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Abstract: Ammonia is an ideal renewable, carbon-free fuel and hydrogen carrier, which produces
nitrogen and water after complete combustion in the presence of oxygen. However, ammonia has low
reactivity, slow flame-propagation speed, and carries risks of high nitrogen oxide (NO,) emissions.
Co-firing ammonia with an industrial by-product gas (with CHy and CO being the main combustible
materials) is a cost-effective and convenient method of improving the combustion characteristics
of ammonia, but attention still needs to be paid to the NO, generation. Currently, the research on
NOy formation during co-firing of ammonia with other fuel gases is still insufficient. In this study, a
high-temperature furnace reaction system was used to investigate the NO, formation and inhibition
mechanisms during the combustion of NH3 /CH, and NH3 /CO mixtures. By varying the ammonia
blending ratio, excess air coefficient («), temperature, residence time, and fuel concentration, the key
factors influencing NO, generation and inhibition were further analyzed. The results showed that
when a was no less than 1, the production of NOy initially increased and then decreased with an
increasing proportion of ammonia in the fuel gas. Within the temperature range of 900 °C to 1500 °C,
the amount of NO, generated during the combustion of the mixed gas gradually decreased with the
increase in temperature. Under the conditions of NH3/CH, and NH3/CO, the emissions of NOy
were higher than those during pure ammonia combustion.

Keywords: ammonia; nitrogen oxide; blending combustion; formation mechanism

1. Introduction

With the rapid development of modern society, the energy crisis and environmental
issues are becoming increasingly serious. It is therefore urgent to reduce the use of fossil
fuels as well as to develop renewable energy and clean energy. China has put forward
the ‘carbon peaking and carbon neutrality” goals to limit CO, emissions. The disadvan-
tages of renewable energy such as photovoltaic and wind power include difficulties with
storage and low efficiency [1,2]. Hence, some scholars have used unstable photoelectric
and wind power to produce hydrogen by water electrolysis for storage [3,4]. However,
hydrogen is explosive, and also expensive to store and transport [5,6]. Ammonia is an ideal
renewable carbon-free fuel and hydrogen carrier, whose combustion with oxygen produces
only nitrogen and water, without emitting SO, or particulate matter [7,8]. If those green
hydrogens and the nitrogen separated from air are used to synthesize ammonia, complete
carbon-free emissions can be achieved [9-11]. In comparison to hydrogen, ammonia is
easy to liquefy, and the cost of storage and transportation is low [12]. Ammonia has a
pungent smell, so it is easy to detect leaks and avoid danger [13]. Liquid ammonia has high
volume energy density [14], and ammonia is safe because it is not easy to ignite at ambient
temperature [13].

However, compared with conventional hydrocarbon fuels, pure ammonia has a slower
laminar combustion rate and is harder to ignite in air [15,16]. In practice, it is challenging
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to achieve complete combustion of ammonia, and the combustion process has a risk of
exceeding NO, emissions [17]. Blending known fuels with other fuels for combustion is a
common practice [18,19]. Co-firing ammonia with another combustible gas is a potential
approach to improving the combustion rate and performance of ammonia, which had been
studied by some scholars. Ryu et al. [20] found that the mixed combustion of ammonia
and hydrogen produced by the decomposition of ammonia by catalysts can improve the
combustion performance of ammonia engines and reduce exhaust emissions. Ichikawa
et al. [21] studied the laminar flame propagation characteristics of an ammonia-hydrogen
mixture and found that when the volume fraction of H, mixing reached 40%, the laminar
flame velocity of the mixture reached 35 cm/s, which was roughly equivalent to the laminar
flame velocity of CHy when it was burned in air. Li et al. [6] also found a similar variation
trend in laminar flame velocity. Yasiry et al. [22] also found that the laminar combustion
velocity increased with the increase in hydrogen fraction.

In order to reduce costs, ammonia can be mixed with some by-product gases produced
in agricultural or industry, such as landfill gas, steel gas, or biogas. The main flammable
component of these gases is CHy or CO. One study found that when ammonia was mixed
with conventional hydrocarbon fuels, the flame speed, heat release rate, and radiation
intensity of the fuel were higher than that of pure ammonia [3]. Okafor et al. [23] conducted
experimental and numerical studies on methane-NH;z-air premixed flames, and found that
the unstretched laminar combustion velocity of the mixture decreased with the increase
in ammonia concentration. Tian et al. [24] conducted premix combustion experiments
and modeling studies on NH3/CH,4/O,/Ar under 11 kinds of excess air coefficients, and
then proposed a comprehensive chemical mechanism of combustion of fuel mixtures
with different ratios of ammonia/methane. Xiao et al. [25] studied the ignition process
of 60% NH3/40% CHy fuel mixture by using a shock tube, and found that the ignition
performance of NH3;/CHy4 was significantly improved with the increase in temperature,
pressure, and methane mixing ratio, but the influence of the excess air coefficient on
ignition performance was not obvious. Wang et al. [26] conducted premixed combustion
experiments on NH3/syngas/air, NHz /CO/air, and NH3/Hj /air, and measured their
laminar combustion velocities. They found that with the addition of Hy and CO, the
decomposition rate of ammonia was significantly increased. Han et al. [14] measured the
laminar flame velocity of NH3/CO at different mixing ratios and excess air coefficients in a
heat-flow furnace. It was found that with the increase in NHj3, the laminar flame velocity of
the NH3 and CO mixture first increased and then decreased. When the volume fraction of
NHj3 was 85%, the laminar flame velocity of mixture was the highest, and was much higher
than that of either pure NHj3 or pure CO.

In comparison to combustion efficiency, research on NO formation during co-firing
CH4 and CO with NHj is insufficient. Zieba et al. [27] and Wang et al. [26] found that
the NOy emission increased after adding doped combustion gas to ammonia. Okafor
et al. [28] realized the ideal combustion characteristics of NH3/CHy in gas turbines by
using rich-poor staged combustion, with low NO, and CO emissions. Zhang et al. [29]
experimentally studied the NO emission characteristics of NH3/CHy/air on premixed
cyclone burners. The results showed that the NO, emission was the highest when the
calorific value ratio of NHj in the mixed fuel was 0.5. Li et al. [30] and Honzawa [31] paid
attention to the influence of free-radical concentration on NO, emission. However, the
formation and inhibition mechanisms of NO, are still unclear.

In this paper, the NO generation characteristics of NH3 mixed with CO or CH4 was
studied. With adopting a high-temperature furnace reaction system, experiments were
conducted on the combustion of NH3/CHy/Ar mixture and NH3/CO/ Ar mixture under
various operating conditions. The effects of ammonia ratio, excess air coefficient («),
temperature, residence time, and fuel concentration on NO formation were investigated
and are discussed in detail. This will help guide the clean and efficient utilization of
ammonia, which is a new renewable energy source, and can turn industrial by-products
into wealth.
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2. Experimental System and Working-Conditions
2.1. Experimental System and Method

The schematic diagram and physical objects of the experimental system are shown
in Figure 1. Argon, ammonia, oxygen, methane, carbon monoxide, and other gases used
in the experiment were stored in high-pressure gas cylinders, and the pressure-reducing
valve was used to control the opening of the gas cylinder. Air flow was controlled by the
flow meter and DO08-3E flow indicator with an accuracy of £0.5%.

Flowmeter

Relief

valve

CH,
/CO

Computer(data

collection
_______ rrri
[
Flow indicator High
temperature
furnace
(temperature Flue gas|___5 Atmosphere
controllable) analyzer|
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(b)

Figure 1. High-temperature gas combustion system. (a) Schematic diagram and; (b) Physical
image objects.
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The gas was mixed and then supplied to a corundum tube for reaction. The electric
heating system could control the furnace temperature through a temperature control
program. The inner diameter of the corundum tube was 30 mm and the length of constant-
temperature zone was 290 mm.

The amount of NO produced by combustion was determined by the testo 335 gas
analyzer with a range of 0-2000 uL/L and an accuracy of £10% for 0~99 puL/L and £5%
for 100~1999 uL/L. Each case was repeated three times and the root-mean-square error was
used to represent the test error. One end of the gas analyzer was connected to the exhaust
gas and the other end was connected to a computer, and the exhaust gas composition data
was monitored by testo easyEmission software.

2.2. Experiment Cases

The working conditions of this experiment are shown in Table 1. In this experiment,
no Ny was involved and Ar was used as the background gas to dilute the mixed gas, so
the NO produced by combustion was fuel NO; rather than the fast type or thermal type.
Therefore, there was no setting of pure methane or pure carbon monoxide combustion
conditions in the experiment. When the excess air coefficient was lower than 0.9, the output
of NO was very low, so the experimental situation when the excess air coefficient was
lower than 0.9 was also excluded. Influencing factors such as ammonia ratio in the fuel gas,
excess air coefficient, temperature, residence time, and fuel concentration were changed in
the experiment.

Table 1. Operation settings.

Influencing Factors Setting
NHj3 /% 0.83-2.78

CHy/% 0-1.94

Fuel volume fraction

NH3/% 0.69-2.78

CO/% 0-2.08

Ammonia ratio in fuel gas/% 25-100

Excess air coefficient 09-1.1
Temperature/°C 900-1500
Residence time/ms 565-3146

3. Results and Discussion
3.1. NO Formation in Pure Ammonia Combustion
3.1.1. Effect of Residence Time t on NO Production

Combustion experiments were conducted for a certain proportion of NH3 /O, /Ar at
different residence times and NO content in the flue gas was measured. It was predicted
that the longer the residence time of the mixed gas in the high-temperature furnace, the
more fully the NH3, O, and Ar would be mixed, and the higher the degree of ammonia
combustion. The experimental results are shown in Figure 2. The excess air coefficients
were set as 0.9, 1.0, and 1.1; the combustion temperature was set as 1500 °C; and the
residence time varied from 565 ms to 2258 ms. As shown in Figure 2, when « was not less
than 1, the amount of NO produced by ammonia combustion decreased with the increase in
residence time, which was basically consistent with the prediction. The longer the residence
time, the fuller the combustion, and the less NO produced. With the increase in residence
time, the influence of residence time on NO generation also gradually decreased. However,
when a was less than 1, it can be seen that the NO amount increased when the residence
time was 1129ms. This may have been because the ratio of NH3 to O, increases in the case
of rich combustion, resulting in an increase in incomplete combustion, and hence the NO
amount also increased.
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Figure 2. NO produced by NHj3 combustion at different residence times at 1500 °C.

3.1.2. Effect of Ammonia Concentration on NO Production

In this section, the ammonia concentration was doubled by doubling the NH3 flow
rate in the NH3/O,/Ar mixture and the O, flow rate corresponding to the excess air
coefficient at the same time. The excess air coefficients were 0.9, 1.0, and 1.1, and the
combustion temperature was 1500 °C. The experimental results are shown in Figure 3.
Under several of the temperature conditions set in this experiment, NO production also
increased when « was not less than 1 and the ammonia concentration doubled, and the
influence of concentration-doubling increased with the increase in excess air coefficient.
When « was less than 1, the NO production was always low. When « was smaller, the
competition between H + O, + M = HO, + M and H + O; = O + OH reactions was more
intense, and the tendency to prevent the generation of O/H radicals increased, which
inhibited the conversion of NH3 to NH; and ultimately inhibit the reduction of NO [32].
Hence NO production was invariably low when « is less than 1.
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—
=
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Figure 3. NO produced at different fuel gas concentrations at 1500 °C.
3.2. NO Formation Characteristics of NH3/CH4 Combustion

3.2.1. Effect of Proportion of NHj3 in Fuel Gas on NO Production

In this section, we describe our investigation of the effect of the proportion of ammonia
in NH3/CHy on the emission of NO from combustion at different combustion temperatures.
Figure 4 shows the curve of NO production with different proportions of ammonia in fuel
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gas at different combustion temperatures. The proportion of ammonia gas varied from 30%
to 100%; the combustion temperatures were 900 °C, 1100 °C, 1300 °C, and 1500 °C; and
the excess air coefficients were 0.9, 1.0, and 1.1. As shown in Figure 4, when the excess air
coefficient was 0.9, the amount of NO production was very low, and it was almost zero
above 1100 °C.
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Figure 4. NO production of NH3 /CH, mixed firing under different ammonia ratios.

With the temperature and excess air coefficient set in the experiment, the amount of
NO produced by NH3/CH, blended gas combustion first increased and then decreased
with the increase in the proportion of ammonia in the fuel gas, and the emission of NO
reached the maximum when the proportion of ammonia was about 40%. Xiao et al. [33] and
Kurata [34] found similar results. In NH3-CHjy-air combustion, NO emissions increased
sharply with the increase in NHj fuel ratio. However, from a certain point near the NH3
fuel ratio of 0.65, NO decreased as the NHj fuel ratio further increased. Fenimore [35]
showed that high levels of fuel nitrogen led to low fractions of NO.

When the excess air coefficient & > 1, the main production path of amino NHj is [36]

NH3 +OH = NH2 + Hzo (1)
NH; + O = NH, + OH @)

The reaction product, NH; free radical, reacts with O atom to produce an important
intermediate HNO, which is the main way that HNO is formed under dilute combustion
conditions, and the HNO group is subsequently converted to produce NO. When the
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proportion of ammonia is less than 40%, the main rate-limiting reaction of ammonia
oxidation path in methane-ammonia flame is [23]

NO + NH, = NNH + OH 3)
NH, + O = HNO + H (4)
HNO + H=NO + H, ()

In the ammonia oxidation process, Reactions (3)—(5) exert significant influence on the
concentration of H and OH radicals in the methane-ammonia flame. When the methane con-
centration decreases, the ammonia concentration increases, resulting in higher concentra-
tions of H and OH radicals. This promotes the reverse progression of Reactions (3) and (4),
leading to an increase in NO production.

When the proportion of ammonia in the fuel gas exceeds 40%, the reducibility of
ammonia to NO becomes prominent. Thus, an increase in ammonia concentration promotes
the formation of the NH, group and facilitates the reduction of NO to Nj. The primary
reactions taking place during this process are as follows:

NH, + NO = NNH + OH (6)
NNH + NO =N, + HNO (7)
NH, + NO =N, + H,O (8)
NH + NO =N,O + H )
N>,O + H=N, + OH (10)

Reactions (6) and (8) are the key to the mechanism of thermal NO removal (selective
non-catalytic reduction of NO) in ammonia flame chemistry [36], and these NO reburning
reactions are not associated with flames containing only trace amounts of ammonia. With
the increase in NHj proportion and concentration, the positive occurrence of Reaction (6)
and (8) is promoted, resulting in the decrease in NO production.

The main oxidation pathway of methane is [37]

CH4—CHj;—CH;0—CH,0—HCO—CO—CO, (11)

CH;, which is produced in large quantities in the first step, is also the main inter-
mediate for the formation of rapid NO. As the concentration of ammonia increases, the
concentration of methane decreases and the CH; group decreases, which further reduces
the NO produced.

When the excess air coefficient « < 1, NO emissions are at a low level, which will be
discussed in Section 3.2.2.

3.2.2. Effect of Excess Air Coefficient « on NO Production

This section focuses on the effect of NH3z /CH,4 combustion on NO emissions under
different excess air coefficients. As shown in Figure 4, the emission of NO from combustion
changed little when the excess air coefficient was greater than 1, but decreased significantly
when the excess air coefficient was less than 1.

Each NH; radical has two subsequent reactions: oxidation to NO or reaction with NO
to Ny. The determination of the NO/N; product distribution is primarily influenced by the
chemical identity of the NH; free radical, which is dependent on the equivalence ratio [36].
As the excess air coefficient decreases, the abundance of hydrogen atoms increases, resulting
in a transition of the critical NH; from NH; to NH to N. This explains why the smaller the
excess air coefficient, the less NO was produced by combustion.

When the excess air coefficient & > 1, the effect of the excess air coefficient on NO
production was relatively small. When the excess air coefficient was 1.1, the emission of
NO increased relative to the chemical equivalent ratio, but the amplitude was small. This
may be the reason that, with the increase in the excess air coefficient, the transformation of
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the critical amino group to NO was intensified, the concentration of hydrogen atom was
smaller, and the increase in NO was smaller. However, when the excess air coefficient was
0.9, the conversion and production of NO decreased rapidly compared with the chemical
equivalent ratio.

When the excess air coefficient « < 1, on the one hand, the methane in the fuel gas
may undergo incomplete combustion to produce CO, and the reduction reaction with NO
occurs; on the other hand, the concentration of O/H free radicals decreases during the
combustion of ammonia under the condition of rich combustion, and the proportion of H
in O/H free radicals increases, resulting in a large number of H free radicals. This promotes
NHy (x =1, 2, 3) free radicals to bind to H and oxidize. The main reactions that occur
during this process are as follows:

NH; + H=NH, + H, (12)
NH, + H=NH + H, (13)
NH+H=N +H, (14)

The NHy (x = 1, 2, 3) bonding reaction is dominant in rich combustion. Under this
reaction condition, ammonia is mainly converted into N through NNH without producing
NO. Therefore, under the conditions set in this experiment, the emission of NO generated
by combustion was very low when the excess air coefficient < 1.

3.2.3. Effect of Temperature T on NO Production

This section details the effects of different combustion temperatures on the amount
of NO produced by NH3;/CH4 combustion under different excess air coefficients. The
experimental results are shown in Figure 5. As was determined in Section 3.2.1 that when
ammonia accounted for about 40% of mixed fired gas, NO emissions reached the maximum
value. Therefore, we used 40% ammonia in mixed fuel gas for the experiment and the
combustion temperatures were 900 °C, 1100 °C, 1300 °C, and 1500 °C. Excess air coefficients
were 0.9, 1.0, and 1.1.

As shown in Figure 5, under the three excess air coefficients, NO emission decreased
with the increase in temperature, and the decline rate of NO emission slowed down with the
gradual increase in temperature. Within a certain temperature range, NH3 can enhance the
reduction of NO, through the thermal denitration process, and Reactions (6) and (8) occur.

] 2=0.9
600 10
| a=1.1
500 - —
— 4001 — ]
5 ] _
S |
2
S 3004
Z
200
100
O |_ T T T T
900 1100 1300 1500

Temperature (°C)

Figure 5. The content of NO in combustion flue gas at different temperatures.

At the end of Reaction (8), NO is reduced to nitrogen, and the increase in temperature
reinforces this step, leading to a decrease in NO production with increasing temperature.
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With the increase in temperature, the branching ratio gradually increases, resulting in the
increase in NNH production, then resulting in the following processes:

NNH=N, +H (15)
H+0,=0+0H (16)
O +H,0=0H + OH (17)

Since NNH is short-lived, the amino group will react with the O/H radical to form NO.
Reactions of (6) and (8) are gradually balanced, so that the decline rate of NO production
gradually slows down.

3.2.4. Effect of Residence Time t on NO Production

The research content of this section is about the influence of residence time in the
high-temperature furnace on NO emission when the mixed fuel gas with 50% ammonia gas
is burned at different temperatures and different excess air coefficients. The residence time
of mixed gas in high-temperature furnace mainly affects the mixing degree of four gases
and the combustion degree of fuel gas in the furnace. The experimental results are shown
in Figure 6. The combustion temperature was set to 1500 °C; the excess air coefficients were
0.9, 1.0, and 1.1; and the residence time varied from 565 ms to 2258 ms.

700
A —m— =09
600 e =10
—A— =11
500
2 4001
—
E .
% 300 L4 A
200
100
0 — T
565 1130 1695 2260

Residence time (ms)

Figure 6. NO produced by NHj3/CH4 combustion at different residence times at 1500 °C.

As shown in Figure 6, the amount of NO produced by combustion gradually decreased
with the increase in residence time, which was in line with our general understanding: the
longer the residence time, the more fully the gas is mixed in the high-temperature furnace,
the deeper the combustion degree of the fuel gas in the furnace, the fewer the O/H free
radicals generated during the combustion process, thus reducing the oxidation of amino
NH; and reducing the emission of NO. It is worth noting that with the increase in residence
time, the decrease in NO content produced by combustion also gradually decreased. Due to
the key free radicals produced in the ammonia reaction not being sensitive to the residence
time, the O/H free radicals in the combustion furnace reached a relative equilibrium state
with the extension of the residence time after full reaction, and the content of NO tended to
be stable.

It can be seen from Section 3.2.1 that the combustion of doped gas produced more
NO than the combustion of pure ammonia, which was due to the large increase in HNO,
NH;, N>O, and other free radicals generated by the reaction under the mixed combustion
condition, and the increased selectivity of NH, free radical conversion to NO. This makes
the amount of NO produced by NH3z /CHy4 mixed combustion gas in any case more than
that of pure ammonia combustion.
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3.2.5. Effect of Gas Concentration on NO Production

We investigated the influence of NH3;/CH4 doped gas concentration changes on
the amount of NO production under different excess air coefficients and combustion
temperatures. The experimental results are shown in Figure 7. The proportion of am-
monia in the mixed combustion gas used was 50%; the excess air coefficients were set
at 0.9, 1.0, and 1.1; and the combustion temperature was set at 1500 °C. When a > 1,
the amount of NO produced by combustion increased when the fuel gas concentration
was doubled. When the excess air coefficient was 1.0, the increase rate was small, and
when the excess air coefficient reached 1.1, the amount of NO emissions increased sig-
nificantly. After the concentration of gas was doubled, the free radicals such as HNO
and OH produced by the reaction increased, so that the amount of NO produced also
increased. However, when « < 1 and the fuel concentration increased, NO production
changed from a minimal amount to zero. This may be the reason that, when the excess air
coefficient « < 1, the methane in the fuel gas may undergo incomplete combustion to pro-
duce CO, and the reduction reaction with NO occurs. On the other hand, the concentration
of O/H free radicals decreases during the combustion of ammonia under the condition
of rich combustion, and the proportion of H in O/H free radicals increases, resulting in a
large number of H free radicals. This promotes the binding of NH, (x =1, 2, 3) free radicals
to H and its oxidation (Reactions 12-14). NO production is too low, hence the change is not
obvious and difficult to observe.

1000 a=0.9
0=1.0
o=1.1
800
a2
3 600 1
2
o
Z
400
200
0 T T
2.78 5.56

Ammonia volume fraction (%)

Figure 7. NO production of NH3 /CHj co-firing under different fuel gas concentrations at 1500 °C.

3.3. NO Formation Characteristics of NH3/CO Combustion
3.3.1. Effect of Proportion of NHj in Fuel Gas on NO Production

In this section, we describe the effects of different excess air coefficients and the
proportion of ammonia in NH3/CO on the amount of NO produced by combustion at
different temperatures. The change curve of NO content in combustion flue gas with the
proportion of NHj in fuel gas is shown in Figure 8. The excess air coefficients were set to
0.9, 1.0, and 1.1; the combustion temperatures were set to 900 °C, 1100 °C, 1300 °C, and
1500 °C; and the proportion of ammonia varied from 25% to 100%.

As shown in Figure 8, when the excess air coefficient « > 1, NO generation increased
first and then decreased with the increase in the proportion of ammonia in fuel gas. When
the proportion of ammonia was about 50%, NO generation reached the maximum. When
the excess air coefficient & < 1, the production of NO gradually decreased with the increase
in ammonia proportion.
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Figure 8. NO production in NH3/CO combustion under different ammonia ratios.

When « > 1 and ammonia ratio was less than 50%, and the CO reaction played a
very important role. At very high CO concentrations, carbon monoxide is oxidized almost
entirely by reacting with OH radicals [38]

CO+0OH=CO, +H

The hydrogen atoms formed in this reaction can be used to oxidize ammonia,

NH3+H=NH2+H2

(18)

(19)

Therefore, under these conditions, CO and NH3 do not compete for the same free
radicals. The presence of high levels of CO promotes, rather than inhibits, the conversion

of NH3 and NO to Nj.

In addition, a high concentration of CO promotes the formation of HNCO through the
NH,+CO reaction. However, due to the decrease in the concentration of O and H radicals,
the reaction of NH; + O to generate HNO is inhibited, and the production of NO is further
reduced [39]. Skreiberg et al. [38] also noted that adding CO to a lean NH3/NO/O; /N
flame at 1000 °C increased the O/H radical pool, thereby increasing the amount of NO
produced via the HNO pathway.
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3.3.2. Effect of Excess Air Coefficient « on NO Production

We investigated the influence of the excess air coefficient on NO generation character-
istics during NH3 /CO combustion at different combustion temperatures. The excess air
coefficients were set as 0.9, 1.0, and 1.1, and the furnace temperature varied from 900 °C to
1500 °C. As shown in Figure 8, at the combustion temperature set in the experiment, the
NO content in the flue gas generated by combustion gradually increased with the increase
in excess air coefficient «.

3.3.3. Effect of Temperature T on NO Production

The effect of combustion temperature on the amount of NO produced by combustion
under different excess air coefficients was investigated. The combustion temperature
ranged from 900 °C to 1500 °C, and the excess air coefficients were 0.9, 1.0, and 1.1. It
can be seen from the results discussed in Section 3.3.1 that under certain conditions of
excess air coefficient and combustion temperature, when ammonia accounted for about
50% of the fuel gas, the amount of NO produced reached its peak. Therefore, to conduct
the experiment, the proportion of ammonia gas in the blended fuel gas was 50%. The
influence curve of combustion temperature on NO generation characteristics is shown in
Figure 9. With the increase in combustion temperature, the amount of NO generated in
flue gas gradually decreased, and the higher the temperature, the lower the influence on
NO generation.

500 ——
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a=1.0
400 o=1.1

450

350 -
5300
= 250 4
2 200-
150 -
100-
50 -
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900 1100 1300 1500

Temperature (°C)
Figure 9. The content of NO in combustion flue gas varies with temperature.

3.3.4. Effect of Residence Time t on NO Production

To investigate the effect on residence time on NO production, the combustion temper-
ature was 1500 °C; the excess air coefficients were 0.9, 1.0, and 1.1; and the residence times
varied from 565 ms to 2258 ms. The experimental result is shown in Figure 10. With the
gradual increase in residence time, the amount of NO produced by combustion gradually
decreased, and with the decrease in excess air coefficient or a gradual increase in residence
time, the influence of NO amount on residence time also gradually reduced.

3.3.5. Effect of Gas Concentration on NO Production

The influence of NH3/CO doped gas concentration changes on the amount of NO
under different excess air coefficients and combustion temperatures was investigated. The
experimental results are shown in Figure 11. The proportion of ammonia in the mixed
combustion gas was 50%; the excess air coefficients were set at 0.9, 1.0, and 1.1; and the
combustion temperature was set at 1500 °C. As shown in Figure 11, when the excess air
coefficient « > 1, the amount of NO produced by combustion also increased with the



Appl. Sci. 2023,13, 11847

13 of 16

increase in the fuel concentration, and the influence of the concentration was also en-
hanced by an increase in the excess air coefficient. This is because the OH group and HNO
group produced by the doubling of the fuel concentration in the lean combustion state in-
creased, and they were further converted into NO. However, when the excess air coefficient
« < 1 increased the fuel concentration, the production of NO decreased instead, because the
incomplete combustion of CO and NHj will participate in the reduction reaction of NO in
the case of rich combustion, so the production of NO will decline.

400
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Figure 10. NO produced by NH3/CO combustion at different residence times at 1500 °C.
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Figure 11. NO production of NHj3/CO co-firing under different fuel gas concentrations at 1500 °C.

4. Conclusions

In this study, the effects of ammonia ratio, excess air coefficient, temperature, residence
time, and gas concentration on NO generation during the combustion of NH3/CH, and
NH;/CO were investigated. The main conclusions are as follows:

1.  When the excess air coefficient « > 1, with the increase in the proportion of ammonia
in the fuel gas, the production of NO increased first and then decreased. When the
proportion of ammonia in NH3/CHy was 40% or 50% in NH3 /CO, the production of
NO reached the maximum value. However, when the excess air coefficient a < 1, the
NO production gradually decreased with the increase in ammonia proportion. The
NO emissions of the blended fuel were higher than that of pure ammonia.
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2. When the excess air coefficient & was in the range of 0.9-1.1, the emission of NO from
combustion increased with the increase in the excess air coefficient, but the excess air
coefficient had little effect on the NO production when & > 1, and the NO production
when « < 1 was at a very low level when NH3/CH, was mixed.

3. In the range of 900-1500 °C, the amount of NO produced by mixed gas combustion
gradually decreased with the increase in temperature, and the degree of influence of
temperature on the amount of NO production gradually weakened with the increase
in temperature.

4. The amount of NO produced by combustion gradually decreased with the increase in
residence time, and, according to the change trend of the amount of NO, when the
residence time was long enough, the NO content in the flue gas was in a stable state.
The increase in residence time was associated with the decrease in NO production,
and the effect of residence time on NO production was gradually weakened with the
increase in residence time.

5. The concentration of fuel gas in the mixture had a large influence on the generation
of fuel NOy. When the excess air coefficient « > 1, the amount of NO produced
by combustion also increased with the increase in the fuel concentration, and the
influence of the concentration was also enhanced with the increase in the excess
air coefficient. However, when the excess air coefficient &« < 1 increased the fuel
concentration, NO production decreased.

Based on the analysis of experimental results and comparison with other literature,
we believe that these results can be extrapolated to different combustion scenarios or fuels.
These findings have potential implications for optimizing combustion processes in terms
of NO emission control. With suitable conditions, the fuel ammonia combustion can be
controlled and produce lower NO emissions. For example, the excess air coefficient should
not be too high, and the residence time should not be too short. The NO, formation
characteristics of ammonia combustion mixed with methane or carbon monoxide was
studied in this paper. This will help guide the clean and efficient utilization of ammonia,
which is a new renewable energy source, and which can turn industrial by-products into
wealth. Based on the insights gained from this paper, the key area of future research should
be how to improve the combustion efficiency of ammonia and reduce NO emissions by
mixing industrial byproducts such as blast furnace gas or low calorific value gas while
reducing the cost, so as to achieve complementary advantages.
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Nomenclature

Symbols

T Temperature

t Residence time
Greek symbols

o Excess air coefficient
Acronyms

NO, Nitrogen oxide

SOy Sulfur oxide

References

1. Teleke, S.; Baran, M.E.; Huang, A.Q.; Bhattacharya, S.; Anderson, L. Control Strategies for Battery Energy Storage for Wind Farm
Dispatching. IEEE Trans. Energy Convers. 2009, 24, 725-732. [CrossRef]

2. Wang, X.Y,; Vilathgamuwa, D.M.; Choi, S.S. Determination of battery storage capacity in energy buffer for wind farm. IEEE Trans.
Energy Convers. 2008, 23, 868-878. [CrossRef]

3.  Kobayashi, H.; Hayakawa, A.; Somarathne, K.D.; Kunkuma, A.; Okafor, E.C. Science and technology of ammonia combustion.
Proc. Combust. Inst. 2018, 37, 109-133. [CrossRef]

4. Adeli, K,; Nachtane, M.; Faik, A ; Saifaoui, D.; Boulezhar, A. How Green Hydrogen and Ammonia Are Revolutionizing the Future
of Energy Production: A Comprehensive Review of the Latest Developments and Future Prospects. Appl. Sci. 2023, 13, 8711.
[CrossRef]

5. Zhou, M.; Wang, Y.; Chu, Y;; Tang, Y.; Tian, K.; Zheng, S.; Chen, J.; Wang, Z. Ammonia as an environmentally benign energy
carrier for the fast growth of China. Energy Procedia 2019, 158, 4986—4991. [CrossRef]

6. Li,J.; Huang, H.; Kobayashi, N.; He, Z.; Nagai, Y. Study on using hydrogen and ammonia as fuels: Combustion characteristics
and NOx formation. Int. ]. Energy Res. 2014, 38, 1214-1223. [CrossRef]

7. Joo,].M.; Lee, S.; Kwon, O.C. Effects of ammonia substitution on combustion stability limits and NO x emissions of premixed
hydrogen-air flames. Int. . Hydrogen Energy 2012, 37, 6933-6941. [CrossRef]

8. Lee, ]J.H,; Lee, S.I; Kwon, O.C. Effects of ammonia substitution on hydrogen/air flame propagation and emissions. Int. |. Hydrogen
Energy 2010, 35, 11332-11341. [CrossRef]

9. Michalsky, R.; Parman, B.J.; Amanor-Boadu, V.; Pfromm, P.H. Solar thermochemical production of ammonia from water, air and
sunlight: Thermodynamic and economic analyses. Energy 2012, 42, 251-260. [CrossRef]

10. Avery, W.H. A role for ammonia in the hydrogen economy. Int. J. Hydrogen Energy 1988, 13, 761-773. [CrossRef]

11. Brandhorst, H.; Baltazar-Lopez, M.; Tatarchuk, B.; Cahela, D.R.; Barron, T. Ammonia—It’s Transformation and Effective Utilization.
In Proceedings of the 6th International Energy Conversion Engineering Conference (IECEC), Cleveland, OH, USA, 28-30 July
2008.

12.  Bicer, Y.; Dincer, I.; Zamfirescu, C.; Vezina, G.; Raso, F. Comparative life cycle assessment of various ammonia production methods.
J. Clean. Prod. 2016, 135, 1379-1395. [CrossRef]

13.  Zamfirescu, C.; Dincer, I. Using ammonia as a sustainable fuel. |. Power Sources 2008, 185, 459-465. [CrossRef]

14. Han, X.; Wang, Z.; Costa, M.; Sun, Z.; Cen, K. Experimental and kinetic modeling study of laminar burning velocities of NH3/air,
NH3/H,/air, NH3 /CO/air and NH3z /CHy/air premixed flames. Combust. Flame 2019, 206, 214-226. [CrossRef]

15.  Verkamp, FJ.; Hardin, M.C.; Williams, ].R. Ammonia combustion properties and performance in gas-turbine burners. Symp. (Int.)
Combust. 1967, 11, 985-992. [CrossRef]

16. Takizawa, K.; Takahashi, A.; Tokuhashi, K.; Kondo, S.; Sekiya, A. Burning velocity measurements of nitrogen-containing
compounds. J. Hazard. Mater. 2008, 155, 144-152. [CrossRef] [PubMed]

17. Xia, Y.; Hashimoto, G.; Hadi, K.; Hashimoto, N.; Hayakawa, A.; Kobayashi, H.; Fujita, O. Turbulent burning velocity of
ammonia/oxygen/nitrogen premixed flame in O-2-enriched air condition. Fuel 2020, 268, 117383. [CrossRef]

18. Ramesh, T.; Sathiyagnanam, A.P.; De Poures, M.V.; Murugan, P. Combined Effect of Compression Ratio and Fuel Injection
Pressure on CI Engine Equipped with CRDi System Using Prosopis juliflora Methyl Ester /Diesel Blends. Int. . Chem. Eng. 2022,
2022,4617664. [CrossRef]

19. Ramesh, T,; Sathiyagnanam, A.P.; De Poures, M.V.; Murugan, P. A Comprehensive Study on the Effect of Dimethyl Carbonate
Oxygenate and EGR on Emission Reduction, Combustion Analysis, and Performance Enhancement of a CRDI Diesel Engine
Using a Blend of Diesel and Prosopis juliflora Biodiesel. Int. ]. Chem. Eng. 2022, 2022, 5717362. [CrossRef]

20. Ryu, K,; Zacharakis-Jutz, G.E.; Kong, S.C. Performance enhancement of ammonia-fueled engine by using dissociation catalyst for
hydrogen generation. Int. ]. Hydrogen Energy 2014, 39, 2390-2398. [CrossRef]

21. Ichikawa, A.; Hayakawa, A.; Kitagawa, Y.; Somarathne, K.D.K.A.; Kudo, T.; Kobayashi, H. Laminar burning velocity and
Markstein length of ammonia/hydrogen/air premixed flames at elevated pressures. Int. . Hydrogen Energy 2015, 40, 9570-9578.
[CrossRef]

22. Yasiry, A.; Wang, J.; Zhang, L.; Dai, H.; Abdulraheem, A.A.A_; Shahad, H.A K.; Huang, Z. Experimental Study on the Effect of

Hydrogen Addition on the Laminar Burning Velocity of Methane/ Ammonia—Air Flames. Appl. Sci. 2023, 13, 5853. [CrossRef]


https://doi.org/10.1109/TEC.2009.2016000
https://doi.org/10.1109/TEC.2008.921556
https://doi.org/10.1016/j.proci.2018.09.029
https://doi.org/10.3390/app13158711
https://doi.org/10.1016/j.egypro.2019.01.668
https://doi.org/10.1002/er.3141
https://doi.org/10.1016/j.ijhydene.2012.01.059
https://doi.org/10.1016/j.ijhydene.2010.07.104
https://doi.org/10.1016/j.energy.2012.03.062
https://doi.org/10.1016/0360-3199(88)90037-7
https://doi.org/10.1016/j.jclepro.2016.07.023
https://doi.org/10.1016/j.jpowsour.2008.02.097
https://doi.org/10.1016/j.combustflame.2019.05.003
https://doi.org/10.1016/S0082-0784(67)80225-X
https://doi.org/10.1016/j.jhazmat.2007.11.089
https://www.ncbi.nlm.nih.gov/pubmed/18207640
https://doi.org/10.1016/j.fuel.2020.117383
https://doi.org/10.1155/2022/4617664
https://doi.org/10.1155/2022/5717362
https://doi.org/10.1016/j.ijhydene.2013.11.098
https://doi.org/10.1016/j.ijhydene.2015.04.024
https://doi.org/10.3390/app13105853

Appl. Sci. 2023,13, 11847 16 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Okafor, E.C.; Naito, Y.; Colson, S.; Ichikawa, A.; Kudo, T.; Hayakawa, A.; Kobayashi, H. Experimental and numerical study of the
laminar burning velocity of CH4-NH3-air premixed flames. Combust. Flame 2018, 187, 185-198. [CrossRef]

Tian, Z.; Li, Y.; Zhang, L.; Glarborg, P; Qi, E. An experimental and kinetic modeling study of premixed NH3/CH4/O-2/Ar flames
at low pressure. Combust. Flame 2009, 156, 1413-1426. [CrossRef]

Xiao, H.; Lai, S.; Valera-Medina, A.; Li, J.; Liu, J.; Fu, H. Experimental and modeling study on ignition delay of ammonia/methane
fuels. Int. J. Energy Res. 2020, 44, 6939-6949. [CrossRef]

Wang, S.; Wang, Z.; Elbaz, A.M.; Han, X.; He, Y.; Costa, M.; Konnov, A.A.; Roberts, W.L. Experimental study and kinetic analysis
of the laminar burning velocity of NH3/syngas/air, NH3/CO/air and NH3;/H;/air premixed flames at elevated pressures.
Combust. Flame 2020, 221, 270-287. [CrossRef]

Zieba, M.; Brink, A.; Schuster, A.; Hupa, M.; Scheffknecht, G. Ammonia chemistry in a flameless jet. Combust. Flame 2009,
156, 1950-1956. [CrossRef]

Okafor, E.C.; Somarathne, K.D.K.A.; Ratthanan, R.; Hayakawa, A.; Kudo, T.; Kurata, O.; Iki, N.; Tsujimura, T.; Furutani, H.;
Kobayashi, H. Control of NOx and other emissions in micro gas turbine combustors fuelled with mixtures of methane and
ammonia. Combust. Flame 2020, 211, 406-416. [CrossRef]

Zhang, M.; An, Z.; Wei, X.; Wang, J.; Huang, Z.; Tan, H. Emission analysis of the CH4/NHj3/air co-firing fuels in a model
combustor. Fuel 2021, 291, 120135. [CrossRef]

Li, S.; Zhang, S.; Zhou, H.; Ren, Z. Analysis of air-staged combustion of NH3 /CHy4 mixture with low NOx emission at gas turbine
conditions in model combustors. Fuel 2019, 237, 50-59. [CrossRef]

Honzawa, T.; Kai, R.; Okada, A.; Valera-Medina, A.; Bowen, PJ.; Kurose, R. Predictions of NO and CO emissions in ammo-
nia/methane/air combustion by LES using a non-adiabatic flamelet generated manifold. Energy 2019, 186, 115771. [CrossRef]
Lyon, R K. The NH3-NO-O; reaction. Int. . Chem. Kinet. 1976, 8, 315-318. [CrossRef]

Xiao, H.; Howard, M.; Valera-Medina, A.; Dooley, S.; Bowen, PJ. Study on Reduced Chemical Mechanisms of Ammonia/Methane
Combustion under Gas Turbine Conditions. Energy Fuels 2016, 30, 8701-8710. [CrossRef]

Kurata, O.; Iki, N.; Matsunuma, T.; Inoue, T.; Tsujimura, T.; Furutani, H.; Kobayashi, H.; Hayakawa, A. Performances and
emission characteristics of NHz-air and NH3CHy—air combustion gas-turbine power generations. Proc. Combust. Inst. 2017, 36,
3351-3359. [CrossRef]

Fenimore, C.P. Formation of nitric oxide from fuel nitrogen in ethylene flames. Combust. Flame 1972, 19, 289-296. [CrossRef]
Miller, J.A.; Bowman, C.T. Mechanism and modeling of nitrogen chemistry in combustion. Prog. Energy Combust. Sci. 1989, 15,
287-338. [CrossRef]

Du, Y,; Xing, M.; Zhang, J.; Zhang, J.; Deng, L.; Che, D. Combustion characteristic of low calorific gas under pilot ignition
condition—Exploring the influence of pilot flame products. Fuel 2023, 333, 126613. [CrossRef]

Skreiberg, O.; Kilpinen, P.; Glarborg, P. Ammonia chemistry below 1400 K under fuel-rich conditions in a flow reactor. Combust.
Flame 2004, 136, 501-518. [CrossRef]

Mendiara, T.; Glarborg, P. Ammonia chemistry in oxy-fuel combustion of methane. Combust. Flame 2009, 156, 1937-1949.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.combustflame.2017.09.002
https://doi.org/10.1016/j.combustflame.2009.03.005
https://doi.org/10.1002/er.5460
https://doi.org/10.1016/j.combustflame.2020.08.004
https://doi.org/10.1016/j.combustflame.2009.07.002
https://doi.org/10.1016/j.combustflame.2019.10.012
https://doi.org/10.1016/j.fuel.2021.120135
https://doi.org/10.1016/j.fuel.2018.09.131
https://doi.org/10.1016/j.energy.2019.07.101
https://doi.org/10.1002/kin.550080213
https://doi.org/10.1021/acs.energyfuels.6b01556
https://doi.org/10.1016/j.proci.2016.07.088
https://doi.org/10.1016/S0010-2180(72)80219-0
https://doi.org/10.1016/0360-1285(89)90017-8
https://doi.org/10.1016/j.fuel.2022.126613
https://doi.org/10.1016/j.combustflame.2003.12.008
https://doi.org/10.1016/j.combustflame.2009.07.006

	Introduction 
	Experimental System and Working-Conditions 
	Experimental System and Method 
	Experiment Cases 

	Results and Discussion 
	NO Formation in Pure Ammonia Combustion 
	Effect of Residence Time t on NO Production 
	Effect of Ammonia Concentration on NO Production 

	NO Formation Characteristics of NH3/CH4 Combustion 
	Effect of Proportion of NH3 in Fuel Gas on NO Production 
	Effect of Excess Air Coefficient  on NO Production 
	Effect of Temperature T on NO Production 
	Effect of Residence Time t on NO Production 
	Effect of Gas Concentration on NO Production 

	NO Formation Characteristics of NH3/CO Combustion 
	Effect of Proportion of NH3 in Fuel Gas on NO Production 
	Effect of Excess Air Coefficient  on NO Production 
	Effect of Temperature T on NO Production 
	Effect of Residence Time t on NO Production 
	Effect of Gas Concentration on NO Production 


	Conclusions 
	References

