
1 

AUTOIGNITION OF HYDROGEN/AMMONIA BLENDS AT 

ELEVATED PRESSURES AND TEMPERATURES 

 
Evans, M.J.1, Chinnici, A.1, Medwell, P.R.1 and Dally, B.B.1 

1 School of Mechanical Engineering, The University of Adelaide, Adelaide, 5005, Australia 

m.evans@adelaide.edu.au 

 

ABSTRACT 

Hydrogen stored, or transported, as ammonia has been proposed as a sustainable, carbon-free alternative 

for fossil-fuels in high-temperature industrial processes, including power generation. Although 

ammonia itself is toxic and exhibits both a low flame speed and calorific value, it rapidly decomposes 

to hydrogen in high temperature environments suggesting the potential use in applications which 

incorporate fuel preheating. In this work, the rate of ammonia-to-hydrogen decomposition is initially 

simulated at elevated temperatures to indicate the proportion of fuel conversion in conditions similar to 

gas pipelines, gas-turbines or furnaces with exhaust-gas recirculation. Following this, different 

proportions of hydrogen and ammonia are numerically simulated in independent, zero-dimensional 

plug-flow-reactors at pressures ranging from atmospheric to 50 MPa, and pre-heating temperatures from 

600 K to 1600 K. Deflagration of very-lean-to-fuel-rich mixtures was investigated, employing air as the 

oxidant stream. Analyses of these reactors provide estimates of autoignition thresholds of the 

hydrogen/ammonia blends which are relevant for the safe implementation and operation of 

hydrogen/ammonia blends, or pure ammonia, as a fuel source. Further operational considerations are 

subsequently identified for using ammonia or hydrogen/ammonia blends as a hydrogen fuel carrier, by 

quantifying residual concentrations of hydrogen and ammonia fuel products, as well as other toxic 

emissions, within the hot exhaust products.   

1.0 INTRODUCTION 

The use of renewable hydrogen, and cost-effective hydrogen carriers, has been touted as a potential 

replacement for fossil-fuels in large-scale power generation [1]. The transport and combustion of pure 

hydrogen, as a compressed gas or cryogenic liquid, poses significant safety challenges due to its 

volatility and flammability, as well as logistic considerations of the high energy requirement for 

compression and low volumetric energy content. One promising alternative for hydrogen transport is 

ammonia, NH3, which is among one of the most highly produced chemicals in the world [2]. As a well-

established industrial chemical with existing formation and shipping infrastructure, ammonia offers a 

viable means of global end-to-end hydrogen transport.  

Ammonia has been proposed as both a hydrogen carrier and a renewable fuel in itself, prompting 

numerous studies of NH3 flammability limits and flame-speeds [1,3,4]. Although NH3 has a higher 

volumetric energy content than either gaseous or liquid hydrogen, its fuel-cracking properties, ignition 

and emissions characteristics have not been comprehensively investigated. These attributes are all 

relevant to systems which employ fuel preheating, strong exhaust gas recirculation (EGR) or sequential-

combustion, which have all been previously implemented in gas turbine applications at typical operating 

pressures of 1.5 – 3 MPa [5,6]. The preheating of NH3 leads to thermal decomposition providing 

molecular and atomic hydrogen directly to the fuel-stream. This process may be further enhanced 

through the inclusion of catalysts, allowing for the complete conversion of NH3 to H2 at temperatures as 

low as 725 K [7]. The catalysts, however, exhibit limited lifespans, demonstrating a trade-off between 

conversion efficiency and long-term stability [8]. As such, it is essential to characterise the combustion 

properties over a range of viable blends to understand potential ignition risks. 

Although the combustion of H2 or NH3 is carbon free, the stoichiometric combustion of either H2 or 

NH3 in air is known to emit NO and NO2 (NOx) which are currently regulated by numerous emissions 

regulations world-wide. These emissions may be formed in high temperature air reactions, through the 

thermal dissociation of N2 or in NH3 combustion via reactions of the NH and N radicals formed during 

initial fuel decomposition [9]. One proposed method of reducing NOx emissions from NH3 

mailto:m.evans@adelaide.edu.au


2 

combustion [9], is by implementing a globally rich mixture although this may result in the emission of 

unburnt fuels including H2 and NH3. In addition to the resulting loss of combustible fuel through the 

exhaust, NH3 is a toxic over prolonged periods at concentrations of 25 ppm and poses an immediate 

danger to life or health (IDLH) at 300 ppm [10]. For these reasons, emissions of both NOx and NH3 are 

highly undesirable, although NH3 is readily soluble in water for exhaust removal. Similarly, excess H2 

and NH3 may be mixed with some proportion of fresh air for reburning under diluted conditions.  

This study will focus on the formation of NH3/H2 blends from pure NH3 and their autoignition with air 

at elevated temperatures. Fuel compositions will be evaluated through chemical models of NH3 

decomposition at elevated temperatures, which will be used to predict the autoignition temperatures, 

and resultant emissions, at different NH3/H2 ratios, pressures and equivalence ratios. 

2.0 NUMERICAL APPROACH 

A series of one-dimensional plug-flow-reactors (PFR) was simulated using Chemkin-PRO. The 

adiabatic PFR model in this study features a uniform velocity profile, such that velocity may be directly 

transposed to residence time. This configuration has previously been used to numerically investigate the 

ignition chemistry of a wide range of fuels, including pure H2 and hydrocarbons such as CH4 and C3H8. 

Initial reactor temperatures ranged from 600 to 1200 K, in increments of 50 K; reactor pressures ranged 

from 1 bar(a) to 500 bar(a); and equivalence ratios, Φ, ranged from 0.05 to 1.5, in increments of 0.05 

from Φ = 0.05 to 0.15, and increments of 0.1 up to Φ = 1.5. The fuel compositions ranged from 

100 % NH3 to 100 % H2 and air was the oxidant in all cases. The pyrolytic conversion of NH3 to H2 and 

N2 was evaluated using equilibrium chemistry calculations at increments of 25 K. 

Chemical reactions were modelled using the January 2019 version of hydrogen chemical kinetics from 

Ranzi et al. [11] with a recently revised NH3/NOx sub-mechanism [12,13]. This sub-mechanism has 

been validated against experimental measurements of hydrocarbon/NOx [12] and NH3 [13] combustion. 

The final mechanism includes 34 chemical species and 211 elementary reactions, after the removal of 

the inert species. Results were compared against the widely validated kinetics mechanism by 

Konnov [14], with the two schemes producing similar qualitative and quantitative results, although this 

is not reproduced here for brevity. 

3.0 RESULTS AND DISCUSSION 

3.1 Hydrogen generation from ammonia through pyrolysis 

The pyrolysis of NH3 results in the production of H2 and N2, at a ratio of 3:1 up to a possible H2 yield of 

75 %, by mole. This process is enhanced with increasing temperature, as shown in Fig. 1 which shows 

the equilibrium conversion efficiency at a given initial temperature, T0, in the absence of a catalyst. The 

plot shows that 90 % conversion efficiency can potentially be obtained for T0 ≥ 1350 K and 99 % 

conversion efficiency is possible at T0 ≥ 1500 K. Intermediary species, such as atomic N or H, are not 

present in the equilibrium species at these temperatures, but begin to form for initial temperatures above 

1550 K. The values presented in Fig. 1 demonstrate the achievable thermal decomposition of NH3, 

although this is a function of residence time and may be enhanced at lower temperatures through the use 

of catalysts. 

3.2 Autoignition of hydrogen/air mixtures 

Understanding the autoignition and emissions of H2 and NH3 in air is critical for safe operation of high 

temperature facilities using these fuels and the development of safe procedures for emissions handling. 

The principal emissions of concern from H2/air combustion are NOx from the dissociation of N2 and, in 

rich mixtures, excess fuel emissions in flue gases. These are both more prevalent in more complex NH3 

combustion, particularly owing to the increased fraction of N in the mixture. 



3 

Figure 2 shows the adiabatic flame temperatures of preheated H2/air mixtures at a range of different 

stoichiometries, at atmospheric pressure. This figure demonstrates that the autoignition of H2 is practical 

for T0 ≥ 800 K. This limit must also be taken into consideration for safe operation, ensuring that 

undesired fuel/air mixtures are not possible at these elevated temperatures. Minimum autoignition 

temperatures, Tai, are slightly higher for lean mixtures with Φ ≤ 0.7, requiring T0 ≥ 850 K. Similarly, 

diabatic flame temperatures are highest for richer mixtures, with the hottest exhaust products produced 

in the range of 1.1 ≤ Φ ≤ 1.3.  

 

Figure 1. Possible conversion efficiency of molecular hydrogen from the pyrolysis of ammonia 

calculated for different temperatures using equilibrium chemistry calculations at atmospheric pressure. 

 

Figure 2. Adiabatic flame temperatures (K) of preheated H2/air mixtures calculated for different initial 

temperatures and equivalence ratios at atmospheric pressure.  

Figure 3 shows the total, final NOx emissions from the PFR (normalised to 15 % O2), as well as residual 

H2 in the reactants. The combination of these figures demonstrates the trade-off between lean, 

combustion with higher NOx emissions and rich combustion with excess—potentially wasted—fuel. In 

mixtures of Φ = 1.5, approximately 14 % of the product mixture is unburnt fuel, by volume diluted with 

N2 and H2O vapour. This compromise is well-documented for combustion in air, with the increased NOx 

emissions a result of the high temperatures and large proportion of N2 in the mixture from the excess 

air [15]. The regions of lowest NOx emissions are in very lean and rich mixtures, at lower combustion 

temperatures, with the steep increase in emissions corresponding to adiabatic flame 

temperatures ≳ 1800 K in lean mixtures. Emissions below 10 ppm are only achievable in lean mixtures 

with adiabatic flame temperatures ≤ 1570 K in the region of Φ ≤ 1.5.  

Comparison of stoichiometric mixtures at different pressures in Fig. 4 shows that the stoichiometric Tai 

only decreases by 100 K between 1 and 500 bar(a). The adiabatic flame temperatures for a given T0, 

however, increase significantly with pressure and this is more prevalent for higher T0. Flame 

temperatures for T0 = 1600 K increase 500 K from 2870 K to 3370 K with 500-fold pressure increase. 

Similarly, there is a 250 K increase from 2600 K at 1 bar(a) and T0 = 800 K. The adiabatic flame 

temperature of the mixture at T0 = Tai increases from 2600 K at 1 bar(a) to 2780 K at 500 bar(a). 
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Figure 3. NOx (normalised to 15 % O2) and unburnt fuel emissions from preheated H2/air combustion 

calculated for different initial temperatures and equivalence ratios at atmospheric pressure.  

Figure 4 presents adiabatic flame temperatures at three different pressures for 600 < T0 < 1600 K and 

0.05 < Φ < 1.5. Ambient pressures shown are 3, 5 and 50 bar(a). Noticeably, the 50-fold increase in 

pressure only results in a 50 K decrease in Tai.  

  

  
Figure 4. Adiabatic flame temperatures (K) of preheated H2/air mixtures calculated for different initial 

temperatures and equivalence ratios at 3, 5 and 50 bar(a), and for stoichiometric mixtures at pressures 

from 1 – 500 bar(a). 

Formation, and potential emissions of, NOx at different pressures is shown in Fig. 5. These maps 

demonstrate operational envelopes of significantly increased NOx, which must be minimised in practice 

to meet emissions requirements. Similar to the maps of adiabatic flame temperature, the increase in 

pressure from 1 to 50 bar(a) does not appear to significantly affect NOx emissions, with the normalised 

emissions increasing by less than 15 %.  

Predictions of normalised NOx emissions from the stoichiometric mixture at pressures from 1 to 

500 bar(a) (Fig. 5) suggest peak NOx occurs for different T0 at different pressures. For T0 = 800 K, NOx 

emissions decreases with increasing pressure above 1 bar(a). For T0 = 1000 K, however, NOx emissions 

peak at 3 bar(a) before decreasing. Similarly, for T0 = 1300 K, peak NOx occurs at 7 bar(a) and for 



5 

T0 = 1600 K, peak NOx occurs at 20 bar(a). Notably, all NOx emissions for the stoichiometric mixture 

exceed 1000 ppm, and would hence likely require exhaust treatment.  

  

  
Figure 5. NOx emissions (normalised to 15 % O2) from preheated H2/air combustion calculated for 

different initial temperatures and equivalence ratios at 3, 5 and 50 bar(a), and for stoichiometric 

mixtures at pressures from 1 – 500 bar(a). 

Figure 6 shows NH3 formation in rich H2 combustion. It is interesting to note that up to 10 ppm of NH3 

may be formed in rich H2/air combustion for Φ = 1.5, decreasing by an order of magnitude, with 

decreasing Φ from 1.5 to 1. This concentration is approximately half of the recommended maximum 

continuous exposure level. Although this does not pose an inherent safety risk, and may be removed by 

exhaust treatment, it does demonstrate that significant concentrations of NH3 may be formed in the 

reaction zone. 

  

Figure 6. Residual NH3 mole fractions from preheated H2/air combustion calculated for different 

initial temperatures and pressures at Φ = 1 (left) and 1.5 (right).  

3.3 Autoignition of ammonia/air mixtures 

The adiabatic flame temperatures of NH3/air mixtures at different pressures are presented in Fig. 7. At 

atmospheric pressures, in contrast to H2/air mixtures—where Tai slightly decreased for Φ ≥ 0.7—the Tai 
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of NH3/air mixtures is slightly higher for Φ ≥ 0.7 than for leaner mixtures. For these leaner mixtures, 

the Tai of NH3 are 100 K higher than for H2 at the same equivalence ratio, whereas the difference is 

200 K for Φ ≥ 0.7. The ignition delay times exhibit commensurate trends, with the ignition delay times 

of H2/air being three orders of magnitude less than NH3/air at the same temperature and equivalence 

ratio.  

The increase in ambient pressure from 1 to 2 bar(a) noticeably reduces the dependence of Tai on Φ, as 

shown in in Fig. 7. At 2 bar(a), the Tai for all equivalence ratios lie in the range of 900 – 950 K, in good 

agreement with experimental data [16]. The effects of pressure are most prevalent on the lean ignition 

characteristics at 3 bar(a), with ignition occurring in mixtures of Φ ≤ 0.5 at approximately 50 K less than 

at stoichiometric. Further increasing the pressure to between 5 and 10 bar(a) results in Tai of 850 – 900 K, 

with little change in adiabatic flame temperatures. In further increasing this ambient pressure to 

30 bar(a), the Tai ranges drop by a further 50 K to 800 – 850 K for all Φ, with the leanest mixtures again 

reducing before richer ones. This slow decrease in Tai continues with increasing pressure, consistent 

with experimental findings [16], with Tai in the range of 750 – 800 K at 500 bar(a).  

  

  

  

Figure 7. Adiabatic flame temperatures (K) of preheated NH3/air mixtures calculated for different 

initial temperatures and equivalence ratios at 1, 3, 5, 10 and 50 bar(a), and for stoichiometric mixtures 

at pressures from 1 – 500 bar(a). 
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Adiabatic flame temperatures of the NH3/air mixture increase slowly with ambient pressure (see Fig. 7). 

Whilst the leanest mixtures remain the coolest, the peak temperature calculated in the domain of 

600 ≤ T0 ≤ 1600 K increases by approximately 500 K from 1 to 500 bar(a). This increase is further 

associated with a gradual shift in the equivalence ratio of peak flame temperature from slightly rich 

(Φ ≈ 1.1) to stoichiometric, which first occurs between 50 – 100 bar(a). These effects of pressure are 

significantly more pronounced than for the H2/air mixtures presented Fig. 4.  

The influence of pressure on normalised NOx emissions from the NH3/air mixtures is shown in Fig. 8, 

with values being the same order of magnitude and following the same trend with Φ as has been 

measured in previous experimental work [9]. Although NOx emissions from very lean NH3/air mixtures 

decrease with pressure, the emissions from stoichiometric mixtures increase at constant initial 

temperature, with emissions increasing from 990 ppm to 1400 ppm with increasing pressure from 1 

through to 50 bar(a) at T0 = 1000 K. Similarly, emissions double from 3300 ppm to 6600 ppm at Φ = 0.5 

and the same temperature with increasing pressure. This is in contrast to very lean mixtures at Φ = 0.5 

and T0 = 1600 K, where NOx decreases from 3.3 % to 2.1 % of the normalised products with the increase 

from 1 to 50 bar(a).  

  

  

  

Figure 8. NOx (ppm, normalised to 15 % O2) of preheated NH3/air mixtures calculated for different 

initial temperatures and stoichiometries at 1, 3, 5, 10 and 50 bar(a), and for stoichiometric mixtures at 

pressures from 1 – 500 bar(a). 
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The trend in normalised NOx emissions from stoichiometric NH3/air mixtures with different pressures 

and initial temperatures (Fig. 8) qualitatively resembles that of H2/air mixtures (Fig. 5). For both fuels, 

the pressure corresponding to peak NOx emission increases with increasing initial temperature of the 

mixture, although these pressures are lower. Furthermore, significantly lower NOx emissions are 

achieved through NH3 combustion than H2/air combustion, particularly near Tai at higher pressures, 

where NOx emissions are minimised.  

The standardised NOx emissions from stoichiometric NH3/air mixtures at T0 = 1000 K are significantly 

less than those from H2/air mixtures (Fig. 5), with a narrower region of extremely high NOx emissions 

and more NOx produced in very lean (Φ ~ 0.1) mixtures than rich mixtures at the same temperature. The 

trends and values presented in Fig. 5 are consistent with similar reactor network studies [17]. At 

T0 = 1000 K, standardised NOx emissions from the stoichiometric combustion of NH3/air are 

approximately 900 ppm, whereas the emissions from H2/air combustion produces 2700 ppm—a 

threefold increase. This is despite the dissociation NH3, and the subsequent production of N-based 

radicals, being an essential step in NH3 combustion. The difference in NOx emissions may therefore be 

attributed to thermal NOx, rather than the fuel.  

At T0 = 1000 K, the adiabatic flame temperature of stoichiometric NH3/air combustion is 2465 K, 

compared to 2680 K for H2/air. Despite this final temperature difference, both have similar final 

enthalpies—2.3 MJ/kg for NH3/air and 2.7 MJ/kg for the H2/air mixture. This encourages further 

investigation of NH3 as fuel in low-NOx technologies such as flameless, or moderate or intense low 

oxygen dilution (MILD), combustion. Similar technologies already adopted in gas-turbines include 

sequential combustion and inter-turbine burners (ITBs), where a turbine is placed between two 

combustion stages, and rich-burn, quick-quench lean-burn (RQL) combustors where air is added to hot 

combustion products from a rich first-stage to reburn excess fuel and NOx [18,19]. 

The emissions of residual flammable H2 and flammable and toxic NH3 must be considered in the use of 

rich NH3/air mixtures. Figure 9 shows residual concentrations of both H2 and NH3 at a selection of 

pressures for NH3/air combustion. These show that post-combustion concentrations of NH3 are at sub-

ppm levels at 1 bar(a), with concentrations decreasing from ~ 0.5 ppm in rich (Φ = 1.5) mixtures to 

~ 0.05 ppm in the stoichiometric mixture, with T0 held at 1000 K. These values increase to ~ 2 ppm and 

~ 0.1 ppm, respectively, with an increase in pressure to 5 bar(a), and to ~ 20 ppm and ~ 0.5 ppm at 

50 bar(a). These values are all below the continuous exposure-level of 25 ppm [10], before any 

mitigation processes, although emissions increase to 27 ppm at Φ = 1.5, T0 = 850 K and 50 bar(a). These 

results highlight that stoichiometric or rich (up to Φ = 1.5 at 50 bar(a) at T0 ≥ 1000 K) combustion of 

NH3/air mixtures does not present an inherent NH3 exposure risk.  

Emissions of residual H2 from NH3/air combustion are presented alongside the NH3 emissions in Fig. 9. 

These provide further evidence that the excess NH3 from rich combustion does not survive the reaction 

zone, but is decomposed resulting in molecular H2 in concentrations of approximately 13 % at Φ = 1.5, 

for all T0 and pressures. This figure also demonstrates that both are affected by changes in pressure and 

temperature, with residual NH3 increasing from mole fractions of ~ 10-7 at low temperatures and 

pressures to ~ 10-5 at 500 bar(a) with T0 = 1600 K in stoichiometric mixtures. This is behaviour is similar 

to results of a combined numerical and experimental study of NH3 ignition which showed residual NH3 

concentrations of ≲ 10-5 in a shock tube under temperatures, equivalence ratios and pressures, with 

incomplete combustion resulting in significant production of H2, OH and NO species [20]. 
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Figure 9. Residual NH3 (left-hand column, logarithmic scale) and H2 (right-hand column) mole 

fractions of preheated NH3/air mixtures calculated for different initial temperatures and equivalence 

ratios at 1, 5 and 50 bar(a), and for stoichiometric mixtures at pressures from 1 – 500 bar(a). 

Concentrations of residual H2 presented in Fig. 9 are almost equal to those from H2/air combustion under 

the same initial conditions. Residual concentrations from the stoichiometric mixture of NH3/air 

additionally demonstrate similar trends with initial temperature and pressure to those in H2/air mixture 

(not shown), with peak residual emissions at low pressure and high temperature. The excess H2 is mixed 

with large concentrations of H2O vapour (not shown for brevity) which constitute 24 – 30 % of the 
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products of stoichiometric or rich combustion of NH3/air at pressures of up to 50 bar(a). This H2O 

vapour can be readily removed through cooling. Molecular nitrogen (N2) makes up the bulk of the 

products not explicitly discussed in this work, with species such as O, O2, H, and OH also present in 

concentrations ~ 0.1 – 1 %. These values are, again, similar to equilibrium values derived from 

combined numerical and experimental studies of ignition delay in rapid compression machines and 

shock tubes [20]. Although this product mixture could be exhausted after cooling, this highly diluted H2 

mixture—which includes a significant radical pool—has potential to be used as a diluent for preheating 

fuel or oxidant streams by means of staged combustors or exhaust gas recirculation (EGR). These 

technologies may both promote thermal decomposition of NH3 fuel, and flameless, or MILD, 

combustion.  

3.4 Autoignition of hydrogen/ammonia blends in air 

The high Tai and long ignition delay times of NH3 compared to H2 promote the blending of the two fuels 

in practical systems. The inclusion of only 1 % H2 in the fuel-stream substantially decreases the Tai by 

100 – 150 K for Φ ≥ 0.2, with an additional, more gradual, decrease of 50 K in the shift to 100 % H2. 

This agrees with experimental findings that ‘small fractions’ of H2 reduce Tai by more than 100 K [16]. 

Blending with H2 also increases adiabatic flame temperatures, and corresponding NOx formations (see 

Fig. 10). This complements Figs. 5 and 8, which showed that initial temperature is the main driver for 

normalised NOx emissions for a given fuel (NH3 or H2). This demonstrates the dominance of the thermal 

NOx mechanism in this system, and reiterates the need for NOx mitigation, either through post-reaction 

reduction or low NOx technologies.  

Figure 11 demonstrates distinct trends in residual NH3 emissions for Φ = 1 and 1.5 with the addition of 

H2. The inclusion of H2 in stoichiometric mixtures, increases the final NH3 concentrations, whereas 

increasing H2 in rich mixtures with Φ = 1.5 decreases the final NH3 concentrations. This figure shows, 

however, that NH3 emissions are dominated by pressure in both cases.  

  

Figure 10. Adiabatic flame temperatures (left, K) and NOx emissions (right, ppm, normalised to 

15 % O2) from preheated NH3/H2/air mixtures calculated for different pressures (logarithmic scale).  
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Figure 11. Residual NH3 mole fractions (logarithmic scale) from preheated NH3/H2/air mixtures 

calculated for different pressures (logarithmic scale).  

4.0 CONCLUSIONS  

The autoignitive combustion of hydrogen and ammonia with air has been modelled to predict minimum 

autoignition temperatures and emissions from mixtures at different equivalence ratios, temperatures and 

pressures. Analyses of these results reveal that: 

• The minimum autoignition temperatures of NH3/air mixtures demonstrate a stronger 

dependence on ambient pressure than H2/air mixtures; 

• NOx emissions are high for all operating conditions and are dominated by the thermal NOx 

production mechanisms for both H2/air and NH3/air mixtures; 

• Residual fuel emissions in rich mixtures are predominantly composed of H2 in both H2/air and 

NH3/air mixtures, indicating that NH3 does not survive the combustion process; 

• Initial temperature is the controlling parameter in combustion emissions, with NOx being more 

strongly influenced by H2 concentration than pressure, whereas residual fuels are more closely 

coupled to ambient pressure.  

This study provides preliminary support for the use of NH3 as a future carbon-free fuel, suggesting that 

stoichiometric and rich mixtures can provide combustion products with similar enthalpies to H2/air 

mixtures, lower NOx emissions than H2/air mixtures and exhaust streams consisting of diluted H2 and 

significant concentrations of combustion radicals. The results additionally promote the further study of 

NH3 combustion with low emissions technologies, such as MILD combustion.  
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