0.00 

Al2O3 (%) 4.60 15.88 23.38 97.63 

Fe2O3 (%) 49.24 8.59 6.62 0.37 

MgO (%) 1.44 2.20 2.10 0.35 

CaO (%) 3.94 18.28 6.31 0.22 

Na2O (%) 0.79 2.00 0.37 0.39 

K2O (%) 0.64 0.70 2.19 0.02 

P2O5 (%) 0.44 0.40 0.58 0.02 

SO3 (%) 0.67 19.58 1.13 0.11 

Table 3.5 ς Composition of each additive 

Reactants were inputted into the module so that each model contained flue gas from the 

combustion of 1 kg of the respective fuel with an excess air of 18% (the compositions of 

which are shown in Table 3.6), 5 g of T22 steel (the composition of which is shown in Table 

3.7) and 100 g of accumulated ash deposit.  
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 Coal Peanut Shell Sunflower Husk Miscanthus Husk 

CO2 (g) 2786.96 1555.40 1644.28 1597.20 

H2O (g) 459.36 530.82 547.02 523.44 

N2 (g) 8954.09 4518.06 4852.41 4565.29 

O2 (g) 415.36 209.48 224.89 211.43 

SO2 (g) 8.00 3.32 2.19 1.86 

HCla (g) 1.19b 1.08c 1.44d 1.44e 

Table 3.6 ς Composition of the flue gas for each fuel (a Based on typical flue gas values b 

Kurkela, 1996 c Perea-Moreno, et al., 2018 d Jagustyn, et al., 2011 e Hallgren, et al., 1999) 

 C Si Mn P S Cr Mo Fe 

T22 0.05-0.15 Җ0.50 0.30-0.60 ҖлΦлнр ҖлΦлнр 1.90-2.60 0.87-1.13 Bal. 

Table 3.7 ς Composition of T22 Steel (ThyssenKrupp Materials International, 2011) 

Six additive fuel loadings were investigated (0%, 1.5%, 3.0%, 5.5%, 6.6%, 8%); the last four 

being chosen due to their use in Chapter 5, 0% being chosen in order to set a baseline 

behaviour and 1.5% being chosen in order to investigate any transitory behaviour between 

0% and 3.0%. Ash mixtures were calculated by combining the masses of the individual ash 

components within 1 kg of each fuel with the masses of the individual additive components 

needed to load the fuel to the specified loading. The calculated compositions are presented 

below: 

 

Table 3.8 ς Calculated compositions of the coal cases 
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Table 3.9 ς Calculated compositions of the peanut shell cases 

 

Table 3.10 ς Calculated compositions of the sunflower husk cases 
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Table 3.11 ς Calculated compositions of the miscanthus husk cases 

A temperature range was chosen in order to simulate the possible temperature range 

witnessed in an ash deposit, from 400 °C at the tube wall to 900 °C in the flue gas in steps 

of 10 °C (Figure 3.12), while the step change was chosen so as not to omit any results that 

may have a short but pivotal formative temperature window. This temperature range also 

allows for analysis of superheaters of differing operating temperatures. 

 

Figure 3.12 ς The possible temperature gradient through an ash deposit 
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This study utilises four databases within FactSage:  

¶ FactPS, a collection of data related to pure substances, 

¶ FToxid, a collection of pure oxides and oxide solutions, including various slag 

solutions, 

¶ FTsalt, a collection of pure salts and salt solutions,  

¶ FTpulp, a database designed for the paper and pulp industry but very applicable to 

solid fuel combustion due to the collection of sodium and potassium compounds 

(including chlorides, sulphates and pyrosulphates). 

Four solutions are used in combination: 

¶ FTpulp-MeltB, containing liquid phase alkali salts, hence simulating corrosive melt 

formations, 

¶ FTpulp-Hexa, containing solid phase alkali sulphates, carbonates and sulphides (this 

solution must be dilute in sulphides and high temperature to be valid), 

¶ FTpulp-ACl, containing solid phase alkali chlorides (with dissolved alkali 

hydroxides), 

¶ FTpulp-OrtB, a low temperature solid phase solution of alkali sulphates and 

carbonates requiring a high concentration of K2SO4. 

The selection of these solutions allows for the monitoring of the production of species that 

are either responsible for the initiation of corrosive processes or are by-products of this 

corrosion. The yields of these species act as metrics representing corrosive potential, and 

any changes in these yields indicate an impact of the addition of additive to the tested ash 

deposits. 
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CHAPTER 4 THE IMPACT OF BURNER STAGING ON NO 

REDUCTION BY REBURNING DURING OXY-COAL 

COMBUSTION 

4.1 Introduction 

In pulverised fuel combustion systems for power generation, there are a number of 

primary NOx abatement technologies employed, including low-NOx burners, overfire air 

staging and flue gas recirculation, and they rely, to an extent, on reburn reactions, whereby 

NO is reduced in the flame/boiler through reaction with fuel fragments. Many 

investigations into oxy-coal combustion are either unstaged or utilise overfire air (furnace 

staging). However, the rate of NO reduction by reburning in the overfire stream would be 

far lower than that of the tertiary stream of a staged flame, due to the crucial role of the 

external recirculation zone returning oxidant from the tertiary stream to the root of the 

flame. Not to mention, the primary zone during furnace staging (overfire air) is an 

extremely corrosive location, therefore it is both preferable and necessary to minimise the 

contact of this corrosive (fuel-rich) atmosphere with the furnace walls. Thus, it would be 

more desirable to utilise low NOx burners as the primary NOx abatement technology of 

choice and to optimise their operation, in order to reduce load on a selective catalytic 

reduction (SCR) unit that would be required to achieve zero-emission combustion. 

This chapter focuses on investigating the performance of a down-scaled model of a popular 

industrial low-NOx burner during oxy-coal combustion with a simulated dry recirculated 

flue gas. The low-NOx burner will be optimised for the minimisation of NO formation and 

the greatest destruction of recycled NO, while maintaining combustion efficiency. This will 

be assessed through measurements in the flame and the flue gas, as well as imaging, giving 

insight into the changing conditions inside the furnace and structure of the flame. This work 

aims to deliver a greater grasp on the impact of changes in flame structure and, 

subsequently, local stoichiometry within regions of the flame on NO destruction, ultimately 

improving confidence in this carbon capture technology and highlighting its inherent low 

NOx ƴŀǘǳǊŜΦ ¢ƘŜ ōǳǊƴŜǊ ǎŜǘǘƛƴƎ ƛǎ ŘŜǎŎǊƛōŜŘ ǿƛǘƘ ǘƘŜ ǘŜǊƳ ΨǎŜŎƻƴŘŀǊȅ ƻȄƛŘŀƴǘ ǇǊƻǇƻǊǘƛƻƴΩ 

ό{ύΣ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ǘƻǘŀƭ ƻȄƛŘŀƴǘ Ŧƭƻǿ ŦƭƻǿƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ōǳǊƴŜǊΩǎ 
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secondary register. The process for changing the secondary oxidant proportion is described 

in Chapter 3. This chapter has been published in its entirety in Energy and Fuels. 

4.2 Commissioning 

Before beginning the investigation, it must be determined how the rig will be operated in 

terms of two variables that should be kept constant; these are the proportion of oxidant 

to flow through the primary register and the registers through which NO should be 

injected. The burner tested has 3 air registers; primary (containing fuel), secondary and 

tertiary. To simulate oxy-coal combustion NO can be injected into any of the burner flow 

registers. The NO concentration in the primary stream can be varied independently of the 

secondary/tertiary line to allow for NO staging in the flame and making it  possible to inject 

NO into either only one line or both. Baseline tests were carried out at 200 kWth to first 

determine the impact of varying the proportion of primary oxidant and to find an optimum, 

which would remain constant for all future tests. This method of maintaining the primary 

oxidant proportion when moving from air-firing to oxy-firing is endorsed by literature as 

promoting flame stability (Fry, et al., 2011 and Gharebaghi, et al., 2011) and is in opposition 

to the method of maintaining a fixed primary velocity. The proportion of primary oxidant 

was varied between 16% and 22% (using the input controls on the HMI) of the total air flow 

for air-coal combustion across a range of secondary oxidant proportions (varied by 

changing the position of the portioning sliding damper), this is presented in Figure 4.1. The 

20% option for the proportion of primary oxidant was visually perceived as leading to the 

most distinct and stable flames, as well as to a marginally lower NO concentration in the 

flue gas and unburned carbon in the ash. From Figure 4.1, it can also be observed that a 

secondary oxidant proportion of 0.36-0.39 leads to both optimal combustion efficiency and 

adequate NO, when compared with the other cases. 

The firing regime was then changed to 28% O2/CO2 (OF 28), but the proportion of primary 

oxidant was maintained at 20% due to the consensus regarding flame stability formed from 

the air combustion case. Compared to the air case, the NO emissions, reported as ppm, at 

OF 28 are expected to be greater than air due to lack of dilution by N2. However, due to a 

possible greater CO and hydrocarbon concentration in the fuel-rich region of the flame, a 

greater destruction of initially produced NO is witnessed, resulting in decreased NO 

concentration in the flue gas. The trends from both the air and the OF 28 case indicate that 
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by operating the burner in order to increase flow of the tertiary stream controls NO 

formation, by creating a flame with less swirl, hence influencing the char-volatile split in 

favour of volatile-N formation. 

 

Figure 4.1 ς The impact of varying the secondary oxidant proportion and the primary 

oxidant proportion on NO concentration in the flue gas and unburned carbon in the ash for 

the air and OF 28 cases 

In order to address the issue of differing flue gas volume between the air and OF 28 case, 

the change in NOx emission rate with changing secondary oxidant proportion is presented 

in Figure 4.2. One highlight from this graph is that the OF 28 case produces only ~50% of 

the NO per unit of thermal input that the air case produces when S: 0.35, which is a similar 

observation to that made in Liu, et al., (2005b) where a staged OF 30 flame was compared 

to air and found to cut the conversion of fuel-N to NO in half. A lower secondary oxidant 

proportion reduces the secondary flow rate causing less transfer of O2 into the fuel-rich 

region and hence decreasing O2 availability and causing less NO formation. Furthermore, 

this lack of O2 availability will also increase the CO concentration in the fuel-rich region, 

increasing the reduction of recently formed NO on char (Levy, et al., 1981). The lack of 

nitrogen in the oxy-fuel case would also lead to a negligible thermal-NO process, although, 
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on an industrial scale, it would be difficult to completely prevent air ingress and hence the 

thermal-NO process. These phenomena optimally combine with acceptable combustion 

efficiency between an S: 0.30 and 0.40 to give the emission rate and unburned carbon in 

ash seen in Figures 4.1 and 4.2. 

 

Figure 4.2 ς The impact of changing the secondary oxidant proportion on the NOx emission 

rate, reported as NO2, for the air and OF 28 case 

In order to simulate the presence of dry NO (recycled from the stream post-condenser in a 

conventional air combustion plant) in the recycled flue gas, 160-1016 ppm NO (28-700 

mg/MJ NOx reported as NO2) was injected into the air stream while using an S: 0.36. The 

injection of the recycled NO was varied between only the primary, only the secondary and 

tertiary, and each stream proportionally, with the objective of studying the effect of each 

injection method on eventual destruction of recycled NO. The recycled NO seems to 

undergo complete conversion to N2 when it was injected only in the primary stream, 

resulting in 100% NO destruction being recorded and presented in Figure 4.3; this is 

believed to be due to the strong fuel-rich zone in the route of the primary air, presenting a 

greater concentration of volatile-C and volatile-N which plays a critical role in reducing the 

NO. Furthermore, there is even a slight decrease in the NOx emission rate when NO is 

recycled into the primary stream; this is ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ {Ǉƛƴǘƛ ŀƴŘ tŜǊǎƘƛƴƎΩǎ όнллоύ 
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findings that the presence of NO in the initial combustion zone decreases char-N to NO 

conversion, due to the higher partial pressure of NO inside the pores of the coal particles. 

When recycled NO was injected into all the air streams to the burner (Figure 4.3 and Figure 

4.4), over 80% of the recycled NO was destroyed. The total NO emissions measured in the 

flue gas with this configuration ranged from 350-473 ppm (245-330 mg/MJ) for S: 0.36. 

This drop in NO destruction is most likely due to the comparative lack of reburning 

reactions in the pathway of the secondary and tertiary streams, with a portion of these 

streams being lost to the flue gas rather than being caught up in the external recirculation 

zone. This is made evident by the lowest recorded NO destruction being observed when 

NO is recycled into these streams only (Figure 4.3). Figure 4.3 compares the measured NOx 

values to a theoretical NOx measurement where no reburning mechanisms are taking 

place, this theoretical value is calculated assuming the injected NO is oxidised to NO2 in: 

ὔὕ ὔὕ ὔὕ   (4-1) 
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Figure 4.3 ς Theoretical and actual NOx, reported as NO2, emissions for the air case when 

NO is recycled into the oxidant either into the primary stream, the secondary and tertiary 

streams or all streams 
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Figure 4.4 summarises and compares the impact on NO destruction when both the 

concentration of recycled NO (from 160-1016 ppm) and the secondary oxidant proportion 

(from 0.00 ς 0.68) are altered. This shows that NO destruction remains high at around 80% 

for a range of secondary oxidant proportions, while the greatest NO destruction is seen for 

the moderate secondary oxidant proportions, S of 0.36 and 0.39 and the moderate NO 

recycling regime (440 ppm). Furthermore, the lowest recorded NO destruction rates are 

always seen when the NO recycling is 160 ppm, with the highest secondary oxidant 

proportion presenting the worst set of NO destruction rates. 

 

Figure 4.4 ς The effect of varying secondary oxidant proportion (and recycling regime) on 

the destruction of recycled NO for the air case 

Figure 4.5 outlines the overall impact of a range of recycled NO injections into either just 

the secondary and tertiary oxidant registers or all the oxidant registers for the OF 28 case. 

The overall emissions of NO measured in the flue gas when recycled NO was injected into 

each oxidant stream ranged from 168-203 mg/MJ resulting in ~80% of the recycled NO 

being destroyed for S of 0.36; while when the injection was only into the secondary and 
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tertiary streams, the rate of NO destruction decreased as more NO was recycled away from 

ideal reburning conditions.  The observed destruction of simulated recycled NO is most 

likely caused by reactions similar to reburning, where the NO would be reduced in the fuel-

rich zone by hydrocarbon radicals formed from volatile-C to generate amine and cyanide 

intermediates, similar to volatile-N (Toftegaard, et al., 2010). This mechanism is believed 

to account for 50-80 % of the NO reduction with the remaining reduction (10-50 %) caused 

by reaction with volatile-N to form N2, as well as contributions from reduction on char 

(Toftegaard, et al., 2010). When the secondary oxidant proportion is decreased, the 

secondary/tertiary oxidant partitioning is split in favour of the tertiary stream, enabling 

limited initial NO formation and greater hydrocarbon radical generation due to the reduced 

oxygen present in the fuel-rich zone. This phenomenon, also reported by Mackrory and 

Tree (2012, 2009) for oxy-fuel combustion, supports greater rate of NO destructions due 

to temperature rise and faster conversion of fuel-N to volatile-N. This results in an 

increased probability of N2 formation rather than NO formation, especially in the O2-

starved fuel-rich zones. 
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Figure 4.5 ς Theoretical and actual NOx, reported as NO2, emissions for the OF 28 case 

when NO is recycled into the oxidant either into the secondary and tertiary streams or all 

streams 

The impact of changing the secondary oxidant proportion on the destruction of recycled 

NO during the OF 28 regime is displayed in Figure 4.6. When NO is injected into the 

secondary and tertiary streams only, there is a slight increase in NO destruction with 

decreasing S values. Whereas, when NO is injected into all the oxidant streams, the NO 

destruction is greatest at the moderate S values (0.36 and 0.38) which coincide with the 

optimum values seen in Figure 4.1. There is much greater stability in the NO destruction 

rate over the range of burner configurations when NO is injected into all streams, as 

compared to solely the secondary and tertiary streams. A comparison of Figure 4.4 and 

Figure 4.6 shows that there are only minor differences in the rate of NO destruction 
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between air and OF 28 cases. Further to this, regardless of the regime, the same trend is 

witnessed, where the highest NO recycling case, when injected into solely the secondary 

and tertiary streams, provides the lowest NO destruction rate when a high secondary 

oxidant proportion is used. Due to these observations and the logic that in an operating 

oxy-fuel plant there would be recycled flue gas in each stream (and operating otherwise 

would be complicated and expensive), it can be concluded that it is necessary to inject NO 

into each stream during the post-commissioning tests, in order to gather a comprehensive 

understanding of the impact of burner configuration on NO reburning. 

 

Figure 4.6 ς The effect of varying secondary oxidant proportion (and recycling regime) on 

the destruction of recycled NO for the OF 28 case 

Figure 4.7 shows a plot depicting NOx emission rates at varying levels of NO recycling for a 

single burner configuration during the air and OF 28 regimes. This highlights that the 

difference in the NOx emission rates for the air and OF 28 regimes at the flue results from 

the difference in initial NO production in the two flames, while the NOx destruction rate 

remains similar. 
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Figure 4.7 ς The effect of varying recycled NO on emissions of NOx, reported as NO2, for 

the air and OF 28 cases at equivalent secondary oxidant proportion 

As seen in Table 4.1, the data collected for the OF 28 case showed far greater standard 

deviations for the OF 28 case than the air case. To combat this, the burner output was 

decreased 15% (from 200 kWth to 170 kWth) in order to reach steady state more swiftly 

each test day and, therefore, be able to collect a greater amount of data; furthermore, the 

oxygen concentration in the primary stream was increased from 18.5% to 21% in order to 

increase flame stability thus reducing any variation in the data caused by an unstable flame.  

Now at 170 kWth, 27% O2/CO2 was swapped for the 28% O2/CO2 in order to discourage 

comparison between the data at 170 and 200 kWth, which would have different O2 

concentrations in the primary stream. In addition, using a 27% O2/CO2 case would also 

provide greater variance between the two planned oxy-fuel cases, one high (OF 30) and 

one low (now OF 27), highlighting conflicting trends. 

 CO2 (vol%, dry) NO (ppmv, dry) O2 (vol%, dry) 

Air (200 kWth) 15.53 ± 0.16 329.80 ± 7.81 3.25 ± 0.12 

OF 28 (200 kWth) 94.26 ± 0.51 281.94 ± 27.00 4.17 ± 0.90 

Table 4.1 ς Raw flue gas composition when ratio of secondary to tertiary oxidant flow is 

45:55 
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4.3 Experimental Results 

4.3.1 Recycling NO into OF 27 and OF 30 at 170 kWth 

Moving to 170 kWth and OF 27, the proportion of the total oxidant flowing through the 

primary register was maintained at 20% and a variety of secondary oxidant proportions 

and NO injection rates were investigated. Figure 4.8 shows the NO concentration in the 

flue gas and the unburned carbon in the ash at these different conditions, along with data 

points from two OF 30 cases at secondary oxidant proportion values chosen for achieving 

satisfactory NO concentrations and unburned carbon values at OF 27. The trendlines in the 

figure are for the OF 27 cases only. As seen in Figure 4.8, unburned carbon in particular is 

significantly affected by the burner configuration, decreasing markedly with an increase in 

secondary oxidant proportion; the increased burnout can be attributed to better mixing of 

oxygen into the fuel-rich region caused by both the increased flow of the secondary stream 

ŀƴŘ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ ƛƴǘŜƴǎƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ŦƭŀƳŜΩǎ ǎǿƛǊƭΦ  

The best performing burner configuration for the OF 27 case was found to be at S: 0.50; 

however, when this configuration was used at OF 30, the NO concentration in the flue gas 

was far greater than for the other tested OF 30 case at a S value of 0.36. The increase in 

NO emissions between these two OF 30 conditions can be attributed to the same 

conditions that cause low unburned carbon at OF 27, better mixing of oxygen into the fuel-

rich region caused by both the increased flow of the secondary stream and the subsequent 

intensificatiƻƴ ƻŦ ǘƘŜ ŦƭŀƳŜΩǎ ǎǿƛǊƭ ŎŀǳǎƛƴƎ ƎǊŜŀǘŜǊ ŦǳŜƭ-N to NO conversion. This impact on 

NO is not seen for the OF 27 case until a greater secondary oxidant proportion of S: 0.57; 

this is due to the OF 30 case having a smaller overall gas volume and greater oxygen 

concentrations in the secondary and tertiary streams, resulting in more efficient fuel-N 

oxidation. When directly comparing the two S: 0.36 cases, one can conclude that the OF 30 

regime leads to a lower NO concentration in the flue gas than the OF 27 regime; this can 

be thought to be due to the oxidant, during the OF 30 regime, having a lower density and 

mass flow, coupled with lower volumetric flow, thus forming a flame with less swirl 

momentum. This would result in reduced mixing of oxygen into the fuel-rich region and 

less fuel-N oxidation. 
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Figure 4.8 ς The impact of varying the secondary oxidant proportion and NO recycling 

regime on NO concentration in the flue gas and unburned carbon in the ash for the OF 27 

and OF 30 cases 

In addition, the variation in NO concentration between the OF 27 case and the OF 30 case 

at S: 0.36 could be due to the greater temperature of the OF 30 flame as seen in Figure 4.9. 

This would cause the char/volatile partitioning to be in favour of volatile formation 

(Kambara, et al., 1993) (Mackrory and Tree, 2009) and the char-N to NO conversion rate to 

decrease slightly. The combination of these phenomena has a greater impact than the 

increase in char-N to NO conversion that would be caused by the elevated oxygen 

concentration in the OF 30 flame (Spinti and Pershing, 2003), hence leading to net lower 

NO formation. 
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Figure 4.9 ς Temperature readings at the wall of the upper section of the furnace for the 

OF 27 case and OF 30 case at S: 0.36 

Presented in Figure 4.10 are instantaneous flame images of the investigated OF 27 flames. 

As the secondary oxidant proportion is increased, there is a clear change in the flame 

shape, which amplifies the analysis of Figure 4.8 as discussed prior. As the sliding 

partitioning damper is adjusted in order to increase the secondary flow and reciprocally 

decrease the tertiary flow, the swirl of the flame is improved due to the greater swirl angle 

of the secondary register in comparison to the tertiary register. This increased swirl results 

in a visibly shorter and broader flame and an increase of oxygen mixing into the fuel-rich 

region, which, as mentioned, increases fuel-N to NO conversion, combustion efficiency and 

flame stability. 

 

Figure 4.10 ς Instantaneous flame images of OF 27 flames at 170 kWth 

In Figure 4.11 are instantaneous flame images of the investigated OF 30 flames. The change 

in flame shape between the two burner configurations can be viewed to be less 
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pronounced than for the OF 27 flames. This is likely to be due to the OF 30 flames having a 

lower volumetric flow through it and the secondary and tertiary oxidant having a decreased 

density (due to the increased oxygen concentration), causing a weaker swirl and hence less 

change in flame width. 

 

Figure 4.11 ς Instantaneous flame images of OF 30 flames at 170 kWth 

Figure 4.12 presents a comparison of the destruction of recycled NO across the various 

burner configurations tested and the two oxy-fuel regimes, therefore highlighting impact 

of burner configuration on NO reburning. Across every tested case, NO destruction remains 

high at over 80% destruction; while, across the OF 27 cases, only a minor sensitivity to 

secondary oxidant proportion can be witnessed. The S: 0.00 and S: 0.57 cases are the only 

ones to vary meaningfully from the 90% destruction mark. Curiously, the higher secondary 

oxidant proportion of the two comes close to 100% destruction at the 300 ppm and 875 

ppm recycling regimes; this could be caused by the increased flow of the secondary 

improving NO migration into the fuel-rich zone. It should be mentioned that the growing 

presence of NO in the fuel-rich region caused by an increase in NO injection, would 

increasingly inhibit NO formation from char-N (Spinti and Pershing, 2003), thus artificially 

boosting the rate of NO destruction and misrepresenting the impact on NO reburning. It 

can be noted that NO destruction remains relatively stable as the level of NO recycling is 

increased; this suggests that NO destruction is limited by reaching a reduction/oxidation 

equilibrium, where NO is reduced by volatile-C to form volatile-N, which is then oxidised to 

reform NO and so on. When comparing the two oxy-fuel regimes, it can be seen that the 

S: 0.36 case offers both lower NO formation and greater NO destruction when 30% O2 is 
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used. However, the same trend is not seen for the S: 0.50 case, which proved to perform 

significantly worse with regard to both NO formation and destruction. 

 

Figure 4.12 ς Impact of varying the secondary oxidant proportion and NO recycling regime 

on NO destruction for the (A) OF 27 case and the (B) OF 30 case 

This can be confirmed by Figure 4.13, through analysis of the change in NOx emission rate 

with increasing NO recycling for the two common secondary oxidant proportions across 

both oxy-fuel regimes. For the S: 0.36 case, there is a growing difference between the NOx 

emission rate from both oxy-fuel regimes as NO recycling is increased, with the OF 30 

regime being vastly superior. However, for the S: 0.50 case, the OF 30 NOx emission rate is 

only improved when there is no NO recycling, implying that when the gas volume is taken 

into account, NO formation is actually improved; and when NO recycling is increased, the 

NOx emission rate for the OF 30 regime becomes significantly greater than for the OF 27 

regime. This could be due to the decreased total oxidant flow of the OF 30 case creating a 

flame with a weaker swirl than the equivalent OF 27 flame and, thus, reducing the 

residence time of recycled NO in the fuel-rich region and reducing migration to recycled 

NO from the secondary stream into the fuel-rich region when compared to the OF 27 flame. 
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Figure 4.13 ς Impact of varying the recycled NO in the emission rate of NOx, reported as 

NO2, for the OF 27 and OF 30 cases at equivalent burner configurations 

4.3.2 In-Flame Analysis of NO Recycling into OF 27 and OF 30 at 170 kWth 

Figure 4.14 shows in-flame radial profiles of key gas constituents at 75 mm downstream of 

the burner for the S: 0.36 case and OF 27 regime across a variety of NO recycling levels. 

These represent the impact of the presence of recycled NO on processes within the flame 

that contribute either passively or actively to the production and destruction of NO. The 

greatest variation can be witnessed in the NO radial profiles. When there is not any NO 

being recycled, there exists a reducing zone between 0 and 25 mm, which leads to the 

destruction of approximately half of the NO; however, when the level of NO recycling is 

increased, the decrease from 0 to 25 mm becomes less, until, at a recycling regime of 1500 

ppm, there is an increase in NO. The more extreme the recycling regime, the greater the 

volatile-N production from the reduction of excess NO; a portion of this volatile-N will be 

oxidised and, hence, this NO reformation grows with increasing NO recycling, resulting in 

this trend seen between 0 and 25 mm. 

Another interesting highlight of Figure 4.14 can be found at 75 mm from the centreline, 

where the impact of the shear boundary can be witnessed; there is a significant rise in NO 

from 25 to 75 mm, as volatile-N is oxidised by oxygen rapidly diffusing into the fuel-rich 
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region from the bulk secondary stream. This rise, however, becomes less as the rate of NO 

recycling is increased. This implies that there is less volatile-N present for the 1500 ppm 

case, highlighting the importance of the advanced reburn reactions (reducing NO with 

specifically NH3 and HCN), but could also be due the likelihood of there being reduced char-

N to NO conversion due to the increasing presence of recycled NO (Spinti and Pershing, 

2003). When analysing the CO and O2 radial profiles, one can surmise that there is a lack of 

consistent trends to imply any impact of the NO recycling on these constituents; however, 

it is also possible that any effect on local CO concentration brought about by the reaction 

with NO in the presence of char is cancelled out by any impact on the increased presence 

of NO on the combustion processes.  

In contrast, there is a drastic change in THC (total hydrocarbon) concentration when 

varying NO recycling regimes are used. When 1500 ppm NO is recycled, the THC 

concentration is far below that of the baseline case, showing that the recycled NO is 

oxidising hydrocarbon fragments; this observation is in support of Okazaki and Ando 

(1997), which states that the reactions of NO with volatile-C and volatile-N are far more 

noteworthy than the reduction of NO on char. 
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Figure 4.14 ς Radial profiles from the centreline of the burner to the wall of key flame 

constituents at 75 mm from the burner for the OF 27 case at S: 0.36 for a variety of NO 

recycling regimes 

Figure 4.15 shows radial profiles of key gas constituents at two burner configurations, S: 

0.36 and S: 0.50, and two NO recycling regimes, 0 ppm and 300 ppm, for OF 27. It can be 

observed that when there is no NO being recycled, there is less NO measured for the S: 

0.36 case than the S: 0.50 across the entire profile, bar the 125 mm point, which is similar 

due to dilution caused by the bulk secondary oxidant as shown by the extremely high O2 

concentration at this point. The THC and CO concentrations are far higher for the S: 0.50 

case at the points that can be considered within the inner recirculation zone (IRZ) (0 and 

75 mm) than the S: 0.36, implying poorer combustion but also that this region is more fuel-

rich.  

To analyse the impact on NO reburning in these graphs, one can consult the difference 

between the values recorded with and without NO injection for the respective burner 
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configuration. At 0 mm, this difference is less for the S: 0.50 case than the S: 0.36 case; this 

indicates that there was greater NO reburning at this point, most likely a result of the 

region being more fuel-rich. This is coming about due to the decreased tertiary flow of the 

S: 0.50 case, creating an external recirculation zone (ERZ) that is weaker and has a lower 

O2 concentration, as can be observed at the points between 175-400 mm. When this 

weaker ERZ recirculates to the root of the flame, less oxygen will be transferred into the 

IRZ, resulting in the lower O2 and higher THC and CO witnessed for the S: 0.50 case at 0 

mm.  

Furthermore, although there is more O2 being transferred to the root via the ERZ for the S: 

0.36 case, the rate of NO formation appears to be lower; this seems to indicate that the 

rate of transfer of O2 from the secondary stream into the IRZ is more critical to NO 

formation than the rate of transfer of O2 from the ERZ to the root of the flame. As opposed 

to the case at S: 0.36, the presence of recycled NO for the S: 0.50 case results in a slightly 

increased CO and THC concentration and, therefore, lower combustion efficiency. During 

the OF 27 regime and at a burner configuration of S: 0.50, although a more fuel-rich IRZ is 

created and the rate of NO reburning appears to increase as a result, the increase in NO 

formation is too substantial to make a significant improvement. 



109 

 

 

Figure 4.15 ς Radial profiles from the centreline of the burner to the wall of key flame 

constituents at 75 mm from the burner for the OF 27 case at S: 0.36 and S: 0.50 with and 

without NO recycling 

Figure 4.16 displays a comparison of radial profiles of the same key gas constituents and 

variables as in Figure 4.15 but during the OF 30 regime. When there is no NO being 

recycled, the S: 0.36 case produces less NO in the area between 0-75 mm from the 

centreline of the burner than the S: 0.50 case. Furthermore, when there is NO being 

recycled, the increase in measured NO, THC and CO concentrations of the S: 0.50 case at 0 

mm is far greater than that of the S: 0.36 case. This runs contrary to the trends found for 

OF 27 regime and is most likely due to an anomalous deficiency in O2 at this point, which 

can be caused by some compacted coal entering the flame, which in turn could be caused 

by a bridging collapse in the fuel hopper or simply from topping up the fuel hopper (uneven 

coal feeding). 
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The change in NO concentration in the flue gas between the dilution point at 125 mm and 

the start of the ERZ at 175 mm differs depending on the injection regime. There is a larger 

increase for the 0 ppm case, implying that there is a greater amount of volatile-N present 

to be oxidised in the burnout oxidant. Whereas for the 300 ppm case, the recycled NO must 

be undergoing advanced reburning, therefore depleting the volatile-N content and 

reducing this increase in NO. For each burner configuration, the NO concentration in the 

ERZ (past the 175 mm point) is largely similar and depends only on the NO recycling regime; 

this suggests that the reduced tertiary flow rate of the S: 0.50 case has a minimal impact 

on the ERZ, which is in opposition to the observations of the OF 27 regime. This could be 

attributed to the fact that the total mass flow rate of oxidant used at OF 30 is markedly less 

than at the OF 27 regime, and as a result, the flame is of a smaller volume. This aspect 

makes it likely that the flue gas recirculating in the ERZ originates from a location in the 

furnace where the chemistry can be described as more resolved, compared to the OF 27 

regime. This phenomenon has the impact of decreasing the difference between the 

measured concentrations of the different burner configurations at 0 mm for the OF 30 

regime compared to OF 27 and, therefore, of showing that burner configurations can have 

different impacts at different oxy-fuel regimes. 
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Figure 4.16 ς Radial profiles from the centreline of the burner to the wall of key flame 

constituents at 75 mm from the burner for the OF 30 case at S: 0.36 and S: 0.50 with and 

without NO recycling 

Figure 4.17 shows axial profiles down the centreline of the furnace of key gas constituents 

at two burner configurations, S: 0.36 and S: 0.50, and two NO recycling regimes, 0 ppm and 

300 ppm, for OF 30. At the 75 mm point (as with Figure 4.16), it can be observed that NO 

formation is higher for the S: 0.50 case compared to the S: 0.36 case. When the furnace is 

descended to 375 mm, there is a peak in NO and the NO concentration for the S: 0.36 case 

rises further than for the S: 0.50 case, implying that NO formation might actually be delayed 

for the S: 0.36 case. However, this delay in NO formation seems not to have an impact on 

NO reduction by reburning, as the cases with NO recycling are only marginally greater than 

the cases without and so destruction is high for both burner configurations. The minimum 

NO concentration in the profile is found at 800 mm and coincides with a substantial drop 

in the THC concentration from the peak at 375 mm, most likely caused by the reburning of 
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recently formed NO; the depleted O2 at this point would facilitate this NO destruction at 

both burner configurations. There is a return of a considerable O2 concentration from 800 

mm down and this coincides with a rise in NO, which can be attributed to oxidation of any 

remaining volatile-N either originating from the fuel or from the reaction of NO with 

volatile-C. 

These profiles can be broken down into three zones: the first zone encompasses the 

evolution of the reducing species and is located at 75-325 mm, the second zone involves 

the destruction of these reducing species in an oxygen deficient environment and is located 

at 325-800 mm, while the third zone covers the oxidation of any remaining reducing 

species and is located from 800 mm to the flue. This simplified breakdown is complicated 

by the introduction of recycled NO. This recycled NO is almost entirely destroyed within 

the first zone and is likely to cause a great increase in volatile-N, compared to a flame 

without recycled NO; this is then oxidised in the oxidation zone causing a greater increase 

in NO concentration from 800 mm onwards for the cases with recycled NO. This 

observation could also be due to the destruction rate of NO in the tertiary stream being 

lower than the other streams; however, literature shows that the destruction rate of NO 

in the secondary and tertiary streams should remain significant  (Liu, et al., 2005b). 

Nevertheless, it is preferable and necessary to control this additional volatile-N using the 

second zone to minimise conversion back to NO. 
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Figure 4.17 ς Axial profiles down the centreline of the furnace of key flame constituents 

for the OF 30 case at S: 0.36 and S: 0.50 with and without NO recycling 

Figure 4.18 presents an illustration identifying the major aerodynamic zones within a 

furnace utilising a single swirled flame. The relative size and intensity of these zones will 

affect the chemistry within the fuel-rich zone and, hence, the ability to minimise NOx 

formation and achieve the highest possible combustion efficiency. This study only 

investigated a single burner furnace but the majority of practical industrial boilers will 

utilise many burners in an array, and the flames they produce are likely to affect each other 

aerodynamically and chemically. As this cannot be replicated in the CTF and it is outside of 

the scope of this study to model, it is important to theoretically explore possible 

divergences to the trends presented in this study. One apparent difference would be a 

nominal change in the composition of the JEZ (jet expansion zone); this would be caused 

by the invasion of flue gas from parallel or opposite flames. The impact of this would in 

turn be a change in the composition of the ERZ, which is crucially returned to the root of 
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the flame and has been shown to have an important impact on the flame properties in this 

study; thus, any trends related to the ERZ from this study may be slightly compromised in 

a boiler. There will also be a disruption of the eddies within the ERZ, varying the speed at 

which heat and species are recirculated to the root of the flame. It is likely, however, that 

the IRZ and processes at the shear surfaces within the flame would be mostly protected 

from the effects of flames in series, and, therefore, the described impacts of burner 

configuration on NO reburning in particular would remain valid for a full-scale boiler. 

 

Figure 4.18 ς Distinct zones within a furnace with a single swirled flame (Adapted from 

Pedersen, et al., 1997) 

4.4 Conclusions 

This chapter studied the impact of varying burner configuration on NO formation and NO 

reburning during oxy-coal combustion. The burner configuration was varied by altering the 

partitioning of the combined burnout oxidant between the secondary and tertiary using a 

sliding damper on the burner. This was considered to have the impact of altering the 

stoichiometry within the fuel-rich zone by increasing/decreasing the swirl of the flame and, 

hence, increasing/decreasing mixing of oxygen into the fuel-rich zone. Commissioning tests 

were carried out prior to progression through the test matrix, in order to establish a 

desirable proportion for the primary oxidant flow rate and to establish whether NO should 

be injected into solely the primary stream, just the secondary and tertiary streams, or all 

streams. These attributes were established as 20% of the overall oxidant and the injection 

of NO into all oxidant streams, but the commissioning tests highlighted issues with the 

stability of the flame under the pre-conceived settings. In order to increase stability, the 

thermal capacity was decreased from 200 kWth to 170 kWth and the oxygen content in the 

primary oxidant was increased to 21%. It was theorised that reducing the thermal rating 












































































































































































































































































