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A B S T R A C T 
 

Hydrogen carriers, such as Ammonia (NH3), is anticipated to be used as a 
carbon-free alternative for solid fuels, such as coal. Hence, the effect of air 
staging ratio (ASR) on emissions from NH3 co-firing with sub-bituminous coal 
was numerically investigated in a small-scale coal combustor via a Large Eddy 
Simulation (LES) method. The validation with experimental data demonstrated 
a difference in nitrogen oxides (NOx) and temperature profiles of less than 10 
%. Carbon dioxide (CO2) and sulphur dioxide (SO2) levels are decreasing as the 
NH3 percentage rises, but ASR has minimal influence. Increasing the ASR from 
20 to 60 % resulted in NOx reduction, except for 60 calorific (cal.) % NH3, where 
NOx began to grow at ASR 60 %. In the said case, peak temperature was 
recorded in the over-fire Air (OFA) zone due to considerable unburned carbon 
(UC) oxidation, resulting in an increase in thermal NOx. Due to oxygen 
deficiency, coal volatiles and NH3 are thought to burn in the firing zone due to 
dominant devolatilization, resulting in significant UC/char oxidation in the OFA 
zone. Overall, with proper ASR tuning, NH3 co-firing can produce low CO2, SO2, 
and NOx, and existing coal-fired utility ASR technology can be used. 

1. Introduction  

Nowadays, the electricity sector accounts for a 

significant share of worldwide carbon dioxide (CO2) 

emissions [1-2], primarily because coal-fired thermal power 

plants supply a substantial share of global electricity demand, 

owing to their large reserves and affordability [2-6]. It is a 

known fact that coal-fired thermal power plants emit more 

CO2 than other generation systems [7], since coal has a 

relatively higher carbon content than almost all other fossil 

fuels [8]. And it serves as one of the main anthropogenic CO2 

emission sources [9], accounting for 41 % of worldwide CO2 

emissions in 2023 [10]. A reduction in greenhouse gas (GHG) 

emissions is critical as a key control measure for climate 

change issues, and it is now becoming a worldwide accord [9-

13]. The attainment of a sustainable society is extensively 

spoken about, and the pressure on coal-fired utilities to 

decarbonise is heightening [5]. At the UN's Climate Change 

Conference (COP26), more than 40 nations made pledges to 

abandon coal. Despite the excitement surrounding the net-

zero carbon transition, the global energy crisis in recent years 

has led to a rush for coal demand once more, demonstrating 

that the rapid switch to renewable energy is, in fact, more 

difficult than anticipated. One of the solutions to this issue is 

to gradually phase out coal, so that there is an adequate 

amount of time for low- and/or zero-carbon technologies to 

reach economies of scale [2]. Therefore, while waiting for 

these technologies and their associated supply chains to fully 

mature, decreasing negative emissions from existing coal-

fired thermal power plants is critical for reducing the carbon 

footprint and eventually establishing the targeted net-zero 

society [9-10]. Therefore, various techniques are being 

established to reduce CO2 emissions from the said plants, 

including integrated gasification combined cycle (IGCC), 

ultra-supercritical technology [10], oxy-fuel combustion, 

carbon capture and storage (CCS) [7], double reheat 

technology [10], and the use of low-/zero-carbon fuels [11]. 

When it comes to employing these types of fuels, biofuels 

(such as biogas and biomass) are appealing fuels for co-firing 

applications. Yet, variability in harvesting periods indicates 

fluctuations in feedstock supply and presents significant 

hurdles for both operations and market sentiment. Carbon-

free fuels, such as hydrogen, are another option, expected to 

play an increasingly important role in creating a net-zero 

society, especially in hard-to-abate sectors [11-15]. However, 

owing to its unique properties [11], the storage and 

transportation of hydrogen remain relatively complex 
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[13,16]. Hydrogen carriers, such as ammonia (NH3), are 

effective alternatives to pure hydrogen, as demonstrated in a 

report by Rahman [13], owing to their relatively high 

hydrogen density compared with other hydrogen carriers, 

such as organic hydrides [16-17]. Additionally, NH3 is a 

desirable vector for hydrogen because it retains roughly 90% 

of the energy from the hydrogen feedstock and is much easier 

to store due to its ease of liquefaction [18]. Having said that, 

NH3 is an enabler of the hydrogen economy, not a competitor 

[19]. Furthermore, as a fuel, NH3 can be employed in existing 

plant-related combustion systems without the need for a 

procedure to extract its hydrogen content [18], albeit with 

tuning works to be done where necessary. NH3 has been 

regularly and widely employed as a denitrification material in 

boilers and plants. The latest movement in decarbonising the 

shipping industry with NH3 as a marine fuel is an obvious 

indication of some of its benefits that can be potentially 

adapted to power generation systems, such as production 

scalability, a comparatively adequate energy density with 

relatively simple storage needs as opposed to pure H2, and 

secured usage in existing industrial processes. NH3 is already 

an essential commodity chemical worldwide, with a mature 

storage and distribution supply chain that is becoming 

increasingly crucial to vital aspects of global society, such as 

the fertiliser industry [17]. As such, infrastructures for NH3 

storage and delivery are well developed [3, 12], and its initial 

and operational costs are expected to be relatively lower than 

those of other low-carbon/carbon-free fuels and hydrogen 

carriers [7], with several techno-economic studies indicating 

that it has the potential to be the lowest cost zero-carbon 

option. Hence, NH3 could be a preferable candidate for 

widespread use in the future because it is both a hydrogen 

carrier and a potential replacement for conventional fossil 

fuels. Hence, it is clear that interest in NH3 as an electricity-

generated component is growing, especially with its prospect 

as a crucial fuel/feedstock for decarbonising power 

generation [2]. 

Co-firing of coal and NH3 has recently been regarded as a 

promising method for minimising CO2 emissions from coal-

fired thermal power plants [17]. For the production of NH3 as 

a fuel, the "blue NH3" is expected to be created using CCS to 

capture carbon emissions [10]. The "green NH3" could be 

produced from hydrogen electrolysis from water, utilising the 

excess renewable electricity (e.g., wind and solar power) [9]. 

Hence, “green NH3” is a derivative renewable fuel that 

functions as a transporter and a storage option for renewable 

energy [17]. At the same time, it is important to note that the 

reduction in emissions from NH3 co-firing is also highly 

affected by the NH3 production method [18]. Yet, NH3 co-

firing remains one of the most realistic and appealing options 

compared to most strategies for fuel blending scenarios [19]. 

Co-firing methods aim to maximise the utilisation of facilities 

in existing coal-fired power plants, potentially reducing 

resource waste and financial/opportunity losses due to 

power plant early retirement [20]. Moreover, reducing the 

carbon content of the main fuel stream (in this case, coal) 

could help cut CO2 emissions. However, given the limited 

capacity of NH3 production facilities worldwide, it is unlikely 

that NH3 will fully replace coal in the short to medium term 

[3]. Possibly in the future, especially in the scenario of NH3 

yield sees an exponential increase due to its use as a hydrogen 

carrier (combined with government fuel incentives), the 

associated cost of NH3 procurement has the potential to fall 

even further, and it can thus be used as one of the main energy 

vectors for power generation systems [7]. By utilising green 

NH3 as a carbon-free fuel, the integration of existing coal-fired 

power plants and low-carbon renewable options could be 

realised, providing an essential engineering pathway for a 

potentially cleaner coal-fired power generation [10]. Thus, at 

the moment, co-firing NH3 with pulverised coal in a boiler is 

seen as a quick and viable means of effectively lowering CO2 

emissions from these systems, as the world waits for the 

eventual full phase-out of coal-fired power plants [17]. 

Despite this, co-firing NH3 in coal-fired boiler systems 

could result in elevated nitrogen oxide (NOx) emissions, 

owing to its much higher fuel-nitrogen content [9, 12]. These 

impacts must be investigated in advance, including their 

emissions and combustion aspects, if NH3 co-firing is to be 

widely used in the future. Various organisations worldwide 

have researched the combustion properties of NH3 [7]. In the 

context of combustion assessments, comprehensive data on 

NH3 flame propagation across varying operational scenarios 

aid combustion dynamics assessment and the development of 

comprehensive reaction mechanisms [12, 16].  

Recent advances in research on NH3 co-firing technology 

with pulverised coal have been published [3,20]. IHI 

Corporation, for instance, successfully tested NH3 co-firing in 

a pulverised coal combustor system (10 MW size), with NH3 

accounting for 20% of the co-firing ratio. Moreover, the 

results from these experimental works have demonstrated 

that for the case of NH3 co-firing, unburned carbon (UC) in fly 

ash and NOx emission could be comparable to those in the 

scenario of full coal firing, if a proper NH3 injection technology 

is adopted. In separate experimental research, the 

characteristics of pulverised coal+NH3 co-firing were 

explored in detail via a horizontally shaped single burner with 

the feeding rate of 100 kg/hr (coal) [3]. Their results have 

shown that when the NH3 was injected from the burner’s 

centre with NH3 of 20 cal.%, NOx concentration in the flue gas 

has been seen to be elevated by roughly 20 % from the pure 

coal firing case, and UC in fly ash increased in a moderate 

manner. These findings suggest that controlling/tuning NH3-

coal co-firing while preserving both flame stability and NOx 

emissions is a significant challenge that requires further 

research to achieve acceptable combustion characteristics. 

Tuning the air staging ratio (ASR) is another potential 

approach for decreasing NOx emissions when co-firing coal 

and NH3. This is the same strategy employed in existing coal-

fired power plants, where airflow is distributed via the 

combustion air and then separated into the burner zone and 

the over-fire air (OFA) zone above the burner regions [21-22]. 

The existing air staging system in most coal-fired utility 

furnaces is a technical advantage. As a result, its start-up and 

operating costs are expected to be relatively low, as it 

requires essentially no alteration to the existing coal-fired 

power system. The only significant change in co-firing NH3 is 

at the burner, where a novel NH3-co-fired burner is required 

to inject NH3 with coal [20]. While several studies have 

examined the co-firing of coal and NH3 to evaluate its 

combustion and emission properties, there have been very 

few investigations into the effects of ASR on these properties. 

Moreover, a number of important works on NH3 co-firing 
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mostly assumed an ideal reactor network model [4, 5, 7, 9, 

12]. This assumption is known to neglect the 3D effects of 

fluid dynamics. Weng [5], for instance, examined the presence 

of sulphur and alkali species in NH3 conversion processes in a 

post-flame environment using ideal reactor networks 

(Chemkin PRO software), with a focus on the characteristics 

of NO emissions and the slip of NH3 in flue gases. 

Despite the fact that NH3 and low-rank coals have 

comparable energy density [19], it is clear that important NH3 

properties, for example its relatively low laminar burning 

velocities and energy [16, 23], as well as elevated ignition 

energies and high auto-ignition temperatures [19], make it 

more difficult to combust NH3 efficiently and achieve the 

operational and combustion performances required by 

existing coal-fired power plants. In fact, more assessment is 

necessary before NH3 is used in existing coal-fired power 

plants to better understand its combustion and emission 

properties, mainly through further research on the kinetics 

and fluid dynamics of NH3 co-firing/full-firing, to aid flow 

tuning, such as ASR control. 

One viable option is computational fluid dynamics (CFD), 

which can be a useful tool for detailed investigations of the 

impact of ASR on NH3 co-firing. Subsequently, it can aid in the 

tuning of the ASR for actual coal-NH3 firing for NOx reduction 

in power plants. CFD has been frequently utilised to examine 

heat transmission and combustion dynamics in pulverised 

coal-fired utility furnaces. Zhang [3], for instance, used CFD 

approaches to examine the impact of NH3 ratio on coal+NH3 

co-firing in a pulverised coal combustor facility. The 

modelling findings were compared with experimental data on 

NOx, CO2, and UC levels. However, when compared to NOx 

readings from experimental data, the modelling approaches 

that use the Reynolds-averaged Navier-Stokes (RANS) model 

to resolve turbulence flow produced a 35 % and 47 % 

difference in NOx and UC levels, respectively.  

Cardoso [2] has also used one of the RANS-based models, 

the k- realizable model, to investigate NH3 and biomass co-

firing in a pilot-scale fluidised bed reactor system. The 

predicted CO2 and NO emissions from coal+biomass co-firing 

were compared to the actual CO2 and NO emissions from 

coal+biomass co-firing experiments. While the validations 

show reasonable agreement in terms of trend, there is no 

direct validation with real coal-NH3 co-firing. Therefore, it is 

still not entirely safe to assume that it can reliably simulate 

coal-NH3 co-firing when the validation basis is for different 

fuel blends (coal-biomass). Furthermore, post-processing is 

the most commonly used approach for NOx modelling, in 

which the main gas compositions, temperature, and velocity 

distributions are first obtained from combustion numerical 

calculations; then NOx-related reactions are added [3]. As a 

result, it is advised to use the combustion simulation 

parameter to evaluate a reasonable validation. Furthermore, 

actual NH3 co-firing test data should be used as a validation 

benchmark. 

In terms of resolving turbulence flow, while the use of the 

RANS model is beneficial to account for the accuracy and 

efficiency of the computational processes of NH3 co-firing [2], 

there is still more research required to fully comprehend the 

coal-NH3 flame dynamics and its associated emissions, which 

can only be achieved through the use of Large Eddy 

Simulation (LES). The key advantage of LES over RANS 

approaches is that it treats turbulence-chemistry interactions 

(TCI) more realistically [24]. As a result, higher fidelity to 

simulation results can be achieved. Through the low-pass 

filtering method, the LES reduces the computational burden 

by ignoring small length scales that require significant 

computational effort. Instead, the effect of these small length 

scales will be modelled using sub-grid scale models [25]. 

Therefore, LES is a powerful algorithm with a good trade-

off between reliable combustion dynamics predictions and 

computational cost. While LES has been commonly used for 

NH3 combustion simulations, the majority of these studies 

have been focused on co-firing with gaseous fuel, primarily 

natural gas and methane (CH4) [26-28]. The use of LES for 

coal+NH3 co-firing research is still lacking. Furthermore, the 

effect of varying ASR on NH3 co-firing must be studied further 

for future implementation in coal-fired power plants. Hence, 

reliable prediction of flame structures, temperature 

dynamics, and NOx levels is an important goal in the 

numerical modelling of coal+NH3 co-firing via LES in order to 

provide a holistic risk assessment for coal+NH3 co-firing at 

varying ASRs. As a result, in this study, CFD assessments using 

a detailed LES were performed to examine the effects of NH3 

co-firing on emissions in a small-scale coal combustor facility 

at various ASRs. Among the studied pollutants are CO2, SO2, 

and NOx. Sub-bituminous coal rank was used since it is the 

most commonly used coal rank in Malaysia’s coal-fired power 

plants [29-30]. The prediction accuracy of the CFD approach 

was first evaluated by comparing it to actual testing data from 

the pulverised coal combustor testing facility. 

2. Experimental setup  

The coal+NH3 co-firing test was carried out in TNB 
Research's pulverised coal combustor facility, as shown in 
Figure 1. The thermal input of 150 kW is employed for the co-
firing assessment. NH3 was inserted radially and 
concentrically from the centre of the coal injector burner, 
allowing direct mixing with the entering coal and air. This is 
also to lower the flow velocity of NH3, allowing for a longer 
residential mixing time with the coal+air mixture. The coal 
combustor facility has been built with a flue gas analyser, K-
type thermocouples at combustor sections, and a single swirl 
burner. The air and fuel inlets, the main combustion section, 
the heat exchanger, and the cyclone are the main parts of the 
combustor.  

The facility also includes a high-temperature glass 

window for viewing the flame profile and temperature 

measurements. Within the facility, the embedded combustor 

is configured in an L-shape to simulate a typical coal-fired 

boiler layout. This allows for the distinction between 

radiation, where the high-temperature combustor/flame 

zone occurs, and convection zones. The coal sample was 

transported using primary air (PA). Another flow of air, 

known as secondary air (SA), acts as an oxidising component 

for the primary combustion process. Throughout the test 

program, the PA flow rate was held constant at 9 Nm3/hr, 

while the coal, SA, and NH3 volume flow rates were calculated 

on a calorific/thermal input basis and maintained at 150 kW. 

The combustor main body, or the longer section of the L-

shape, is made up of four tube sections that measure 3.3 m in 

length and have an internal diameter of 0.6 m each. Each tube 

section contains one K-type thermocouple for temperature 

measurement. Section 1 is upstream, and Sections 2, 3, and 4 
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come after it. The downstream part of the combustor (the 

shorter length) is about 0.91 m long and has an internal 

diameter of 0.3 m. 

 
Figure 1. TNB Research's pulverised coal combustor facility 

The gas temperatures and compositions at the 

combustor outlet, comprising CO2, SO2, and NOx, were 

constantly measured. One of the key aspects of ensuring the 

success of the testing is to ensure that the temperature from 

the combustion process within the combustor reaches a 

sufficiently high temperature condition and then maintains 

that temperature condition throughout the testing process so 

that it can mimic the actual temperature condition within the 

combustion zone of the actual boiler temperature condition. 

Hence, to achieve this flame temperature, liquefied petroleum 

gas (LPG) was also fed at a certain range of mass flow rate, 

roughly 2 kg/hr, with manual flow rate tuning required 

intermittently to maintain the desired temperature. The 

presence of NH3 was also assessed in the flue gas via a 

detector tube to ensure that no slip of NH3 occurred. 

Discharge of NH3 into the surrounding area is prohibited due 

to its toxicity [20]. For modelling validation purposes, out of 

all the testing cases that were done, one test case of pure coal 

firing and one test case of NH3 co-firing with a 60 cal.% 

proportion were selected. The ASR (fraction of OFA) in both 

of these cases was around 20 %. The properties of the fuels 

utilised in experiments and numerical studies are shown in 

Table 1. 

3. Numerical setup 

CFD techniques were used to simulate the combustion 

dynamics of pure coal firing and NH3 co-firing at various ASRs 

and NH3 co-firing ratios. ANSYS FLUENT 19.0 was used, and 

the majority of the default CFD solvers and models were 

already embedded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Yet, a new model establishment was needed to account 

for coal kinetics. The coal-firing simulation accounts for three 

key stages of the coal combustion process: devolatilization of 

coal, the subsequent conversion/reaction of char, and volatile 

reactions (from volatiles released during early 

devolatilization). The coal network model and the coal 

database from TNB Research’s analytical fuel laboratory were 

used to determine the composition of volatiles and the 

corresponding rate constants for coal devolatilization. Our 

prior studies [29-30] show the chemical reactions and coal 

combustion models employed in the current CFD 

assessments. The compressible and reacting Navier-Stokes 

(NS) equations were used in the numerical model. The 

pressure-based solver was used to solve the governing 

equations. Turbulence was solved using the Large Eddy 

Simulation (LES) model [31]. Wan [32] and Sun [33] provide 

detailed information on the formulations utilized in the NS 

equations and LES model for coal combustion. All of the 

equations were discretised using second-order upwind 

methods. The coal particle trajectories were traced via a 

Lagrangian approach, which took into account turbulent 

dispersion factors in the coal trajectories, an important 

consideration due to the turbulence mixing of the coal that 

occurs in the combustor facility. Another consideration is 

radiation, which was simulated using the discrete ordinate 

(DO) approach. The radiation model setup includes 

discretisation, which includes an angular direction of 5 

divisions, as well as polar and azimuthal orientations of 3 

pixels each. The weighted-sum-of-gray-gases model 

(WSGGM) [3] was used to predict gas emissivity. 

Within the entire CFD frameworks, a different method 

known as a post-processing technique was employed to 

predict NOx emissions from the simulated combustion 

processes of these fuels. The technique first allowed all 

combustion iterations to occur, during which all key 

modelling results were obtained, including temperature, 

major gas composition, and velocity distributions. Then, 

reactions of hydrogen cyanide (HCN), NH3, thermal NOx, and 

the eventual NOx reduction by released/residual char were 

incorporated after these key iterations in the combustion 

computation had finished. Having said that, it occurred during 

post-processing, not during the main processing. Accordingly, 

NOx-related species such as NO, NH3, HCN, O, hydroxide (OH), 

and N were computed at this stage. Turbulence, flow, other 

major gas compositions such as CO2, oxygen, hydrogen, and 

carbon monoxide (CO), as well as energy and radiation 

equations, were already solved during the main processing 

phase. Figure 2 summarizes the calculation approaches for 

the kinetics of coal-NH3 combustion and the corresponding 

NOx emissions.  

 

 

 

 

 

 

 

 

 

 

 

Table 1. Fuel properties 

Proximate analysis, wt. %, ad., coal 
(TM-Total moisture, VM-Volatile matter, 

FC-Fixed carbon, AC-Ash content) 

Ultimate analysis, wt. %, ad., coal 
(C-Carbon, H-Hydrogen, N-Nitrogen, O-Oxygen, S-

Sulphur) 

GCV- Gross Calorific Value, 
ad., coal (kcal/kg) 

TM VM FC AC C H N O S Coal A NH3 LPG 

24 41 39 2 68.7 4.4 0.9 23.7 0.2 6,449 5,374 11,775 
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Figure 2. Calculation approaches for the coal-NH3 combustion 
kinetics and NOx 

Table 2 depicts the main conditions of simulated cases. 

This study included 16 cases. The same heat input utilised in 

the experiment was employed in all numerical cases. As 

previously stated, the co-firing ratio was calculated on a 

calorific/thermal input basis and set at 150 kW. The coal, NH3, 

and LPG flow rates are shown in Table 2. All cases have an 

equivalence ratio (Ø) of 1, indicating a stoichiometric 

condition. The combustion air (PA + SA) flow rate was 

determined using the coal/NH3/LPG ratio at a stoichiometric 

condition. The coal-to-NH3 co-firing ratio was varied, and NH3 

co-firing was increased from 0 to 60 cal.% at various ASRs. 

While the maximum ASR for a coal-fired air-staged 

combustion system is typically no more than 40 % due to fuel 

burnout issues, the ASR was set to 60 % for the current 

assessment to gain combustion insights for future ASR tuning 

of coal-NH3 firing in actual coal-fired power plants. The 

overall ratio of coal+NH3 to LPG was kept constant to ensure 

a constant LPG flow rate, with the LPG ratio kept at 27 cal.% 

and the rest being coal+NH3 ratio (83 cal.%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The exact drawing of the combustor facility was used to 

generate the 3D model of its computational domain, which 

was later discretised mainly with hexahedral meshes using 

the Assembly Meshing method. A mesh-independent test was 

performed to ensure that the modelling results were not 

affected by the number of meshes. Table 3 presents the 

properties of the meshes used in the computational domain. 

Since the quality of meshes affects the spatial discretisation 

error, meshes were generated with both skewness and 

orthogonality taken into account to reflect overall mesh 

quality. Orthogonality indicates how closely the angles 

between consecutive mesh faces approach the ideal mesh 

angle. The scale of orthogonal quality ranges from 0 to 1, with 

1 indicating the highest quality [34]. Skewness reflects how 

close the mesh is to an optimal equiangular mesh. 

Heavily skewed meshes and their corresponding faces 

are unsuitable, as the governing equations are solved under 

the assumption that meshes are roughly equiangular. 

Skewness also ranges from 0 to 1, where values close to zero 

have the slightest deviation from a normalised equiangular 

angle [34]. All meshes were optimised to achieve high quality 

across both mesh quality metrics, as shown in Table 3. 

The predicted velocity and NOx (case C12) at the coal 

combustor outlet as the mesh count changes are shown in 

Figure 3. When the mesh number is increased from 2.412 

million to 4.171 million, NOx and velocity change little, with 

variations of less than 1 %. Hence, 2.412 million meshes were 

selected for the coal combustor domain.  

Figure 4 illustrates the mesh-independent model of the 

coal combustor’s computational (fluid) domain, as well as the 

boundary inlet details. Since the upstream region (inlet) 

entails intricate reactions and mixing of NH3, coal, air, and 

LPG, a finer mesh was generated in that zone. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Primary conditions of simulated cases 

Cases ASR (%) Coal + NH3 = 82 cal.% LPG (cal.%) Coal (kg/hr) NH3 (kg/hr) LPG (kg/hr) Ø 

Coal (cal.%) NH3 (cal.%) 

C10 0 100 0 27 10.00 0.00 2.00 1 

C12 20 80 20 8.00 2.40 

C13 40 60 40 6.00 4.79 

C14 60 40 60 4.00 7.19 

N20 0 100 0 10.00 0.00 

N22 20 80 20 8.00 2.40 

N23 40 60 40 6.00 4.79 

N24 60 40 60 4.00 7.19 

N30 0 100 0 10.00 0.00 

N32 20 80 20 8.00 2.40 

N33 40 60 40 6.00 4.79 

N34 60 40 60 4.00 7.19 

N40 0 100 0 10.00 0.00 

N42 20 80 20 8.00 2.40 

N43 40 60 40 4.00 4.79 

N44 60 40 60 4.00 7.19 
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Table 3. Mesh characteristics 

 

 

Figure 3. Predicted velocity and NOx at varying mesh counts 
(location: combustor outlet) 

 

  

(a) (b) 

 
Figure 4. Coal combustor domain with (a) mesh model and (b) 
boundary inlets in plane AA view 

4. Results and discussion 

Figures 5 and Figure 6 display the validation results for 
NOx levels and temperature profiles from experiments and 
numerical simulations. The numerical results from the 
simulated cases with varied ASRs were thoroughly evaluated 
in subsequent sections based on predicted CO2, SO2, and NOx. 
For validation, NOx and temperature profile data from 
experimental coal firing and NH3 co-firing were compared to 
the numerical results from cases C12 and N42, respectively. 

4.1 Validation I: NOx concentrations 
According to Figure 5, NH3 co-firing results in higher NOx 

concentrations at the combustor exit in both the simulation 
and the experiment than in coal combustion. Based on the 

validation cases, the NOx concentrations in the coal-firing and 
NH3-cofiring cases are 265 and 1,573 ppm, respectively 
(according to the experimental results). Therefore, as the 
fraction of NH3 climbs to 60 cal.%, the NOx concentration 
increases by around 494 %, roughly five times more than that 
produced by the pure coal combustion scenario. It is well 
known that decreasing prompt and thermal NOx is always 
challenging in combustion involving carbon-dominant fuels. 
Yet, it appears that adding NH3 enhances the likelihood of 
fuel-bound nitrogen to interact with oxygen in the air, as seen 
in the experimental results in Figure 5. The synergistic effect 
of the fuel-bound nitrogen results in a considerable increase 
in the total NOx emissions, which consists of fuel, prompt, and 
thermal NOx. 

According to the numerical results, the established 
model appears to perform reasonably well when comparing 
the NOx results from both the model and the testing, with 
discrepancies in NOx concentrations between the two (for 
both coal firing and NH3 co-firing) being below 10 %. Despite 
the model's ability to simulate a broadly similar increasing 
trend in NOx emissions when NH3 co-firing is employed 
compared to the 100% coal firing case, there remains a slight 
variation between NOx values simulated by the established 
model and the ones obtained from the actual tests. One 
explanation for the minor discrepancies is that the techniques 
for NOx modelling used in this study, as previously mentioned, 
are based on a method that relies heavily on a set of 
mechanism that is semi-empirical in basis [3]. Of course, in 
the actual kinetics process from these fuels’ combustion, the 
reaction pathways for the NOx production are substantially 
more intricate, necessitating a greater computing cost to 
resolve the key chemical kinetics that are involved [12]. 
Therefore, semi-empirical mechanisms, while excellent for 
parametric and/or scaling assessments, may not be fully 
sufficient to provide absolutely correct NOx emissions. 
Nonetheless, when compared to the testing data, the 
simulation results shown in Figure 5 still showed a NOx 
difference with testing results below 10 %. Furthermore, 
quantitatively, it can be observed that the trend in the testing 
data matches the trend in NOx emissions simulated by the 
established numerical model. Hence, adequate validation can 
be reasonably claimed as the model can model NOx emissions 
with reliable accuracy for both pure coal firing and NH3 co-
firing. Safety-wise, it is important to note that the slip of NH3 
was not detected at the outlet of the combustor facility 
throughout the tests, which can be safely assumed to mean 
that there are no safety issues related to toxic NH3 slip being 
detected.  

Figure 5. NOx results from numerical and experimental works (ASR 
20 %) 

Average 
element 

size (mm) 

Meshes, 
106 

Orthogonal 
quality 

Skewness 

300 0.069 0.916 0.094 

200 0.081 0.936 0.079 

100 0.120 0.971 0.051 

50 0.162 0.990 0.024 

30 0.273 0.991 0.041 

20 0.530 0.993 0.037 

15 0.958 0.992 0.025 

13 1.425 0.990 0.016 

10 2.412 0.995 0.014 

8 4.171 0.996 0.019 
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It can be reasonably postulated that this is mainly 
because of the direction in which the NH3 was injected into 
the combustor, where it is injected radially and concentrically 
from the coal injector’s centre at the burner inlet. This allows 
for a higher residence time for mixing with incoming 
combustion air and coal, hence reducing the jet velocity of 
NH3 entering the combustor. With the combined effects of 
these higher mixing rates, the potential for NH3 to escape 
from the recirculation zone is lower as well (as supported by 
a previous study [7]). This recirculation zone is important for 
flame stability in the combustor. Hence, the directional 
injection factor of NH3 is potentially the key reason for the 
inexistence of NH3 slip. 

4.2 Validation II: Temperature profiles 
As shown in Figure 6, the one-point temperature in each 

tube section of the coal combustor testing facility was 
measured using thermocouples. The testing data showed that 
the temperature difference (average) between the NH3 co-
firing and 100% coal firing cases varied between 0.9 and 6.1 
%. The average difference in numerical data between the two 
cases ranged from 0.4% to 4.9%. Due to the constant thermal 
input, differences in temperature were almost negligible in 
both cases: 100% coal firing and NH3 co-firing. Of the four 
tube sections of the combustor, Section 2 had the highest 
temperature (testing data), and it also had the highest 
temperature in the modelling assessments. The OFA 
enrichment between the two middle sections, Sections 2 and 
3, which serves as a thermal NOx mitigation method and also 
stops the flame front from elongating to reach between 
Sections 3 and 4, resulted in a significant temperature drop 
after Section 2. From the experimental data, the maximum 
temperatures are 1,149 °C for 100% coal firing and 1,121 °C 
for NH3 co-firing, indicating a measured peak temperature 
difference of 2.4%. The numerical model predicts maximum 
temperatures of 1,222 and 1,184 °C for the 100% coal-firing 
and NH3 co-firing cases, respectively. Therefore, there is a 3% 
difference in peak temperature between these two fuel 
scenarios, according to modelling results. Peak temperature 
differences between testing and numerical results are 5.9 and 
5.3 % for 100% coal and NH3 co-firing cases, respectively. 

A possible cause of these minor differences is the 
calculation of the turbulence-chemistry model in the current 
CFD frameworks. It is important to note that the turbulence-
combustion model used in the current study provides one of 
the best possible balances between the efficiency and 
accuracy of reacting flow CFD modelling. However, it remains 
a known fact that the LES algorithm filters the comparatively 
small-sized eddies to be modelled purely via the sub-grid 
formulation [31]. As a result, the current CFD framework does 
not fully capture the overall range of length scales. This could 
result in minor regional differences in flame front dynamics 
and corresponding temperatures.  

Still, the peak temperature difference between 
experimental and numerical results is less than 6 %.  
Qualitatively, the numerical predictions for the temperature 
profile positioning and trend nearly match those measured 
from test data. Therefore, the validation can be considered 
satisfactory, and the model can reliably predict temperature 
behaviour in both NH3 co-firing and 100% coal-firing cases. 

4.3 Impacts on CO2 emission 
CO2 compositions in flue gas changed dramatically when 

NH3 was co-fired in the coal combustor, as illustrated in 
Figure 7. In NH3 co-firing situations, the fraction of CO2 in flue 
gas was much lower than in the coal-fired base case. As 
anticipated, the CO2 fraction decreased as the NH3 co-firing 

ratio increased. When the NH3 co-firing ratio reached 60 
cal.%, the CO2 emission dropped to 7.8 % (for 0 % ASR), equal 
to a 41 % reduction in CO2 emissions as compared to the coal-
fired base scenario. CO2 emissions fell to 7.9, 8.0, and 8.1 % at 
ASRs of 20, 40, and 60 %, respectively (co-firing ratio 60 
cal.%). This equates to a reduction in CO2 emissions of 41 to 
42 % when compared to the coal-fired base scenario. 

The numerical results show that the CO2 emission ranges 
for coal firing, 20, 40, and 60 cal.% NH3 cases are 13.2 to 14.0 
%, 11.2 to 12.1 %, 9.7 to 10.5 %, and 7.8 to 8.2 %, respectively. 
As a result, increasing the percentage of NH3 in the fuel to 20, 
40, and 60 cal.% reduces CO2 emissions by roughly 13.1, 25.7, 
and 41.7 %, respectively, when compared to the coal-fired 
case. Since NH3 is a carbon-free fuel, replacing coal with NH3 
reduces CO2 emissions directly, with the decline ratio roughly 
equalling the fuel replacement ratio on a heating value basis. 

The percentage difference between the lowest and 
highest CO2 emissions when the ASRs were varied is less than 
10% in all cases shown in Figure 7. Hence, the difference in 
ASR has no substantial effect on CO2 emissions. While greater 
ASRs will result in a considerable increase in UC from the 
main combustion zone due to the lack of oxygen caused by 
reduced airflow, the remaining airflow was subsequently 
injected into the OFA zone to complete the oxidation of UC to 
generate CO2. Since the combustion temperature has a 
relatively lesser effect on CO2 production than thermal NOx 
[35], the considerably lower temperature of injected OFA 
could still complete the oxidation of UC to generate CO2. 
Hence, despite the obvious CO2 decrement as NH3 increased, 
the main finding from this assessment is that the staging air 
element has literally no impact on CO2 emissions during coal-
NH3 combustion. 

 
Figure 6. Temperature results from numerical and experimental 
works (cases C12 and N42) 

 

 
Figure 7. CO2 data at varying NH3 ratios and ASRs 
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4.4 Impacts on SO2 emission 
As shown in Figure 8, the SO2 concentrations in flue gas 

altered significantly when NH3 was co-fired in the coal 
combustor. The concentration of SO2 in flue gas was 
substantially lower in NH3 co-firing scenarios than in the coal-
fired base case. As the NH3 co-firing ratio increased, the SO2 
concentration decreased. When the NH3 co-firing ratio 
reached 60 cal.%, SO2 emissions plummeted to 12 ppm (for 0 
% ASR), representing a 75 % reduction in SO2 emissions as 
opposed to the coal-fired base case.  

When the NH3 co-firing ratio reached 60 cal.%, SO2 
emissions dropped to 13.0, 13.1, and 13.2 ppm at ASRs of 20, 
40, and 60 %, respectively. When compared to the coal-fired 
base scenario, this translates to a 71 to 72 % reduction in SO2 
emissions. The numerical results show that the SO2 emission 
ranges for coal firing, 20, 40, and 60 cal.% NH3 cases are 45.5 
to 47.0 ppm, 34.1 to 36.7 ppm, 23.0 to 25.1 ppm, and 12.0 to 
13.2 ppm, respectively. Hence, raising the amount of NH3 in 
the fuel to 20, 40, and 60 cal.% reduces SO2 emissions by 
approximately 24.1, 47.9, and 72.5 %, respectively, as 
compared to the coal-fired case.  

Because this assessment was conducted at a pilot coal 
combustor testing facility, the injected fuel flow rates are 
significantly lower than the actual fuel flow rates in coal-fired 
power plants. As a result, the predicted SO2 concentration 
values in Figure 8 are very low in comparison to the actual SO2 
emissions from industrial coal combustion systems such as 
coal-fired power plants. Moreover, it is crucial to note that the 
sulphur concentration of the sub-bituminous coal utilised in 
the current assessment (Table 1) is lower than the sulphur 
content of common sub-bituminous coals. Hence, the SO2 
concentration in the coal-fired base scenario is already 
substantially lower. Nonetheless, for parametric analysis, the 
percentage reduction of SO2 when NH3 was co-fired is one of 
the most relevant research outcomes. NH3 is not only a 
carbon-free fuel, but it also contains no sulphur. As a result, 
increasing the amount of NH3 has resulted in a significant 
decrease in SO2 concentrations due to a lack of sulphur as a 
portion of coal is replaced by NH3. 

The percentage disparity in SO2 emissions between the 
lowest and highest ASRs is likewise less than 10 % in all cases 
shown in Figure 8. As a result, the variation in ASR has no 
discernible influence on SO2 emissions. However, notable 
discoveries can be found in the coal-fired base case, where no 
ASR was used. It was predicted that a slightly higher SO2 
concentration would occur in this case. The rise in SO2 
emissions might be explained by the leaner fuel condition 
(main combustion zone) in the coal firing case, where no ASR 
was used. With greater oxygen available in the main 
combustion zone, it reduces the likelihood of other 
sulphurous substances such as hydrogen sulphide (H2S), 
carbonyl sulphide (COS), and carbon disulphide (CS2) being 
created, as most of the available oxygen oxidises to become 
SO2. This is also corroborated by prior findings that a fuel-rich 
region will lead to a reduction in SO2 emissions from coal 
combustion [35]. As a result, for the coal firing situations 
depicted in Figure 8, the adoption of an ASR is predicted to 
result in lower SO2 emissions than the no staging ratio case 
due to the fuel-rich condition in the primary combustion zone 
as oxygen availability decreases. 

Furthermore, during coal devolatilization, a portion of 
sulphur is liberated from the coal as one of the volatiles, and 
the remainder of sulphur remains within the char (residual of 
coal after devolatilization) [35]. As a result, sulphur retention 
in char/UC is suggested to be another explanation for slightly 
reduced SO2 in the ASR cases. This is because, in the ASR 

cases, the fuel-rich zone occurs within the main combustion 
zone, so the devolatilization intensity decreases, lowering the 
char combustion intensity, which is mostly affected by 
volatiles combustion. Hence, in a fuel-rich environment of 
coal firing, the sulphur in char/UC has the tendency to release 
a lesser amount of sulphur than in a fuel-lean environment. 

 

 

Figure 8. SO2 data at varying NH3 ratios and ASRs 

4.5 Impacts on NOx emission 
The NOx concentrations in flue gas changed greatly when 

NH3 was co-fired in the coal combustor, as shown in Figure 9. 
NOx concentrations in flue gas were notably higher in NH3 co-
firing scenarios than in the coal-fired baseline case. The NOx 
concentration grew as the NH3 co-firing ratio increased. When 
the NH3 co-firing ratio reached 60 cal.%, NOx emissions 
soared to 1,918 ppm (for 0 % ASR), reflecting a staggering 
632.06 % increase in NOx emissions, approximately six times 
that of the coal-fired base case.   

The numerical findings show that the NOx emission 
ranges for coal firing, 20, 40, and 60 cal.% NH3 cases are 250 
to 282 ppm, 492 to 895 ppm, 685 to 1,460 ppm, and 1221 to 
1918 ppm, respectively. Therefore, compared to the coal-
fired scenario, increasing the amount of NH3 in the fuel to 20, 
40, and 60 cal. % increases NOx emissions by an average of 
146.5, 311.1, and 480.2 %, respectively. 

However, as the NH3 co-firing ratio reached 60 cal.%, NOx 
emissions reduced to 1,670 and 1,221 ppm for ASRs of 20 and 
40 %, respectively. Yet, as soon as the staging ratio for the 
aforesaid NH3 co-firing ratio hit 60 %, the NOx emission began 
to increase. The NOx reduction trend is also visible in 20 and 
40 cal.% of NH3 co-firing cases. NOx emissions were reduced 
to 672, 532, and 492 ppm in NH3 20 cal.% co-firing cases with 
ASR increases of 20, 40, and 60 %, respectively. With an 
increase in ASR of 20, 40, and 60 % for NH3 40 cal.% co-firing, 
NOx emissions were lowered to 1,383, 793, and 685 ppm, 
respectively. 

Furthermore, with an ASR of 60 %, the NOx emission 
from the 20 and 40 cal.% NH3 co-firing approaches the NOx 
emission from the coal firing base case. Using a 60 % ASR, the 
percentage difference between the coal firing base case and 
NH3 co-firing cases was reduced to 74.5 (20 cal.% NH3) and 
142.9 % (40 cal.% NH3). These percentage differences are 
much lower than those obtained when no air staging was 
used, which are 241.6 (40 cal.% NH3), 457.3 (40 cal.% NH3), 
and 632.1 % (60 cal.% NH3). Therefore, it was expected that 
the use of air staging would greatly aid in reducing NOx when 
NH3 was co-fired. 
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Figure 9. NOx data at varying NH3 ratios and ASRs 

Adopting a 60 % ASR severely curtailed the airflow for 
the main combustion zone, resulting in an extremely rich in 
fuel state with a large deficit in oxygen concentration. As a 
result, it significantly reduces the oxidation intensity with the 
nitrogen in fuel, resulting in a reduction in fuel NOx. 
Furthermore, the very fuel-rich main combustion zone 
reduces temperature, which reduces the creation of thermal 
NOx [36]. The remaining injected airflow (60 %) is supplied 
by the OFA technology above the main combustion zone via a 
separate injector situated above the said zone. The firing 
process is effectively terminated in this OFA zone. 
Consequently, the relatively low temperature in the OFA 
injection zone helps to further reduce the production of 
thermal NOx. Furthermore, the injected SA surrounded the 
core combustion zone. As a result, a relatively low 
temperature in the oxygen-enriched afterburning zone 
provides a further reduction in the generation of thermal NOx. 
This is a common approach used in coal-fired boiler Low NOx 
burners [36]. Previous kinetic studies have also supported the 
aforementioned findings, revealing that for NH3 co-firing with 
coal, thermal NOx and fuel NOx are the dominant NOx types 
produced [4, 12]. 

Thus, it can be observed that limiting oxygen availability 
during the crucial stage of coal devolatilization is the most 
efficient way to reduce NOx formation from the NH3 co-firing. 
The coal devolatilization is hypothesised to occur primarily in 
the primary combustion zone due to its relatively short 
processes as opposed to the char oxidation [30, 37] since the 
combustion zone in the current coal combustor is relatively 
smaller than that in the actual coal-fired boiler. Later on in the 
operation, more air (oxygen) can be introduced by the OFA 
technology to finish char reactions, lower UC, and maintain 
high combustion efficiency [22]. 

However, as the ASR surpasses 40 %, the NOx reduction 
gradient begins to decrease for 20 and 40 cal.% NH3 but 
begins to climb for 60 cal.% NH3. Previous research has also 
indicated that when the ASR crosses a particular quantity, NOx 
levels begin to rise [38]. This is because when the ASR exceeds 
a particular threshold value, a large proportion of NOx 
production is repressed at the primary combustion zone, 
where the air ratio is small. Yet, a significant amount of UC 
stays in the said position and is burned at the OFA zone to 
complete its oxidation. Since a substantial quantity of UC is 
burned in the OFA zone, the combustion intensity increases, 
causing the nitrogen content in the fuel to oxidize and 
produce NOx in the OFA zone. In other words, while the main 
combustion zone generates the highest temperature along the 
coal combustor, the high UC content at the OFA zone 
generates another peak combustion temperature, commonly 
known as delayed combustion, resulting in nitrogen oxidation 
in fuel at a high temperature in the OFA zone.  

Figure 10 depicts temperature contours within the coal 
combustor model (excluding the convection zone – shorter 

length region) at NH3 60 cal.% at various ASRs. There is a 
completely visible second temperature peak at the OFA zone, 
especially at 60 % ASR. Hence, it promotes the development 
of thermal NOx at the OFA zone. The temperature distribution 
near the outlet, where the temperature is higher as opposed 
to lower/no ASRs, can also indicate delayed combustion at 
high ASRs. Figure 10 also shows that the flame temperature is 
higher in the absence of ASR than in its presence, indicating 
that more oxygen is available to achieve a higher combustion 
temperature. The flame temperature has been observed to 
decrease as ASR increases due to a reduction in available 
oxygen in the main firing area. 
 

Figure 10. Temperature contours (NH3 60 cal. %) at (a) 0 %, (b) 20 
%, (c) 40 %, and (d) 60 % ASRs 

In Figure 9, the degree of ASR has a smaller effect on NOx 
emissions in the coal-firing base scenario than in the NH3 co-
firing scenarios. The predicted NOx levels decreased slightly, 
from 262 to 250 ppm, as the ASR increased from 0 to 20 % in 
the coal-fired base scenario. However, when the staging ratio 
reaches 40% and 60 %, there is a slight increase in NOx in the 
coal-firing base scenario. The increase, however, is not as 
significant as in the NH3 60 cal.% case. As previously stated, 
devolatilization occurred primarily in the main combustion 
zone. Because the char reaction has a faster ignition rate than 
coal, the VM of coal and NH3 are assumed to burn in the 
primary firing zone [32], resulting in a slight increase when 
ASR 40 and 60 % were implemented in the coal firing base 
scenario. The amount of these components in NH3 co-firing, 
however, is greater than in coal firing. Therefore, it is 
postulated that when NH3 co-firing reaches 60 cal.%, along 
with a high ASR (60 %), the air-to-VM ratio in the main 
combustion zone is lower than in the coal-only case. Hence, a 
substantially larger amount of char/UC remains, which is 
burned at the OFA position, causing thermal NOx to be much 
higher than in the coal firing case. 
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Furthermore, these findings were supported by a 
comprehensive kinetics reactor network 0D modelling by 
Ishihara [7]. Despite the fact that their analysis ignored the 
impacts of fluid dynamics and 3D characteristics, their 
kinetics pathway showed that for a relatively high NH3 co-
firing ratio, complete NH3 reactions cannot be achieved in the 
primary firing area. As a result, it demonstrates the prospect 
of nitrogen-related radicals being combusted further 
upstream in the coal combustor region, such as the OFA zone 
with significant oxygen availability, as predicted by current 
numerical assessments. The devolatilization, volatiles 
reaction, and NH3 reaction are more prominent in the 
combustion zone than the char/UC reactions due to the 
significant amount of VM and NH3 in 60 cal.% NH3 co-firing. 
The aforesaid hypothesis has also been supported by prior 
research, which indicated that NH3 co-firing, both in fuel-rich 
and fuel-lean conditions, promoted coal devolatilization and 
volatile release [8]. Furthermore, with the use of sub-
bituminous coal in the current study, which is known to have 
a higher VM than common bituminous coals [25], the 
devolatilization and volatiles reactions will dominate even 
more. Therefore, the current findings support prior 0D kinetic 
modelling studies that revealed that NH3 reactions inhibit 
char oxidation [7]. 

5. Conclusion 

In the context of reducing CO2 emissions from pulverised 

coal-fired boilers, the paper studied the potential of NH3 to be 

utilised as a carbon-free substitute for coal, at least partially, 

to aid in the progressive phase-out of coal. In this research, 

the co-firing of NH3 with sub-bituminous coal was 

numerically studied via a detailed LES assessment at various 

ASRs in a small-scale coal-fired testing combustor. In-depth 

insight into predicted emissions, including CO2, SO2, and NOx, 

was successfully obtained, and an appropriate ASR for a 

number of NH3 co-firing percentages was discovered to 

enable the reduction of such emissions. The prediction 

accuracy of the model’s results was first evaluated by 

validating it with actual testing data from TNB Research’s coal 

combustor testing facility, which revealed a below 10 % 

difference in NOx emissions and temperature results for both 

100% coal firing and NH3 co-firing cases. As a result, the 

validation can be deemed satisfactory, and the model can 

forecast the expected emissions with reliable accuracy for 

both these cases. All in all, the research has demonstrated that 

coal+NH3 co-firing can produce low CO2, SO2, and NOx 

emissions as opposed to pure coal-firing with proper ASR 

tuning. As the variation of ASRs was studied, important 

findings regarding emission characteristics were discovered, 

where the synergistic effect of NH3 co-firing with coal plays a 

significant part in the selection of ASR to be used at a specific 

NH3 co-firing case. The increase in NOx when the staging ratio 

reached 60 % revealed that devolatilization occurred 

primarily in the main combustion zone due to the smaller 

firing space compared to actual coal-fired power plants, as 

well as the shorter devolatilization duration compared to char 

reaction. As a result, reaction, VM of coal, and NH3 are 

assumed to be what burns at the primary firing zone, with the 

amount of these components in NH3 co-firing being greater 

than in a pure coal firing scenario. This causes considerable 

UC oxidation in the OFA zone, which has high oxygen 

availability, and results in a relatively higher combustion 

temperature in the OFA zone. These findings contribute to 

vital information for combustion tuning in actual coal-fired 

power plants to achieve NH3+coal co-co-firing and reduce CO2 

emissions. The numerical results also confirmed that NH3 can 

be used as an alternative fuel to reduce CO2 emissions in 

actual coal-fired power boilers. The air staging method has 

been shown to provide reduced CO2, SO2, and NOx emissions 

when the ASR is properly tuned to ensure acceptable staging 

combustion within the furnace. As a result, existing coal-fired 

power plant air staging technology can be utilised to provide 

proper NH3 co-firing while attaining low NOx emissions. This 

is critical information for retrofit setups because it is possible 

that the only adjustment required is the addition of a new NH3 

burner. However, in the current work, the combustion zone is 

simplified, and the effects of multiple burners (which actual 

coal-fired boilers have), such as flame interplay, are not fully 

examined. Plus, the size of the coal combustor employed is 

smaller than that of a typical coal-fired utility boiler. When 

several burners are used, as in commercial boilers, it is 

expected that estimating the amount of emissions will 

become more complex due to the presence of additional flame 

interaction and/or the stronger influence of mixing residence 

time. Further research can be conducted to investigate the 

impact of multiple burners and different NH3 burner designs 

on emission and combustion characteristics. It is also 

expected that a higher NH3 co-firing ratio will be required in 

the future to accomplish further CO2 emission reductions. 

Hence, future research can include an increase in the NH3 co-

firing ratio. 
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Abbreviations 

CFD Computational Fluid Dynamics 
COP26 UN's Climate Change Conference 
IGCC Integrated Gasification Combined Cycle 
CCS Carbon Capture and Storage 
UC Unburned carbon 
ASR Air Staging Ratio 
TM Total moisture 
FC Fixed carbon 
GCV Gross Calorific Value 
H Hydrogen element 
O Oxygen element 
OFA Over-fire Air 
PA Primary Air 
DO Discrete Ordinate 
HCN Hydrogen Cyanide 
CO  Carbon Monoxide 
H2S Hydrogen Sulphide 
CS2 Carbon Disulphide 
NOx Nitrogen Oxides 
NH3 Ammonia 
SO2 Sulphur Dioxide 
CO2 Carbon Dioxide  
SA Secondary Air 
LPG Liquefied Petroleum Gas 
VM Volatile matter 
AC Ash content 
C Carbon element 
N Nitrogen element 
S Sulphur element 
NS Navier–Stokes 
LES Large Eddy Simulation 
WSGGM Weighted-sum-of-gray-gases Model 
OH Hydroxide 
ad Air-dried basis 
COS Carbonyl Sulphide 
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