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20 Abstract

22 A flameless combustion mode was employed in a semi-industrial furnace to investigate the effect of
24 NH3; on CHa4, which was diluted by CO»/H, combustible mixtures, serving as the primary fuel. Emission
characteristics, as well as toxic compounds and temperature distribution maps, were presented for
27 selected fuels. The combustion system was tested at a constant firing rate of 150 kW and a constant
29 fuel bulk velocity of 85m/s. We investigated the effects of equivalence ratio, fuel composition and
volume share of NH3 in the fuel. It was found that the equivalence ratio and NH3; amount have the most
32 significant impact on the emission of fuel nitric oxide in the flameless combustion process. The dilution
34 of CH4 with CO; affects the stretch rate, resulting in an increase in CO levels as well as promoting NO
36 level growth. The calculated dimensionless Conversion Factor (CF) shows that the dilution gas, CO-,
37 significantly impacts the reduction of NH; to NO, but only for low-content fuel-bound nitrogen (up to
39 1%). The lowest values of CF were measured for a high equivalence ratio, corresponding to the typical

oxygen content for flameless combustion process.

45 Keywords: Flameless combustion, CH4/CO2/H2/NH3, Ammonia combustion, nitric oxide, emissions.

50 Highlights

e MILD combustion of ammonia fuel blends is studied in semi-industrial combustion chambers
54 e Impacts of CO2/H; dilution on CH.-NHs fuel were investigated.
56 e Low oxygen environment led to reduced fuel NO generation.

58 e CO;chemical and thermal effect on NO generation is discussed.
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Abbreviations

CF Conversion Factor

CHs Methane

CO2 Carbon dioxide

H> Hydrogen

HITAC High Temperature Air Combustion
LHV Low Heating Value

MILD Moderate or Intense Low-oxygen Dilution
NH3 Ammonia

NO Nitric Oxide

NOy Nitric Oxides

ppm Parts per million

ppmv Parts per million by volume

1. Introduction

Nowadays, the efforts to decarbonise the energy sectors are escalating at an unprecedented rate worldwide.
As for February 2022, the global warming level was recorded at 1.19 °C [1], mainly due to the rise in the
concentration of greenhouse gases in the atmosphere, of which more than 90% are CO; released due to
human activities. This trend is anticipated to continue to 1.5 °C between 2030 and 2050, and could reach
2.0 °C in 2100 [2], reinforcing the global threat of climate change and global warming. A promising
strategy for long-term sustainability currently focuses on steadily decreasing dependence on fossil fuels
while gradually increasing the use of renewable energy sources (RES). However, RES present the
challenge of periodic electricity surpluses and shortages, which create economic management difficulties.
Consequently, research has pivoted towards using alternative energy fuels such as hydrogen (Hz), ammonia
(NH3), and methanol (CH3OH), as well as developing their corresponding technologies for a near-zero
emission economy. [3,4]. Notably, the combustion of these alternative fuels does not necessarily result in

the emission of greenhouse gases such as CO; and nitrogen oxides [5—7].

The current geopolitical situation in Europe further drives the urgency to significantly reduce the use of
imported fossil fuels, principally natural gas. This situation amplifies the growing interest in alternative
technologies for producing combustible gases, with a focus on biogas. Biogas is a preferred form of high-
calorific gas production and is considered a zero-emission fuel [8]. Furthermore, biogas plants offer a
solution to another environmental issue, which is the disposal of organic origin waste. Due to the stability
issues with renewable energy power productions [9], initial solutions will likely emphasise fuel flexibility,
blending hydrogen and its carriers like ammonia with conventional fuels such as biogas or methane. Most
of the existing literature on this topic is still based on laboratory-scale studies and their corresponding
numerical results [10]. There is a noticeable lack of research on pilot-scale low- to medium-power systems

exceeding 100kW, as well as large industrial capacities measured in megawatts.
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On the other hand, High-Temperature Air Combustion technology (HiTAC, also known as MILD
combustion, flameless combustion or volumetric combustion) [11-13], offers an alternative to
conventional combustion techniques. This technology significantly improves process efficiency through
the regeneration of exhaust heat and internal exhaust gas recirculation, thereby substantially reducing
nitrogen oxide emissions [14]. The technique involves introducing air heated to temperatures exceeding
the fuel's auto-ignition temperature, thereby maintaining a low oxygen concentration. This approach has

already been successfully implemented in the metallurgical and energy industries [15,16].

1.1 Influence of CO, on Combustion

Non-combustible CO; as well as water vapour recirculating within the combustion chamber have two main
effects on the combustion process: alteration of the flow and thermodynamic properties of the mixture,
and direct chemical effect of CO,, including increased energy transport through CO, radiation. The most
significant thermal influence, particularly in high-temperature combustion, is exerted by tri-atomic CO».
The heat capacity of CO; strongly depends on temperature; unlike two-atom nitrogen, the main component
of the gases present in the combustion chamber [17]. The presence of CO; in the mixture with methane
leads to a reduction in the burning velocity and alters the shape of the flame [18]. Studies on the impact of
CO; on the structure and emission of turbulent diffusion methane flames [19] have observed a decrease in
flame length, temperature and NOx concentration. In addition, CO, significantly reduces the flammability
limits. Several studies have been conducted to understand the reasons for these observations. Jia et al. [20]
investigated the ignition characteristics of CHs mixtures with CO and N, concluding that the elementary
reaction sequence of the CO—CO» pathway is crucial for ignition initiation in highly diluted methane with

CO,. CO; in a mixture with CHy increases the ignition temperature, mainly due to its high heat capacity.

As the proportion of CO; in the oxidant increases, the flame becomes elongated [21]. Ignition initiation
becomes more challenging as the proportion of CO; in the methane mixture increases. In conventional
combustion, this necessitates the use of rich mixtures [22]. Guiberti et al. [23] studied the flames of
methane mixtures with CO; by measuring the chemiluminescence of OH, CH radicals, and CO; molecules.

They demonstrated that as the proportion of CO» increases, the OH/CO; ratio decreases.

Numerical calculations carried out by Liu et al. [24] for premixed flames indicate that the chemical effect
of CO; significantly reduces the burning rate of methane and hydrogen-doped flames. The importance of
the CO, chemical effect increases with increasing CO; concentration in the fresh mixture. The dominant
reaction pathway for the chemical effect of CO» is the CO,+H«—CO+OH reaction. The consumption of H
radicals by CO; plays a major role in inhibiting the rate of combustion (reaction H+O»«> O+OH). It has

been shown that the chemical effect of CO; in methane flames is more significant than in hydrogen flames.
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These results were subsequently confirmed in the work of Zhang et al. [25], in which CO, and N, were
added to methane. They performed a numerical analysis of combustion in a 20kW laboratory furnace and
calculated the chemical kinetics of the reaction in a well-stirred reactor (WSR). Their study highlighted
the difficulties in achieving conditions for appropriate stable flameless combustion when the fuel is diluted
with CO,. The main reason for this is the reduction in combustion temperature and ignition delay caused
by the chemical effect of CO,. The addition of CO; enhances CO formation, mainly through the reactions
H+CO,—OH+CO and CO2+CH,—CO+CH,0. Zhenjun and Tong [26] analysed the kinetics of the
combustion of methane and methane with CO,. In the combustion of methane, the decomposition of CHy
to CO occurs in the first step, and the final oxidation of CO to CO, takes place in the second step. Thus,
the elementary oxidation reactions of carbon monoxide are extremely important for the oxidation of
methane. CO; is not inert, but actively participates in chemical reactions, mainly through the reactions
CO,+H«—CO+H; and O,+CO«>0O+COs». The latter reaction is slow and does not significantly contribute
to the formation of CO,. However, it serves as an initiator of the chain sequence. The actual CO oxidation

step (CO+OH«—CO,+H) contributes to the formation of free H atoms.

A study by Colorado et al. [27] investigated the flameless combustion of biogas (60% CH4 and 40% COy)
and natural gas in a 50kW furnace. The furnace efficiency remained practically constant for both fuels. In
both cases, NOx and CO emissions were minimal. A slight reduction in temperature was observed when
CO; was dilution. Interestingly, when biogas was used instead of natural gas, the heat load of the flameless
system could be maintained at a constant level. Importantly, despite achieving higher efficiency with the
regenerative system., the outlet loss was higher compared to a natural gas-fired burner. When the same
amount of gas flows through the flue gas heat regeneration system, the combustion products of biogas
have a higher concentration of CO,, which exhibits better radiation properties, higher absorption capacity
and greater heat capacity. These characteristics enhance the heat transfer between the flue gas and the
honeycomb regenerators. The utilisation of the flameless mode enables the attainment of a longer and more
diffuse reaction zone, a more uniform temperature profile, and improved system efficiency through the use
of honeycomb regenerators. However, it should be noted that adding very high proportions of CO; to the

methane mixture makes the chemical effect of CO, influence negligible [28].

1.2 Influence of H> on Combustion

The high combustion temperature of H,, with an adiabatic combustion temperature of 2400K, leads to the
intense formation of nitrogen oxides according to a thermal mechanism [29]. Hydrogen flames are also
characterised by a high laminar combustion velocity, which is a parameter that defines the reactivity,
diffusivity and exothermicity of the combustion reaction [30]. Appropriate management of the combustion
process for H, fuel can achieve emissions comparable to those of hydrocarbon fuels. To date, various

methods have been proposed for the combustion of H> [31] and its mixtures with hydrocarbon fuels.
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In the work of Cavigiolo et al. [32], an experimental study of the H, combustion with methane
demonstrated the possibility of efficient application of flameless mode. Compared to methane burning,
additional advantages in terms of emissions were obtained. This was attributed to an increased rate of
gaseous fuel delivery into the chamber. The addition of H, enabled stable combustion conditions even with
less air heating. Cellek et al. [33] conducted numerical investigations of CH4 and H», and their mixtures in
an industrial furnace using Ansys software with GriMech 3.0 model [34], and compared the results with
the experimental results of Ayoub et al. [35]. A decrease in NOy emissions was observed with increasing
H; content, primarily due to a reduction in the intensity of prompt mechanism formation. The numerical
analyses demonstrated that the internal recirculation of combustion products affects the shape and
composition of the combustion zone by lowering the reaction temperature and rate. Despite CH4 having a
lower combustion temperature compared to its mixtures with H», the observed NOyx emissions are higher.
This was attributed to a higher amount of OH radicals and the presence of HCN, an intermediate compound
in the elementary reactions of NO formation. Although the amount of OH radicals is approximately 20x10°
times higher than that of HCN, the latter is much more efficient in terms of NOx formation potential. This
accounts for the lower emissions from fuels doped with H,. However, the addition of up to 20% H; by
volume to methane increases the combustion temperature, resulting in a longer exposure of the O, H, and
OH radicals to high temperatures. Together with the aforementioned presence of HCN, this results in the

highest emissions among the fuels tested.

Similar observations were made by Ardila et al. [36]. In their experimental study of a 28kW burner,
methane was mixed with H» (up to 45% of the fuel volume). The increase in the equivalence ratio (¢)
contributed to lower NOx emissions. The addition of H» increased the stability of the combustion process
by reducing pressure fluctuations and enhancing dynamic stability. Despite the high proportion of H, in
the fuel, NOx emissions remained very low [36]. This reduction in emissions is due to the decrease in the

C/H ratio, which inhibits the increase in NOx emissions caused by the prompt mechanism.

1.3 Influence of NHz on Combustion

Due to its flammability and lack of carbon in its chemical structure, ammonia has the potential to be used
for combustion in zero-emission electricity generation systems. The energetic use of ammonia for direct
combustion or co-firing with other gases offers several benefits [10], including low energy storage costs.
Compared to batteries, the maintenance and construction costs of ammonia infrastructure are comparable
to those of traditional fossil fuel-based energy carriers such as natural gas or crude oil. The temperature of
ammonia flames is lower compared to hydrocarbon flames. This is attributed to the absence of CO; in the
combustion products, which is a gas with a high heat capacity, especially at high temperatures in

combustion chambers.
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The laminar combustion velocity of ammonia is significantly lower than that of methane combustion, with
a maximum value of 7 cm/s at ¢=1.1, compared to 38.2 cm/s for ¢=1 [34,37]. The volumetric heat release
during ammonia combustion is lower than that of methane. However, the flame thickness is greater due to
the slower combustion rate. Nitrogen oxides are mainly generated according to the fuel mechanism, and

their highest concentration is found at the flame front, gradually decreasing in the post-flame zone.

In the kinetics of the reactions leading to nitrogen oxide formation in NH3; combustion, an excess of OH
radicals promotes the conversion of NH; intermediate radicals to NO. Mendiara and Glaborg [38] observed
that the addition of NH; to methane flames results in a significant reduction in NO emissions due to the
consumption of OH radicals by CO, instead of NH; radicals. CO, consumes hydrogen atoms to form CO.
The formation of HNO radicals from NH;, along with OH, H», O, O and HO, is crucial in the formation
of NO [10]. It has been shown that an increase in OH radicals directly affects the production of NHO,
which further leads to NO formation. Therefore, the addition of hydrogen in NHs/Ho/air flames leads to
higher NOx generation [39]. For ammonia-methane mixtures under rich flame conditions, a positive effect
of high proportions of CO, in reducing NO was observed. The opposite trend was obtained for lean
mixtures. Based on experimental studies in a flow reactor, Mendiara and Glarborg [38] developed a
mechanism for the combustion of methane with ammonia, taking into account the effect of CO, and No.
The high proportion of CO» did not affect the initiation of methane oxidation. However, its increasing
proportion contributed to an increase in NO levels for rich mixtures and inhibited this increase under
stoichiometric and lean mixtures conditions. The high concentration of CO, during combustion supports
the formation of CO and affects the amount of OH radicals. The authors concluded that the above
relationships, rather than direct reactions between N radicals and CO,, are responsible for the effect of CO»
on ammonia conversion. In flameless combustion technology, the reaction zone is extended in the chamber
volume, which suggests that this will have the effect of weakening the intensity of the fuel mechanism of

nitrogen oxide formation and consequently reducing its emissions.

Based on the above considerations, the experimental studies in this paper analysed whether the dependence
of the decrease in the intensity of ammonia conversion to nitrogen oxides is relevant for CO./H>-added
mixtures in volumetric combustion. At present, many technologies for the use of H, and fuels with a high
proportion of H, have already reached the stage of technology readiness for implementation or
commercialisation [40,41]. However, there are limited studies on the combustion of H, mixtures with
renewable biogas and ammonia on a pilot and industrial scale. To date, no studies have been carried out
on the combustion of biogas and methane-hydrogen mixtures with consideration of the increasing
proportion of ammonia in these fuels. In addition, an additional novelty, was the use of a functioning
industrial burner so as to test whether it is possible to burn the aforementioned decarbonized gases together

with ammonia in existing industrial installations while avoiding high fuel NO emissions.
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This presumption was achieved, and in the most favorable combustion process configurations the
conversion of nitrogen bound in ammonia to NO did not exceed 5% for 5%vol. NH3 in the fuel. The results
presented in this paper, along with its scientific analysis, address the need for pilot studies as a link between

experimental research and the implementation of technologies in industrial installations.

A comprehensive analysis of the existing literature indicates a limited number of papers that have presented
research results on the combustion of H, and ammonia mixtures at high proportions. This highlights a
research gap in this area. The research conducted in this paper focused on pilot studies within the power

range. These studies serve as valuable preliminary investigations in the field.

2. Methods

2.1 Experimental setup

Experimental investigations were conducted on the combustion process of unconventional gaseous fuels
with a significant ammonia content using flameless combustion technology. The experiments were
implemented using an industrial combustion system equipped with the Japanese NFK company HRS-Ux-
144d4 gas burner as shown in Fig. 1. The burner comprises four cyclic heat regenerators that heat the
supplied air to a level 50-80K lower than the temperature of the combustion chamber wall. The tests were
carried out with three levels of oxygen in the dry flue gas, ranging from 1 to 5%, corresponding to
equivalence ratio values between 0.75 and 0.95. The power firing rate was kept constant at 150kW. The
combustion chamber had dimensions of 1200mm x1200mm x2700mm and was equipped with a number
of measuring points located at 150mm, 650mm, 1150mm, 1650mm and 2150mm from the burner plate.
The operating temperatures during the experiments were approximately 1300K for the combustion
chamber and 1230 - 1250K for the preheated air. A summary of the combustion process parameters is
shown in TABLE 1. In order to maintain a constant fuel flow rate, adjustments were made to the burner

to facilitate the replacement of nozzles with varying diameters.

TABLE 1: Parameters of the combustion process.

Parameter Value
Power firing rate [kKW] 150
Fuel bulk velocity [m/s] 80-90
Fuel temperature [K] 300
Thermal load of combustion chamber [KW/m?] 40
Average temperature of combustion chamber [K] 1300-1310
Equivalence ratio [-] 0.75-0.95
Average temperature of combustion air [K] 1230-1250

The investigated fuel gases were supplied to the combustion chamber from a mixer fuelled by a set of

high-pressure tanks. The mass flow rates of the gaseous components were controlled using Brooks mass

7
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flow meters. The fuels were preheated to 300K in the water-gas heat exchanger and injected into the
combustion chamber through a central nozzle. The bulk velocity for all the examined fuels was maintained

at a constant level, ranging from 80 m/s up to 90 m/s.
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Fig. 1: Schematic diagram of a) the combustion test rig b) burner operation sequence
2.2 Fuel

Tests were conducted on two groups of decarbonised gaseous fuels, which are commonly used in high-
temperature thermal processes. These fuels were compared to natural gas, which served as the reference

basic fuel. The first fuel group consisted of biogas derived from wastewater treatment and agriculture
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biogas plants, with methane contents of 50% and 70%. The second tested fuel was a mixture of methane
and hydrogen, which is a Power to X energy carrier (which is a series of techniques and ways to convert,
store and use renewable electricity). The hydrogen content in this fuel ranged from 10 to 30% by volume,
corresponding to a fuel energy share of 3% to 11%. The fuel samples also contained ammonia, with a
concentration of up to 5% volume. The composition of the fuels used in this study is presented in TABLE

2. The proportion of ammonia in the supplied fuel was calculated using Equation (1):

xNH3
XCH4 +xCOZ +XH2

x 100% (1)

where X is the individual share of each component.

TABLE 2: Fuel composition of fuels studied in this research.

Fuel (%vol) LHV [MJ/m?] NHz [%ovol]
M100 (100%CH.) 34.8-35.9

BioM70 (70CHa, 30%CO0,) 246-25.1

BioM50 (50CH., 50%CO0,) 17.8-17.9 0.0 -5.0°
H2M70 (70CH4, 30%H>) 27.7-28.3

H2M80 (80CH4, 20%H;) 30.0-30.9

H2M90 (90CH., 10%H.) 32.4-33.4

* Ammonia share was calculated according to Eq.1

The influence of the physicochemical properties of gaseous fuels and operating parameters on pollutant
emissions, specifically: nitric oxide (NO), carbon monoxide (CO), and slip ammonia (NH3) was
investigated. Emerson NGA 2000 CLD gas analysers, including (CO, CO,: infrared, NO:
chemiluminescence; O,: paramagnetic) were used to measure the concentrations of NO, CO, CO; and O;
in the flue gases. The slip ammonia was measured using the PIK method. The analyser types and ranges
is presented in TABLE 3. To determine the distribution of toxic compounds and temperature within the
chamber, a water-cooled suction pyrometer probe equipped with a type S thermocouple was employed.
During the tests, all data were collected and recorded at a frequency of 1Hz for 90 seconds and then
averaged. The error maintained a consistent value of ~ 1% of the measurement range. This consistent error
margin across all tests did not significantly impact the qualitative analysis of the results, as it remained

uniform throughout the testing process.

TABLE 3 Types of gas analysers with accuracy data

Name Range Accuracy
Analyser CO2 Emerson (detekcja IR) 0-25%
02 Emerson Analyser (parameagnetic detection) 0-30% +1% of
measuring
CO Emerson Analyser (IR detection) 0 - 5000 ppm range

NO Emerson Analyser (chemiluminesence detection) 0 - 1000 ppm
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THC Emerson Analyser (FID detection) 0 - 5000 ppm

In a study of component and temperature distribution inside the combustion chamber, tests were conducted
to examine the effect of maximum considered ammonia volume on the combustion process. Each test was
conducted at a constant equivalence ratio of $=0.85m which was determined to be the most favourable in
terms of achieving the lowest possible emissions of nitrogen oxides while maintaining low levels (several
ppmv) of carbon monoxide emissions. A summary of the fuels used in the study of toxic substances

distribution and temperature is presented in TABLE 4.

TABLE 4 The composition of gaseous fuels used during the diagnosis of the distribution of toxic substances and the
temperature inside the combustion chamber.

CH,4 CO, H,  NH3

Fuel name [Vovol ]
Main fuel NH;

M100 100 0 0 0
M100NH3 100 0 0 5
BioM70NH3 70 30 - 5
BioM50NH3 50 50 - 5
H2M70 70 - 30 0
H2M70NH3 80 - 20 5

* Ammonia share is calculated according to Eq.1

The proportion of inert gases, nitrogen, and CO; in the fuel gas leads to additional dilution of the flue gas.
In order to accurately quantify the conversion of nitrogen in ammonia molecules to nitric oxides, the
emission levels are measured in relation to the amount of dried flue gas. To provide a comprehensive
representation of this conversion intensity, a dimensionless conversion factor (CF) [42] is introduced. The
CF is calculated Using Equation (2), where nno represents the number of moles of nitric oxide in the

exhaust gas, and nnu3 represents the number of moles of ammonia supplied in the fuel.

Ny [mol]
CF=———-100% 2
nyp3[mol] @)

3. Results and Discussion

The intensity of fuel oxidation within the combustion chamber volume can vary depending on its location.
After conducting the emission tests selection of representative fuels was subjected to an extended analysis
of their oxidation process. This analysis involved measuring local parameters within the combustion
chamber volume, including the level of toxic compounds such as carbon monoxide (CO) and nitric oxide

(NO), as well as temperature distribution. The experimental results were presented by showcasing the NO

10
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emission results (recalculated to 0%0O; reference conditions), CF and distribution of temperature, NO and

CO within the combustion chamber.

The emission curves were initially grouped separately based on the proportion of CO» and H» in the mixture
with methane. All tests included an increasing proportion of ammonia, and thus, the main factor
influencing the emission characteristics was the share of ammonia in the tested fuel. In addition, the

equivalence ratio was varied across three levels: $=0.95, $=0.85 and ¢=0.75.

3.1 CH,+ NH3 Combustion
A base case was established using a mixture of pure methane, along with progressively increasing
proportions of ammonia. The results obtained from these tests are presented in Fig. 2 [43]. The methane

test served as reference point for the subsequent analyses of emissions.
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Fig. 2: Molar fractions of nitrogen oxide NO in the flue gas versus f NHz content in the fuel [43].

The growth dynamics of the molar fraction of NO formation are highest in the range of 0 and 1% of NH3
content in fuel (by volume). However, as the NH3 proportion continues to increase, this correlation tends
to decrease, particularly for cases with low oxidiser excess (¢=0.95). Increasing of equivalence ratio
resulted in the highest NO emissions drop, achieving levels below 10 ppmv and even for cases with 2%
and 5% of ammonia did not exceed 100ppmv level (93ppmv) for 5%NH;3 case. At ¢=0.75 the emission
levels significantly rose and reached nearly 500ppm in case with 5%NHj3 in the fuel. An increase in the
NHj; content in the fuel leads to a decreasing impact on the level of NO formation. The relationship between

the conversion factor (CF) of ammonia to nitric oxides is depicted in Fig. 3.

11
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Fig. 3: Conversion factor of NHs to nitric oxide versus volume share of ammonia in the fuel.

Similar to the case of emission levels studies for the combustion of methane-ammonia mixtures, the
conversion factor of NH; to NO strongly depends on the amount of air supplied for combustion. Higher
equivalence ratios result in lower intensities of NO formation from NH;. In addition, there is a clear
dependence of the conversion factor on the proportion of ammonia in the fuel. The greater the amount of
fuel, the lower the conversion level. At $=0.95, only 2% of NHj; converts to NO. The obtained CF values
demonstrate the significant predominance of reactions leading to the conversion of nitrogen bound in

ammonia to diatomic nitrogen.

Fig. 4 presents the experimental results of NO, CO and temperature distribution within the chamber for
M100 and M100NH3 fuels. It can be seen that the area with the highest CO concentration partially
corresponds to the region with the highest temperatures, indicating the main regions of fuel oxidation. The
remaining space in the test chamber exhibits a very low CO level, similar to the CO emission levels
observed in exhaust gases. In the representations of NO distribution, two distinct areas can be identified.
One corresponds to NO emissions levels found in exhaust gases, while the other area exhibits very low
NO values, not exceeding 16 ppm. Interestingly, this low No zone coincides with the location of the high

CO zone.

12
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Fig. 4: Distribution of a) temperature b) carbon monoxide c¢) nitrogen oxide NO for M100 and M100NH3 fuels (¢=0.85).

Introduction of 5% ammonia into the fuel (fuel M100NH3) shifted the high-temperature region towards
the burner head side. However, only a slight decrease in the maximum temperature value was observed.

The addition of ammonia did not have a significant impact on the CO levels within the research chamber.

It can be seen from the results obtained from the NO distribution analysis for M100NH3 fuels that the
major area of NO oxide formation occurred in the fuel inlet area where the lowest temperature was
observed. This indicates the fuel mechanism involved in NO formation. The peak of nitric oxide formation
was 50% higher than the final emission level, concluding, that some NO is reduced in post-combustion

regions.

3.2 CH4+ CO;, + NHs Combustion

The impact of ammonia on the combustion of methane and CO, mixtures was investigated. The effect of
increasing molar proportions of ammonia was examined for two different CO»/CHj ratios:30% and 50%

CO»), The resulting effect on NOx emission levels is presented in Fig. 5.
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Fig. 5: Share of nitrogen oxide NO in the flue gas depending on the share of ammonia in the fuel supplied for CO2 added
(BioM70, BioM50) fuels.

Similar to the combustion of pure methane with ammonia (fuel M100), the excess of oxidiser has the
greatest influence on the intensity of NO formation, and the lowest NO levels were measured at ¢=0.95.
For a share of ammonia up to 2% by volume, the NO emission levels for BioM50 and BioM30 fuels are
practically the same and slightly higher than the NO emissions for the methane-ammonia mixture.
However, a different trend was observed for the BioM50 fuel with 5% NH3 where a slight decrease in NO

levels in exhaust gases was observed with an increase in the proportion of NHs.

The CF of NH3 to NO for methane- CO, mixtures, with an increasing proportion of ammonia in the gaseous
fuels (BioM50 and BioM70), is shown in Fig. 6. Compared to M 100 ammonia mixed fuels, the CHs - CO>
mixture exhibited lower minimal conversion, which even dropped below 1% for BioM50 fuel. The values
of the conversion factor are strongly correlated with the amount of air supplied to the combustion process.
It was observed that the higher volume of NH3 in the fuel, the lower effect of CO; content. For all the

analysed cases, the CF values did not exceed 8% even for a 5% share of NH3 in the fuel.
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Fig. 6: Conversion factor of ammonia to nitrogen oxide NO for its mixtures of methane and CO2 depending on the increasing
volume share of ammonia in the supplied gaseous fuel.

No significant effect was observed for the 30% share of CO, (BioM70) compared to the base fuel (M100).
However, as the share of CO, was further increased to 50% (BioM50 fuel), a significant increase in the
level of NO in the exhaust gas was observed. Specifically, there were 20% and 30% in the NO level for
5% and 1% NH3, respectively. For an ammonia share of up to 2% by volume of the total fuel supplied, the
NO emission levels for CO2M50 and CO2M30 fuels are virtually the same (121 and 130 ppm for 1 and
2% NH3, respectively) and 15 ppm higher than the NO emissions for the methane-ammonia mixture. A
different observation from the other characteristics was made for the CO2M50 fuel for 5% ammonia by
volume. With an increase in the proportion of NH3 in the fuel, there was a decrease in the molar proportion
of NO in the exhaust gas from 130 ppm for 2% NH3 to 93 ppm for 5% NH3.

As the amount of air supplied for combustion increased at ¢=0.85, the proportion of nitrogen oxides in the
flue gas increased. There was no significant effect of the 30% share of carbon dioxide (CO2M70) on NO
emissions compared to the base fuel (M100). However, a further increase in the share of CO2 in the fuel
to 50% of the methane/carbon dioxide mixture (CO2MS50 fuel) resulted in a significant increase in the
level of nitrogen oxides in the exhaust gas of 20 and 30% for 5 and 1% NH3, respectively. This indicates
that the chemical effect of CO, plays a predominant role in NO formation, while the thermal effect is
minor. Furthermore, this underlines the importance of the residence time of the reacting gases within the
combustion chamber. A deeper understanding of this effect can be gained by examining the distribution of
parameters within the combustion chamber. The distributions of temperature, CO and NO for BioM70NH3
and BioM50NH3 fuels are presented in Fig. 7.

The most significant difference observed when burning BioM70NH3 compared to M100NH3 fuel is the

change in the location of increased and decreased NO levels zones. The area of increased NO levels
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extended up to 1150 mm from the burner wall, with a maximum width of 400 mm. This indicates a change

in the reaction kinetics influenced by the thermal/chemical effects of COs.

The thermal effect of CO, was observed in the fuel injection zone, where a small area of NO decrease was
detected. Increasing the share of CO, in the methane mixture to 50% (BioMS0NH3 fuel) led to a
significant decrease in the temperature inside the test chamber, according to the thermal mechanism.

On the burner side, a narrow area of temperature drop is visible. This means that the heat exchange between
the recirculating exhaust gases and the fresh mixture is not sufficient to heat it to temperatures close to the
average in the chamber. This results in temperature unevenness inside the chamber. Compared to fuel
BioM70NH3, the highest CO zone extended along the axis of the combustion chamber. The highest levels
of NO were observed in the boundary areas. In the central part of the chamber, near the lowest temperature,
an elongated narrow zone of NO reduction was observed. This implies that for the combustion of ammonia
in a mixture of methane and CO,, fuel nitrogen oxides are formed with the greatest intensity, not in the
main reaction zone, but in the area of recirculating flue gases. The thermal effect of CO; addition, as well

as the reduction of the reaction rate, reduces NO formation in the fuel-rich zone.
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Fig. 7: Distribution of a) temperature b) carbon monoxide c) nitrogen oxide NO for BioM70NH3 and BioM50NH3 fuels
(¢=0.85).

3.3 CH4+ H; + NH3; Combustion

The next stage of this study involved investigating the impact of H> on emission, the location of the heat

release zones, and the formation of toxic compounds. Fig. 8 presents selected characteristics of the effect
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of increasing molar proportions of ammonia for three Ho/CHs4 blends (10%, 20% and 30% of H,) on NO
level. A higher proportion of Hy in the fuel resulted in slightly higher nitrogen oxide emissions, particularly
in the case where 30% of H, was present in the fuel. This trend was observed across all levels of
equivalence ratios that were tested. For 1% of NH3 vol. in the fuel increase from 240 to 275ppmv at
fi=0.75. Even sharper increase from 73 to 115ppmv at 0.95. Similar tendence was observed

for 5% NH3 in the fuel. At fi=0,75 NO increased from 462 to 473, while at fi=0.95 from 112 to 181ppmv.

It indicates that the rise of NO emission is more prominent for higher equivalence ratios.

The analysis of the conversion factor for CH4/H»/NH; fuels (Fig. 9) confirms the trend observed in the
examination of emission characteristics (Fig. 8). As the proportion of ammonia in the supplied fuel
increases, its conversion to nitrogen oxides decreases. The most favourable conversion factor values were
observed at $=0.95. However, at low shares of NHj3 in the fuel (1% and 2% by volume of the fuel), the CF
is significantly higher. This means that the increase in NO generation resulting from a higher volume of
NH; in the fuel contributes to the intensification of the reduction of NH; to NO through the
NH,—»NNH—N,, NH—-N,O—N;, and N—H schemes [44]. It can be concluded that the increase in the
number of OH radicals in the reaction zone formed from the H, oxidation process did not noticeably affect

the value of CF.
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Fig. 8: Share of nitrogen oxide NO in the flue gas depending on the share of ammonia in the fuel supplied for methane as the
main fuel CH4.

The distribution tests were conducted separately to examine the impact of H, in a mixture with methane
(H2M70), and subsequently, the addition of ammonia to the stream of supplied fuel gas (H2M70NH3).
The results of these investigations are presented in Fig. 10. In comparison to the base case (M100), a

noticeable shift of the high-temperature zone towards the burner plate is observed.
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In addition, an increased temperature was observed in the area of the fuel nozzle outlet, indicating partial
combustion and the initiation of main heat release in that zone. Compared to M100 fuel, the average
temperature in the burner wall zone is lower, except for the fuel injection zone. This slight temperature
decrease inside the chamber may be attributed to the higher rate of hydrogen combustion compared to
methane, as well as the change in the composition of the recirculating exhaust gas. The recirculating
exhaust gas primarily consists of water vapour, which has a lower CO; content compared to the M100 fuel.
Since CO; has the highest specific heat among the considered exhaust gas components, its reduced
presence in the recirculating reaction products leads to a diminished temperature gradient during heat

transfer between the combustion products and reacting species.
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Fig. 10: Distribution of a) temperature b) carbon monoxide c) nitrogen oxide NO for H2M70 and H2M70NH3 fuels (¢=0.85).

In the distribution of CO levels inside the combustion chamber for the H2M70 fuel, the zone of highest
levels starts near the fuel nozzle outlet. Similar to the addition of CO; to the combustion process, this zone
is narrower when Hy is added compared to the combustion of the M100 base fuel. The movement of the
zone with the maximum CO level towards the burner is a result of the rapid hydrogen combustion, which
shortens the length of the main heat release zone in the combustion chamber and reduces CO through OH
radicals. This may indicate that part of the fuel burns in a short flame, similar to conventional combustion
with a high value of hydrogen laminar combustion velocity, while the remaining part undergoes the

volumetric nature of combustion in accordance with the HiTAC technology.

The zone of NO reduction is located near the burner wall, which is also an area where a zone with low NO
formation intensity was observed for the M100 fuel. A very similar temperature profile was obtained for
H2M70NH3 fuel compared to the analysis of H2M70 fuel. It can be concluded that the addition of
ammonia does not significantly affect the location of the increased temperature zone or the maximum
temperatures when H, is added to the main fuel. Only a localised decrease in temperature near the fuel
nozzle outlet was observed, which may be attributed to the lower reaction rate of ammonia oxidation in
the fuel mixture. The shape and distribution of CO inside the chamber are similar to fuel without the
addition of NH3
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The analysis of nitrogen oxide distribution concludes that the main area of nitrogen oxide formation is at

the fuel inlet of the combustion chamber. This region is characterised by a low temperature, indicating the

formation of NO through the fuel and prompt mechanism. No significant areas of increased concentration

or NO reduction were noticed in the remaining parts of the combustion chamber.

It is worth mentioning that, in the majority of tests conducted with various fuels, the proportion of CO

in the exhaust gas remains below 100 ppm when ¢ = 0.95. However, at ¢ = 0.85 and 0.75, the highest

observed level of CO in the exhaust gas was 20 ppm.

4.

Conclusions

Based on the conducted experiments, the following conclusions can be drawn:

The conversion of ammonia to nitrogen oxides (NO) under combustion conditions strongly depends
on the amount of air supplied for the fuel oxidation reaction.

The lowest conversion of ammonia to nitrogen oxides was observed when the combustion process
was conducted with a small excess of air in the combustion reaction zone.

The addition of CO, under high-temperature conditions significantly affects the heat release
characteristics in the chamber and the kinetics of the combustion reaction.

The conversion of ammonia to NO is non-linear and decreases with an increase in the proportion of
CO: in the fuel. In addition, a phenomenon occurs under conditions of high equivalence ratio and high
CO; content in the fuel, leading to an increase in NO content in the flue gas.

The fuel mechanism plays a dominant role in the formation of nitrogen oxides for fuels with ammonia
content.

Local temperature levels in the combustion chamber have no direct impact on the formation of NOx.
The different fuel compositions supplied to the combustion chamber do not result in significant
changes in the distribution and formation of high temperature gradients areas within the test chamber.
The most beneficial additive in terms of nitrogen oxide emissions was carbon dioxide. At ¢=0.95
for its mixture 5%NH3 and 50%CH. (BioM50 fuel) allowed to achieve NO level below 100ppmv.
The study results demonstrate that ammonia as additive to decarbonized fuels up to5%vol. level, can
be effectively combusted in industrial furnaces avoiding its transfer to fuel NO according to fuel

mechanism.
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