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A B S T R A C T

This article explores whether ammonia is a reliable fuel for heat and electricity generation in domestic appli-
cations. First, the ammonia combustion characteristics, including adiabatic flame temperature, ignition delay 
time, and laminar flame speed are analysed and compared with the conventional fuels such as natural gas, 
dimethyl ether, hydrogen, and syngas, under 12 kWe turbine and 45kWth boiler conditions. Furthermore, the 
combustion of ammonia at a conventional boiler and turbine combustor was numerically modelled, analysed, 
and compared with the available fuels. The finding demonstrates that ammonia provides inferior combustion 
characteristics in combustion heat releases, stability region, and ignition characteristics. The ammonia com-
bustion characteristics including, laminar flame speed and ignition delay time, were comparable to those of 
methane. The flame temperature and exhaust gas composition of ammonia are rather different than those of 
methane which may vary the heat transfer during the operation of gas turbines and boilers. The combustion of 
ammonia in boilers may produce the required heat for heating purposes; however, it needs further modification 
to achieve better NOX control. In a gas turbine, on the other hand, combustion ammonia leads to remarkably 
higher temperatures if the same turbine inlet temperature is needed compared to other fuels, however, at the cost 
of significant NOX formation, which may go beyond 100 ppm with thermal NO formation on par of fuel NO.   

1. Introduction

One of the challenges associated with addressing climate emergen-
cies is to find sustainable low-carbon energy sources that can supersede 
conventional fossil-based hydrocarbon resources. The combustion of 
renewable fuels has been recognised as a viable option to deliver a 
resilient energy source to the end-users, whether in a power plant or a 
simple boiler in households [1]. The progress and novel designs in 
renewable combustion can revitalise industries, utilities, and power 
plants to deliver green sustainable energy, which can be dubbed the 
green industrial revolution. Many potential fuels such as hydrogen, 
ammonia, bioethanol, and biodiesel are among the best nominations to 
replace the conventional fossil-based hydrocarbon fuels within the 
context of green growth [2]. 

Ammonia, produced from low-carbon sources, has been recognised 
as one of the promising replacements for fossil-based fuels since it 
carries no carbon molecule [3]. Ammonia energy content is comparable 
to gasoline and diesel fuels, making them a potential fuel where these 
hydrocarbon products are being utilised [4]. The exhaust gas from 
ammonia combustion is typically composed of nitrogen and water, as 

well as NOX which needs to be kept in a controlled range [5]. The 
combustion of ammonia dates back to as early as 1941 when Macq [6] 
developed a catalytic convertor to crack the ammonia to hydrogen to 
assist the combustion process. In the following years, there has been a 
tremendous effort to analyse the fuel behaviour of ammonia, mainly in 
mobile combustion system applications, either as pure or blended with 
other fuels. It is reported that ammonia has a high octane number 
(>130) [7], thereby performing well under compression-ignition en-
gines [8]. However, ammonia is associated with some drawbacks that 
may potentially limit its deployment in combustion systems for domestic 
applications, including low laminar flame speed [9], high ignition en-
ergy [10], and lower combustion temperature [11]. 

Several studies explored limiting NO2 formation during ammonia 
combustion, by either re-burning or quenching NOX [12]. It has been 
suggested that reducing nozzle diameter and increasing nozzle distances 
between fuel and air injectors can reduce NOX formation [13]. Choe 
et al. [14] showed that plasma application for ammonia combustion 
lowers NOX formation and extends the lean blow-off limit. Mendiara and 
Glaborg [15] demonstrated that the choice of the oxidiser is influencing 
the NO formation in ammonia combustion. Ilbas et al. [16] found that 
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ammonia addition to kerosene in oxy and fired gas turbine combustor 
can change the NOX concentration inside the flame zone and the flame 
position. However, they demonstrated that the NOX at the combustor 
outlet is not much influenced by ammonia fraction in the fuel. Hussein 
et al. [17] have evaluated the mixture of hydrogen and ammonia com-
bustion under the turbine conditions and reported that the minimum NO 
was observed at 60%–40% NH3–H2 and equivalence ratio 4%. 

Ammonia premix flame can be stabilised in lean swirl premix pilot 
burners [18]. Valera-Medina et al. [19] have demonstrated using OH* 
Chemiluminescence that the stability region of ammonia flames is quite 
narrow and it can be achieved using strong swirling flows. Tang et al. 
[20] showed that arc gliding AC power is a useful technique to increase 
the stability region of ammonia/air flame and to extend its lean blow-off 
limit. Rocha et al. [21] verified three scenarios for ammonia combus-
tion, namely dry low emissions (DLE); rich burn, quick quench, and lean 
burn (RQL); and moderate or intense low oxygen dilution (MILD) under 
the turbine conditions (inlet temperature 500 K and 20 bar). They 
revealed that the MILD and RQL combustion are good potentials for 
ammonia combustion in turbine conditions as they limit the thermal NO 
formation. Regarding nonpremix combustion, the data associated with 
ammonia combustion is rather limited. Ilbas et al. [22] numerically 
modelled the combustion of ammonia oxy-flame with pure oxygen and 
air-flame. They highlighted that flame stabilisation and NOX emissions 
are two potential problems that are needed to be addressed for the 
successful delivery of ammonia in nonpremixed systems. Chen et al. 
[23] suggested that NOX emissions can be reduced when enhancing NH3 
combustion efficiency. 

There is not much information about the flame characteristics of 
ammonia in boilers and small scale micro gas turbines. This work aims to 
determine the combustion behaviour of ammonia under boiler and 
turbine conditions and provide in-depth insights into whether ammonia 
can be a long-term solution for ever-increasing energy. A 50 kWth boiler 
and 12We microturbine combustor were chosen to conduct the case 
study and analyse ammonia flame characteristics. First, the ammonia 
mixture temperature, laminar flame speeds, and ignition delay time for 
these two units have been obtained and compared with hydrogen, 
biogas, methane, syngas and dimethyl ether. Furthermore, the com-
bustion flame analysis was performed for the boiler and turbine, in terms 
of flame stability analysis, and ignition modes. 

2. Analysis procedure 

This study was to reveal the characteristics of ammonia combustion 
by divulging the flame features in boilers and turbines and comparing 
and contrasting ammonia and other prevalent fuels for domestic appli-
cations. The boiler was designed to burn diesel, kerosene, and natural 
gas when the suitable burner is used. The microgas turbine was designed 
to release the energy of the biogas and to power a 12 kWe expander 
shaft. The modelling of the study has two parts. First, the potential of 
ammonia as a renewable fuel will be analysed using several ideal re-
actors. This translates the combustion to a simple mixing problem, 
making it easier to compare and comment on the flame characteristics. 
Afterward, the ammonia combustion was numerically modelled in real 
turbine and boiler applications. 

The operating pressure of the boiler and microgas turbine were 1 and 
3 bar respectively. Fuel and mass flow rates, oxidiser, and fuel temper-
atures were set according to the operating units of the combustion sys-
tem. The temperature for air and fuel in the boiler was considered 283 K. 
For the turbine, the fuel and air temperatures were 283K and 920 K 
(considering pre-heated air). 

2.1. Reactor modelling 

The ammonia combustion was modelled using an equilibrium 
reactor to compare the adiabatic flame temperature with that of other 
gaseous fuels. Afterward, a closed partially stirred reactor (PaSR) was 

used to analyse the ignition delay time or the timescale takes that 
ammonia ignites when mixed with different air ratios. Finally, a sample 
premix laminar-burner stabilised flame was used to calculate the 
ammonia flame speed. All these characteristics were obtained over a 
range equivalence ratio typical for ignition initiation in gas turbines and 
boilers. If any, fluctuations were also captured by considering a wider 
range of air to fuel ratios and making the analysis cover any unforeseen 
oscillations in operating conditions. The chemistry of the combustion for 
the fuel flames will be given in the next section. 

2.2. Numerical methods 

2.2.1. Model setup 
The computational fluid dynamics (CFD) modelling of a boiler and 

turbine were carried out using Reynold-Average-Navier-Stokes turbu-
lence approach in conjunction with the Flamelet concept [24,25] to 
capture the precursor species. The k-ω Shear Stress Transport (SST) 
model [26] was used to exploit both the advantage of efficient wall 
function in k-ω model as well as the free-shear well predictability of k-ε 
model [27]. For analysis of the flame in terms of precursor species and 
mixing problem, detailed mechanisms for chemical reactions have been 
utilised. Table 1 tabulates the specification of mechanisms used to 
generate 10 nonadiabatic flamelets with 32 grid points. The compress-
ibility effect was also considered to deliver the influence of pressure. For 
this study, the Peng-Robinson equation of state has been used for 
PDF-mixture density to show the influence of pressure increase under 
operation in gas turbine conditions. The models were previously vali-
dated in the gas turbine combustor against 32 operating points for the 
combustion of different mixtures of methane and carbon dioxide with 
different mass flow rates and oxidiser temperatures [28,29]. 

Four transport equations for NO, NH3, HCN and N2O were solved for 
prediction of NOX for all fuels. The turbulence-chemistry interactions of 
these species were resolved using the Gaussian PDF density function. 
The transport equations give the evolution of species contributing to the 
formation of NO through thermal, prompt, and N2O pathway mecha-
nisms and include the advection terms, diffusion, and source terms for 
mass fraction of the species [34]. The time-averaged transport equation 
of NO is used to show the NOX plume. Thermal NO and N2O pathway 
mechanisms have been employed in the combustion of all fuels in sim-
ulations. The prompt NO was employed for methane, DME, and syngas. 
The extended Zeldovich mechanism [35] was used for thermal NOX, and 
DeSoete [36] formulations were employed for prompt NO and N2O 
pathway in reaction source term. For ammonia, the fuel NOX formula-
tions and thermal and N2O pathway were considered. The discrete or-
dinates radiation model [37] was also used in the source term of the 
energy balance equation to enhance the predictability of NOX emissions. 
A detailed description of governing equations and mathematical 
modelling can be found elsewhere [38]. A more comprehensive 
description for NOX formation in boilers can also be found at [39–41]. 

2.2.2. Computational domain and boundary conditions 
Fig. 1 presents the schematic of the boiler and microgas turbine 

combustion chamber used for combustion analysis. The boiler and 

Table 1 
The combustion mechanisms used to generate flamelets.  

Fuel Mechanism Number of 
species 

Number of 
reactions 

Reference 

Ammonia Nakamura- 
2017 

38 232 [30] 

DME Kaiser-2000 79 351 [31] 
Methane GRI MESH 3.0 53 325 [32] 
Hydrogen Kéromnès- 

2013 
17 49 [33] 

Syngas Kéromnès- 
2013 

17 49 [33]  
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turbine combustor geometries have been created using Solidworks. The 
ANSYS Fluent 2021 R2 was used for domain definition, mesh genera-
tion, model setup, solution, and post-processing. 

The 45 kWth boiler includes a cylindrical combustion chamber with 
a pressure swirl burner. The burner is equipped with a coaxial swirler 
and hollow cone nozzle for spraying the fuel into the chamber. The angle 
between the swirler vanes and an artificial plane perpendicular to the air 
stream is 37.5◦. The combustion chamber has two windows for the 
observation of the flame. The combustion began with an electric arc and 
was sustained via hot gas recirculation coming back from the chamber 
rear walls. 

The 12 kWe gas turbine combustor includes the cylindrical liner 
surrounded by an annulus to stage the air at three series of holes to avoid 
stochiometric combustion-1. Primary holes, 2. Secondary holes, and 3- 
dilution holes. The liner conic head also includes 221 inclined holes to 
cool down the inner liner walls to promise a long-term operation of the 
gas turbine combustor under a harsh combustion environment (high 
pressure and temperatures). The ignition began with an electric arc, and 
sustainable combustion was achieved by injecting recuperated heat 
from the swirler and other combustor holes. 

2.2.3. Solution algorithm and monitoring 
The second-order upwind is employed to discretise the space de-

rivatives of advection terms in the transport equations. A double- 
precision steady-state solver with a coupled algorithm in an iterative 
algorithm is utilised to solve the equations. The PRESTO (PREssure 
Staggering Option) and PISO (Pressure Implicit with Split Operator) 
algorithms are employed for pressure and pressure–velocity coupling, 
respectively. The residuals for continuity, momentum, and transport of 
mixture fraction, mixture fraction of variance, and NO are set 10−3 to 
obtain convergence in the solution. For the energy equation, the residual 
for the solution was considered 10−6. A monitor including the area- 
averaged temperature at the micro combustor outlet is defined to 
assure the completion of the simulation. The simulation is initiated by 
the temperature patch of 2000 K at the entire domain. The simulations 
are considered complete at each operating point when the area- 
averaged-total-temperature at the outlet was constant, and the re-
siduals of the differential equations met the pre-defined conditions. 

2.2.4. Mesh sensitivity analysis 
The simulation has been performed in grids containing hexahedral 

elements for both boiler and turbine combustors. The values of pressure, 

temperature and concentration of NO were compared for a different 
number of elements. For the boiler, the grid containing ~660,000 to 
5,000,000 elements was considered. For microgas turbine, the grid, 
including 1,200,000 million to 11,000,000 elements, was used for 
verification. The preliminary analysis has authenticated that over 
1,000,000 elements in the boiler geometry and 5,000,000 million in the 
turbine combustor geometry result in less than 5% difference in the 
variables. Therefore, the boiler grid with 2,000,000 elements, and 
microgas combustor with 6,000,000 elements were used for numerical 
modelling. The computational costs were 5 and 8 processor hours for 
boiler and gas turbine combustor with Intel(R) Core(TM) i9-7980XE 
CPU @ 2.60 GHz, 24.75 MB cache. 

3. Results and discussion 

3.1. Air and fuel mixture adiabatic temperature 

Fig. 2 presents the adiabatic flame temperature or mixture temper-
ature. The trendline associated with the equivalence ratio for the fuels is 
demonstrated in boiler and turbine conditions. Indeed, ammonia gives 
the least flame temperature compared to the other fuels. The stochio-
metric flame temperature for ammonia, methane, DME, syngas and 
hydrogen were 2067, 2212, 2283, 2304 and 2360 K under boiler con-
ditions. The stochiometric mixture temperature for ammonia, methane, 
DME, hydrogen and syngas 2076, 2233, 2403, 2390 and 2340 K, 
respectively, under turbine conditions. 

The deviation among the flame temperature for the fuels in higher 
equivalence ratios is emboldened, which begins from the stoichiometric 
ratio (ER = 1). When the flame is saturated with the fuel, a close mixing 
temperature for the fuels was expected. The influence of the pressure on 
the flame temperature is somehow evident in increasing both the flame 
temperature, and the difference that exists among the fuels. The increase 
rate for the fuel with higher flame temperatures is slightly higher than 
those with lower flame temperatures. 

3.2. Flue gas composition 

The flue gas composition from the combustion of fuels is a deter-
mining factor in the operation of both turbines and boilers. Under boiler 
conditions, the fuel gas radiative potential is influenced by its compo-
sition and might change the rate of the steam. In turbine conditions, on 
the other hand, this may lead to different heat transfer properties and 

Fig. 1. Schematic of the boiler (left) and microgas turbine combustor (right).  
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concomitant blade cooling design points. Similarly, the flue gas 
composition can determine the heat recuperation potential from the 
exhaust of both boiler and turbines. Fig. 3 gives the trendline of the flue 
gas composition of ammonia in comparison with other fuels. As ex-
pected, nitrogen is the dominant flue gas species for all fuels when 
combustion is fuel and air rich. The ammonia flue gas is generally 
similar to that of hydrogen, having the same N2, water, and O2. How-
ever, it is different from syngas, methane, and DME in the presence of 
carbon dioxide. Indeed, the water in the flue gas with higher heat ca-
pacities can conserve the heat for recuperation while it may lead to 
lower spatial temperatures and the potential of combustion for heating 
purposes. In the microgas turbine, this is an adventitious feature of 
ammonia as it may lead to a lower turbine inlet temperature. 

3.3. Autoignition delay 

Autoignition is the main flame stabilisation mechanism in the ma-
jority of burners [42]. The ignition delay time is an important com-
bustion parameter that can determine the behaviour of different fuels, 
particularly in gas turbines. A short ignition delay time may lead to fuel 
autoignition in the premixer of gas turbine combustors, damaging the 
hardware and turbomachinery. This section explores how ammonia 
behaves if it is mixed with air before combustion. This may not influence 
the combustion under the selected boiler as it works in nonpremix mode. 
However, it should not be significantly long to avoid flame lift and blow 
off. The ignition delay time as a function of the equivalence ratio is 
provided in Fig. 4. The ignition delay time of ammonia is comparable to 
that of methane, and it is longer than hydrogen, syngas, and DME. The 

same order of magnitude in the ignition delay time of ammonia and 
methane under turbine conditions indicates that ammonia can be uti-
lised in existing gas turbine combustion units that are designed for 
methane. Reiter et al. [43] have also shown that the ignition of ammonia 
in diesel engines is not as easy as in conventional hydrocarbon fuels. 
Further, they highlighted that to prevent the engine from misfiring, 
adequate ignition energy should be provided to the ammonia-air 
mixture cylinder. 

Wobbe index is another fuel characteristic that needs to be kept in 
the same range when superseding any potential fuels to the existing ones 
in the gas turbine combustors, Table 2. This shows the pre-combustion 
features of the fuel and their suitability in the gas turbine combustors. 
According to Table 2, Wobbe index of ammonia is much lower than that 
of methane and hydrogen. Hence, the application of NH3 in gas turbine 
combustors is expected to be challenging. This issue can be addressed by 
stimulating the combustion of ammonia in a real gas turbine and 
revealing its characteristics. 

3.4. Laminar flame speed 

Laminar flame speed is a combustion parameter that determines the 
flame propagation area and mechanisms. Most of the flames are turbu-
lent and determining the real flame speed is highly practical that de-
pends not only on the fuel but also on the combustion characteristics 
including pressure, temperature, and combustor. Here, laminar flame 
speed is used to comment on the stability range of the fuels for the 
combustion system. Fig. 5 gives the trendline of laminar flame speed for 
ammonia, DME, hydrogen, methane, and syngas. The stability region of 

Fig. 2. The adiabatic flame temperature of ammonia, DME, hydrogen, methane and syngas at equivalence ratios [0.1 2.5].  

Fig. 3. Flue gas composition of ammonia, DME, hydrogen, methane and syngas over equivalence ratios [0.1 2.5]. x represents the spatial mole fraction of the specie i.  
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ammonia as a fuel as well as its flame speed is a bit lower than that for 
methane and much lower than hydrogen. This may make the ammonia 
behave such as heavy fuels that necessitates some modification to the 
fuel injection systems and air blowing mechanism. The laminar burning 
velocity of ammonia was 20 and 17 cm/s under boiler and turbine 
combustion conditions, respectively. Li et al. [44] stated that the low 
burning velocity and flame temperature of ammonia limits its applica-
tion in energy device. They also proposed that the increasing the oxygen 
content of the oxidizer can compensate the negative effects ammonia 
due to its thermophysical characteristics. 

3.5. Ammonia in the boiler 

The combustion of ammonia in the boiler is analysed in terms of 
temperature, burning velocity and NOX emissions, Fig. 6 7 and 8. The 
combustion mode was also analysed to find the main burning mecha-
nisms of ammonia compared with other fuels. Fig. 6 gives the temper-
ature contours for ammonia combustion in the boiler. The temperature 
at two perpendicular planes YZ, XZ and ten transverse planes, are given. 
The maximum temperature was around 2000 K which is slightly lower 
than that for the combustion of other fuels (ammonia, DME, hydrogen 
and methane). The maximum temperature for ammonia as well as for 
other fuel corresponds to the centre of the chamber where the swirl air 
surrounds the fuel turbulent jet. The fresh flow of the oxidiser will mix 
with recirculated gas coming back from the combustion chamber rear 
wall and finally react with the fuel jet. This leads to the flame stabili-
sation in the boiler. In case of the boiler combustion chamber, the oxi-
diser momentum is high enough to limit radial diffusion of the fuel 
towards the side walls. This results in the rather higher intensity of the 
combustion and higher spatial temperature at the centre of the chamber. 
This is in agreement with experimental evaluations with this boiler for 

biodiesel fuel and blends of biodiesel with diesel [45–49]. The boiler 
temperature at transverse planes with a distance of 10 cm is also given. 
The length and width of the ammonia flame are comparable to that of 
methane, although its local temperature is slightly lower, Fig. 8. 

The velocity contours, vectors and streamlines during ammonia 
combustion are shown in Fig. 7. The streamlines exhibit the central jet is 
branched well before the combustion chamber rear walls with one 
branch goes to the exhaust section and other to come back forming a 
recirculation zone. The recirculated material from ammonia combustion 
reacts with the fresh reactant coming from the gas burner resulting in 
the flame stabilisation. The contour plots of the velocity magnitude 
shows that the central jet has comparatively higher momentum than the 
recirculated materials. Thus, the diffusion of reacted materials into the 
central is main flame stabilisation mechanism. This gives rise to a high 
flame length in the boiler and elongated reactive zone which is proper 
for radiation and heat transfer. The streamline in the transverse planes 
also confirms the swirl air can well cover the central fuel jet stream and 
widen the flame with enough degree of luminosity. The swirl flow of the 
air can sustain towards 70 cm far from the chamber front wall. This is 
while the flame length rarely passes 60 cm. 

The NOX emissions contours are given in Fig. 8. The NOX emissions 
for ammonia involve fuel NOX, thermal and N2O pathway mechanisms. 
The contours show that the level of NOX could be around 0.2% of the flue 
gas in the vicinity of the air swirler. However, the level is going down 
significantly in the boiler exhaust section to around 100 PPM. In this 
case, the fuel NOX is the dominant formation mechanism in the flame 
area, indicating that the nitrogen atom dissociation from the ammonia 
resulted in significant NOX formation at the flame boundaries. However, 
in the exhaust section and post flame zone, a part of NOX was re-burnt 
and turned into nitrogen molecules. Ilbas et al. [22] revealed that the 
area belonging to the stochiometric region is associated with significant 
fuel NOX formation. In this region, it is expected that the level of thermal 
NOX to be lower than the fuel NOX. Moreover, Chen et al. [23] high-
lighted that the significant NOX emission of pure ammonia in nonpremix 
combustion is proportional to the degree of completion of the 
combustion. 

To have a better understanding of ammonia combustion compared to 
other fuels in the boiler, the temperature and NOX emissions profiles 

Fig. 4. The ignition delay time of ammonia, DME, hydrogen, methane and syngas over equivalence ratios [0.1 2.5].  

Table 2 
Calculated Wobbe indices of gaseous fuels were used in this study. Wobbe index 
is the ratio of the higher heating value to root square of the specific gravity.  

Fuel Ammonia DME Hydrogen Methane Syngas 
Wobbe index 19.99 14.53 43.88 49.10 11.13  

Fig. 5. The laminar flame speed of ammonia, DME, hydrogen, methane and syngas over equivalence ratios [0.1 2.5].  
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along the boiler are shown in Fig. 9. The values are obtained by aver-
aging the temperature and NOX emissions at 9 transverse planes, as 
presented in Figs. 7 and 8. The operation of the boiler with ammonia is 
similar to that of syngas in terms of both temperature and NOX emis-
sions. It should be highlighted that the fuel flow rates were identical for 
all the fuels. That’s why hydrogen is associated with higher NOX emis-
sions and temperature compared to other fuels. The results also attest to 

ammonia’s higher NOX emissions compared with prevalent hydrocarbon 
counterparts, such as methane and syngas. This is mainly due to the fuel 
NOX that may be controlled when a flame fuel-rich region can receive 
the produced NOX. 

The combustion mode of ammonia was also obtained using the 
normalised [-1 1] dot product of the fuel and air mass fraction scalar. 
The premix and nonpremix zone of the combustion was obtained using 

Fig. 6. Temperature contour [K] of the ammonia combustion in the boiler at YZ and XZ Planes, and 9 planes perpendicular to the air and fuel flow with a distance 
increment of 10 cm from the outlet plane. 

Fig. 7. Velocity magnitude contour, vector and streamline [m/s] of the ammonia combustion in the boiler at YZ and XZ Planes, and 9 planes perpendicular to the air 
and fuel flow with a distance increment of 10 cm from the outlet plane. 
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the positive and negative values of the flame index, Fig. 10. The primary 
combustion mode was expected by the nonpremix zone, which covers a 
slightly smaller internal zone. In the middle part of the flame cortex, 
where the mixing rate is high, the premixing zone is in the ascendency, 

whereas in the boundary between the air and fuel jet, the nonpremix 
zone appears. Fig. 10 also shows the oxygen mass fraction at the iso-
surface nonpremix zone and temperature at the isosurface premix zone. 
The premix zone contour, coloured by temperature, indicates that the 
flame in the premix zone is colder than the stoichiometric mixture of 
ammonia and air. In the premix zone, partial combustion takes place 
with spatial temperatures lower than the stochiometric mixture tem-
perature. In return, the nonpremix zone boundary zone has the highest 
level of oxygen and fuel. The spatial temperatures at this region are high 
and near adiabatic flame temperature. 

3.6. Ammonia in the turbine 

In this section, ammonia combustion characteristics in a micro-
turbine chamber for domestic application were explored and compared 
with other fuels. The fuel flow rate was set to achieve a turbine inlet 
temperature of ~1200 K for all the fuels. Accordingly, the mass flow 
rates were 3.70 g/s for ammonia, 0.53 g/s for hydrogen, 1.60 g/s for 
DME, 1.30 g/s for methane, and 6.00 g/s for syngas. The temperature at 
two perpendicular planes of YZ and XZ, and 9 transverse planes with a 
distance increment of 2 cm from the outlet is given in Fig. 11. For the 
turbine, the combustion was stabilised by the injection of recuperated 
air at 900 K. It was found that ammonia combustion temperature can 
reach as high as 2400 K. The region associated with the highest spatial 
temperature is observed between the primary and secondary holes, as it 
was observed for methane fuel. This is where the partial mixture of fuels 
with air can receive sufficient air for nearly complete combustion after 
which injection of additional air to the combustion environment can 

Fig. 8. NOX emission [ppm] of the ammonia combustion in the boiler at YZ and XZ Planes, and 9 planes perpendicular to the air and fuel flow with a distance 
increment of 10 cm from the outlet plane. 

Fig. 9. The temperature and NOX emissions averaged on the perpendicular 
planes along with the flow in the boiler for ammonia, DME, hydrogen, methane 
and syngas. 
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Fig. 10. Nonpremix and premix zones isosurfaces coloured by oxygen concentration and temperature.  

Fig. 11. Temperature contour [K] of the ammonia combustion in the turbine at YZ and XZ Planes, and 9 planes perpendicular to the air and fuel flow with a distance 
increment of 2 cm from the outlet plane. 
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cool the combustion mixture, reburn the NOX, and set a proper turbine 
inlet temperature. This trendline confirms that ammonia can be utilised 
in the existing methane gas turbine burner. 

Fig. 12 exhibits the contour, vector and streamline plots of the 
burning ammonia inside the microturbine combustor. There are two 
recirculation zones appeared in the liner which are different in radius, 
location, and direction. The larger one appears well behind the air jet 
which comes from the primary ports. It has a clockwise spanning which 
mix the inclined fuel stream well with the primary jet. The smaller one 
appears in the vicinity of the central axis. The anticlockwise spanning 
well mixes the central fuel jet with the circulated materials via the larger 
recirculation zone. The interaction of circulation zones makes the cen-
tral and sidereal fuel jets contributing into the combustion chemical 
reactions and appearance of the flame over the entire width of com-
bustion chamber. The streamlines in the combustor transverse planes 
also demonstrate that the penetration depth of the air jets from both 
primary, secondary and dilution hols is sufficient enough to diffuse into 
the central jet. 

Fig. 13 shows the NOX emissions contours plots of ammonia com-
bustion in the microgas turbine combustor. It can be seen that the 
combustion in this burner can, to some extent, avoid the stochiometric 
mixing, and the presence of the dilution holes can re-burn the NOX and 
drop its level. However, the NOX emissions level is beyond the maximum 
limit of 100 ppm. The main reason for excessive emission is fuel NOX 
formation, as also seen in the boiler case study. 

The temperature and NOX level for different fuels are compared in 
Fig. 14. It was found that ammonia is among the fuels with the highest 
temperature and nitrogen oxide emissions, which is mainly attributed to 
higher mass flow rates, for achieving similar turbine inlet temperatures 
as ammonia has the lowest heating value among the fuel. The higher 
mass flow rate of ammonia in the primary and secondary zone leads to 
intense combustion at a higher spatial temperature. This is also valid for 
NOX emissions, as the higher temperature leads to a higher possibility of 
NOX formation. The same observation was also valid for DME. This in-
dicates that utilising the existing microgas turbine for ammonia and 
DME is not feasible to target NOX emissions below 100 ppm. Okafer et al. 
[50] reported that ammonia in the gas turbine combustor is strongly 
influenced by the equivalence ratio instead of pressure, injection angle, 
and inlet temperature, therefore, NOX formation may be controlled by 
optimising these parameters. 

The combustion mode for ammonia is shown in Fig. 15. The non-
premix and premix zones are obtained from the flame index in the 
combustor environment. It was revealed that the primary ammonia 
combustion mechanism is premix flame propagation. Indeed, the 
dominant combustion mechanism in the gas turbine combustor is 
partially premixed combustion. The area associated with nonpremix 
combustion is relatively small, and partly located near the fuel nozzle 

and flame holder walls where the fluid is stagnant. This observation 
indicates that the existing microgas combustor can be used with 
ammonia, as an alternative to those conventional hydrocarbon fuels, in 
the same partial premix mode. However, a slight modification is needed 
to control NOX levels and avoid high spatial temperatures. 

3.7. Ammonia burning characteristics 

One of the most important criteria for evaluation of turbulent com-
bustion is the estimation and analysis of the turbulent flame speed. The 
uprising of the burning velocity as the fuel is injected into the combustor 
of both microturbine and boiler has been extracted from the numerical 
experiment and given in Fig. 16. The highest burning velocity in the 
Microturbine corresponds to hydrogen and lowest is for DME. The 
ammonia turbulent flame speed is comparable to syngas and methane in 
the turbine. Therefore, the flame propagation of ammonia is similar to 
methane. In the boiler, in contrast, the ammonia had the highest rate of 
burning velocity and propagation rate. 

In terms of Mach number, the average values at the outlet plane of 
the microturbine combustor were employed to show the effect of fluid 
flow compressibility. The value for ammonia is similar to that for the 
syngas while DME had the lowest Mach number. The hydrogen fuel at 
the combustor outlet behaves as if methane was burned in the com-
bustion chamber. 

3.8. Ammonia NOX emissions 

To have a more comprehensive analysis of NOX emissions of 
ammonia in investigated boiler and microgas turbine, volumetric mole 
fractions of NO obtained from fuel and dissociation of air nitrogen, i.e., 
thermal NO, are given in Fig. 17. The maximum level of thermal NO in 
the boiler and turbine was 7.5 and 170 ppm. The maximum fuel NO 
observed in the boiler and turbine was 240 and 280 ppm, respectively. 
The level of fuel NO is almost one order of magnitude larger than that of 
thermal NO. Moreover, the maximum NO is higher in the gas turbine 
combustor compared to the boiler. This is likely due to the ignition that 
is initiated with recuperated hot air in the gas turbine at 920 K compared 
to that in the boiler, begun with a cold swirling flow of air at 300 K. The 
other remarkable difference between the two combustion systems is that 
the level of deNOX reactions or NO reburning is higher in the gas turbine 
combustor than the boiler. However, the outlet NOX emissions in both 
cases are in the same order of magnitude-109 ppm and 77 ppm for boiler 
and turbine, respectively. The effective dilution in the gas turbine 
combustor also favours the destruction of a considerable amount of NO. 
Ilbas et al. [22] proposed oxy-ammonia combustion as an effective 
technique to target the required flame stabilisation and NOX emission. 

The mechanism of NOX formation is different in the case of premixed 

Fig. 12. Velocity magnitude contour, vector and streamline [m/s] of the ammonia combustion in the turbine at YZ and XZ Planes, and 9 planes perpendicular to the 
air and fuel flow with a distance increment of 2 cm from the outlet plane. 
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and nonpremixed combustion. In non-premixed combustion systems, 
local stratified regions are formed where ternary mixing between the 
ammonia, oxidiser, and recirculating materials occurs, resulting in NOX 
reduction through reburning. In premix combustion, on the other hand, 
the localized combustion is namely a-priori which is governed by the 
combustion global equivalence ratio. In this case, the stratified zones, if 
ever forms, are extremely narrow which limits NOX reburning. Similarly, 
Xiao et al. [18] confirmed that one effective technique to reduce NOX 
emissions is to develop a new stratified injection technique for reburning 
of nitrogen oxides. 

The NO formation for the studied boiler is largely within the flame 
stochiometric zone. At this region, it is expected that the combustion is 
under stochiometric. For the turbine combustor, the high NO area 

occurred near the liner walls, where the fluid is almost stagnant or an 
established recirculation zone. Bazooyar and Darabkhani [27] 
confirmed that near the primary and secondary ports of this combustor, 
a recirculation area was formed, likely due to the collusion of incoming 
gas to the vertical movement of the air through the ports. How this may 
lead to more spatial NO emissions in the chamber can be answered by 
the local residence time for the combusting mixture. In this region, the 
temperature is adequately high for the dissociation of nitrogen, and 
potentially chain branching reaction among atomic nitrogen and oxygen 
[52]. 

From the level of NO, which is the result of incomplete combustion of 
ammonia, it is expected that the combustion efficiency over the entire 
combustor is near 100%. The ammonia level at both combustor outlets is 
near zero, making the heat loss from the exhaust almost negligible. The 
preliminary calculation of combustion efficiency confirmed that when 
ammonia is entirely consumed in both boiler and turbine, the combus-
tion efficiency reaches 100% and does not fall along with the flow. The 
combustion efficiency for ammonia combustion can be obtained from 
the following equation: 

η = 1 −
QNO[NO] + QNH3 [NH3]

QNH3

[(
N2 − [N2]feedstock

)
+ NH3 + NO

] × 100% (1)  

where QNH3 = 382.6 kJ/mol, QNO = 57.09 kJ/mol, [x] represents the 
spatial mole fraction of the specie x in the chamber, and [N2]feedstock is the 
mole fraction of nitrogen in a mixture of fuel and oxidiser. 

The comparative level of thermal to fuel NO in both the turbine and 
boiler at 10 transverse planes is presented in Fig. 18. In the boiler, the 
level of thermal NO is remarkably lower than the fuel NO. In contrast, in 
the gas turbine, the level of thermal NO is comparable to the fuel NO, 
with a ratio of ~0.2. As previously discussed, the spatial temperature 
associated with ammonia combustion is relatively high, which cause 
comparatively larger level of thermal NO compared to fuel NO. 

Compared to the boiler, the ratio of the thermal/fuel NO in the gas 
turbine combustor is higher and observes a relatively higher fluctuation 
while the overall trend is increasing towards the discharge nozzle. This 
is higher as the occurrence of combustion in the gas turbine is with a 
very hot air at 920 K while the fuel in the boiler ignites with a cold 
stream of air with the aid of hot circulated materials at nearly 600 K. The 

Fig. 13. NOX emissions [ppm] of the ammonia combustion in the turbine at YZ and XZ Planes, and 9 planes perpendicular to the air and fuel flow with a distance 
increment of 2 cm from the outlet plane. 

Fig. 14. The temperature and NOX emissions, averaged on the perpendicular 
planes, along with the flow in the turbine for ammonia, DME, hydrogen, 
methane and syngas. 
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injection of hot air at the microturbine combustor has both decreasing 
and increasing effect on the NOX emission. It has decreasing effect as it 
can suddenly cool the reactive mixture, while this increases the effect 
further downstream as the fresh stream of the air reacts with partially 
mixed fuel and air and complete the combustion towards the end. 

Apart from the combustion characteristics and emission, what a new 
fuel necessitates in the operation of the entire combustion system is the 

synergy among the combustor and equipment installed to harness the 
power. This is indispensable, especially in the case of a gas turbines as 
any change in turbine inlet temperature and combustor mass flow rate 
might change the tubine/compressor fitting, blade cooling circuit, heat 
exchanger network, and operation of the entire turbomachinery [51]. 
Further work on ammonia combustion for the application on the gas 
turbines should provide technical information beyond the combustion to 

Fig. 15. Nonpremix and premix zones in the gas turbine combustor isosurfaces coloured by oxygen concentration and temperature.  

Fig. 16. Turbulent flame speed [cm/s] of ammonia compared to DME, Hydrogen, Methane and Syngas in boiler and microturbine combustor along with the outlet 
Mach number at the microturbine combustor outlet. 
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deploy this renewable fuel as an energy career to the grid. 

4. Conclusions 

This work provided a comparative analysis of ammonia combustion 
in microgas turbine combustors and boilers for domestic application. 
First, the ammonia combustion characteristics including the mixture 
temperature, laminar flame speed, autoignition delay were compared 
with DME, methane, hydrogen, and syngas. Then the performance of 

ammonia combustion in gas turbine and boiler were numerically 
compared with those fuels. The flue gas composition of ammonia and 
hydrogen is highly similar, containing nitrogen and water, and if the 
combustion is below stoichiometric, oxygen. In the case of ammonia, the 
nitrogen content is slightly larger and water slightly lower compared to 
hydrogen. The ammonia laminar flame speed was in the same order as 
methane, indicating that a similar turbulent flame speed should be ex-
pected. The laminar burning velocity of ammonia was 20 and 17 cm/s 
under the boiler and turbine combustion conditions, respectively. It was 
found that ammonia had a lower flame temperature compared with 
other fuels, which affected the heat transfer in both the boiler and the 
gas turbine. The stochiometric adiabatic flame temperature of ammonia 
was 2068 K and 2075 K under the boiler and turbine condition, 
respectively. The maximum level of thermal NO in boiler and turbine 
was 7.5 and 170 ppm. The maximum fuel NO observed in boiler and 
turbine was 240 and 280 ppm, respectively. A slightly higher mass input 
for ammonia combustion in the boiler showed to compensate for its 
lower heating values for domestic application at the expense of a higher 
level of NOX emissions. The highest spatial temperatures and remark-
ably highest NOX emissions for ammonia were seen in microgas tur-
bines, compared to other fuels, when the same inlet temperatures were 
considered. Although the ammonia boiler exhaust’s NOX emissions level 
was only slightly above the 100 ppm limit, this analysis indicated that 
appropriate NOX reduction scenarios need to be adopted to improve 
ammonia in combustion systems. The NOX emissions control techniques 
including high temperature air combustion or flameless may be worthy 
of further investigation for the deployment of ammonia to the energy 
grid. 
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Fig. 17. Volumetric thermal and fuel NO mapped on the stochiometric isosurface with equivalence ratio = 1.  

Fig. 18. The thermal and fuel NO ratio, obtained by averaging the thermal and 
fuel NO values at 10 transverse planes. 
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