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Abstract 
NOx emissions from gas boilers pose a significant threat to air quality. To significantly decrease NOx emission level from the gas boiler 
exhaust, a novel nitrogen reduction combustion method is proposed that combines air-staging with humidification combustion techniques. A 

comprehensive study was conducted using CHEMKIN software to analyse the nitrogen reduction performance and sensitivity in various 

compound modes. The impact of combustion temperature, excess air coefficient, and injection position of over-fire air on the nitrogen 
reduction performance in the optimal compound mode was investigated. The results showed that the nitrogen reduction effect of the 

compound mode was better than that of the pure staged combustion mode. Compared with pure staged combustion, humidifying 

the main combustion zone could improve the nitrogen reduction rate by 4.9 %, which was 1.7 % higher than humidifying the burnout zone. 
The most significant nitrogen reduction effect was achieved when both combustion zones were humidified, leading to a 7.4 % increase in 

the nitrogen reduction rate. Further, by humidifying both combustion zones and reducing the combustion temperature, the emission of NO 

during boiler operation was found to be reduced significantly. The nitrogen reduction rate can be increased to 65.7 %, which is 22.1 % 
higher than that of the single air-staging. 
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Introduction 

Gas boilers play an important role in contributing to NOx emissions, making Nox reduction technologies crucial 

in the combustion process. Consequently, various combustion technologies have been rapidly developed to 

reduce NOx emissions Nemitallah et al., 2018 [1]. These technologies include premixed combustion [2], 

humidification combustion [3], air-staged combustion [4], flue gas recirculation [5], and flameless combustion 

[6]. However, issues such as flame tilt and combustion instability have limited the efficiency of nitrogen 

reduction in premixed combustion and flue gas recirculation technologies, leading to increased incomplete 

combustion losses Liang et al., 2019 [7]. Existing flameless combustion technologies require additional dilution 

or preheating of reactants, which also have certain limitations [8–10]. 

 

 Air-staged combustion technology has shown promising results in the utilization of coalfired boilers [11–13]. 

Xu et al. [14] achieved a reduction in NO concentration, decreasing it from 142.97 mg/m3 to 108.22 mg/m3 

using air-staged combustion technology. Y. Wang et al. [12] found that deep air-staged combustion exhibited 

superior NOx reduction performance compared to shallow air-staged combustion. Wu et al. [15] simulated the 

NOx emission of gas boiler under different primary air ratios. Reducing the primary air ratio in the range of 0.7~ 

0.85 can effectively reduce NOx emissions. Q. Wang et al. [18] implemented a novel air-staged low-Nox 

combustion technique by varying the ratio between the secondary air ratio and the staged air ratio in the burner. 

As the level of air-staged in the furnace increased, the NOx emissions consistently decreased. At the optimal 

secondary air ratio/staged air ratio of 47.1/13.5, the Nox reduction efficiency reached approximately 46 %. 

Regarding the characteristics of NO formation and reduction in the air-staged combustion process, there have 

been numerous studies [17 –21]. The results indicate that NOx emissions are mainly influenced by combustion 

temperature, reducing gases, and residence time. In a low-oxygen highly reducing atmosphere, the NO 

concentration can be effectively suppressed [19, 20]. Low-temperature combustion not only reduces the 

emissions of NOx but also helps in reducing fuel consumption (Pachiannan et al., 2019) [21]. In addition, 

introducing steam during the combustion process can also contribute to reducing NOx emissions [22]. Miyauchi 

et al. [23] found that increasing air humidity lowers the concentration of NO when the flame's maximum 

temperature remains constant. Lee et al. [24] successfully reduced NOx emissions from gas boilers by injecting 

water into the combustion process. Minakov et al. [25] found that in liquid hydrocarbon combustion, Nox 

production decreased significantly with increasing vapor flow. Tian et al. [26] further demonstrated that a 50 % 

gas-to-water rate resulted in a 75 % reduction in NOx emissions compared to dry conditions. Kapusuz et al. [3] 

proposed that increasing air humidity from 35 % to 80 % could achieve a NOx removal efficiency of 53 %. 

Yogeeswara et al. [27] conducted a study on diesel engines and found that the maximum NOx emission occurred 

at approximately 958 mg/m3 under 80 % relative humidity. Co-combustion of coal-water slurry as a reducing 

agent with pulverized coal reduced NO emissions by 47 % by Alekseenko et al. [28]. However, since 2014, the 



ultra-low emission standards require NOx levels to be no more than 50 mg/m3 (with 6 % O2 content) [29]. Single 

nitrogen reduction techniques may not be sufficient to meet the emission reduction requirements, and the 

combination of multiple nitrogen reduction technologies could potentially achieve better nitrogen reduction 

performance [30–32]. Cozzi et al. [30] combined air-staged combustion with premixed combustion to 

significantly reduce the levels of nitrogen emissions as low as 5 mg/m3. Houshfar et al. [31] found that an 

integrated system combining air-staged combustion and flue gas recirculation can further reduce NOx emissions 

by an additional 5 %–10 % compared to airstaged combustion alone. Tian et al. [32] combined air-staged 

combustion, premixed combustion, and flue gas recirculation, resulting in better nitrogen reduction performance 

compared to conventional combustion, achieving a 72 % reduction in nitrogen emissions. Humidification has 

been found to be an efficient method to reduce nitrogen emissions. To the best of our knowledge, there are very 

few studies on the combination of air-staged and humidification techniques, especially for natural gas. And there 

is limited sensitivity analysis on the main reactions involved in NO formation during the combustion process. 

Therefore, this article aims to investigate the nitrogen reduction effect through the combination of air-staged 

and humidification technology. Sensitivity analysis of NO will be conducted to explore its formation 

characteristics. Due to experimental limitations, many researchers [33–35] have utilized CHEMKIN software to 

study the formation characteristics of NOx during fuel combustion and variations in reactants. Wang et al. [35] 

employed CHEMKIN to investigate the influence of combustion temperature and other factors on the migration 

of fuel nitrogen in the main combustion zone (MCZ). S. Wu et al. [36] utilized two plug flow reactor (PFR) 

models to study the NOx emission characteristics of air-staged combustion under hightemperature, 

highly reducing atmospheres. Some researchers [37] combined the PFR and perfectly stirred reactor (PSR) 

models to simulate the air-staged combustion and obtained satisfactory simulation results. 

 

Based on the literature reviewed above, this study used CHEMKIN software to numerically investigate the 

nitrogen reduction performance and NO sensitivity analysis in different compound modes of air-staged and 

humidification combustion. The research focused on investigating the influence of combustion temperature, 

excess air coefficient, and injection position of over-fire air on the nitrogen reduction performance of air-staged 

and humidification combustion. The simulation results indicate that the compound technique of humidifying 

both combustion zones achieves the best nitrogen reduction effect, surpassing the nitrogen reduction rate of 

single combustion techniques. This study provides theoretical guidance for reducing NOx emissions in actual 

gas boiler exhaust gases. 

 

1. Physical model 

Figure 1a shows the physical diagram of a 1.4 MW gas boiler. The height of the furnace is 4.36 m, and the 

horizontal cross section of the furnace is rectangular with the width of 2.15 m and the depth of 1.75 m. There are 

two pipes with the diameter of 0.4 m at both the top and the bottom of the boiler. The bottom pipe serves as the 

inlet for fuel and combustion air and the top as the outlet for flue gas. Additionally, on the right side of the 

furnace, there is the inlet for over-fire air with the diameter of 0.3 m.  

 

     Figure 1b illustrates the schematic diagram of air-staged combustion, while Figure 1c represents the 

schematic diagram of humidification combustion. The difference lies in the composition of the combustion air 

and whether it is introduced in the graded manner into the boiler. In air-staged combustion, fuel and a small 

amount of combustion air enter the MCZ from the bottom inlet of the boiler. At the inlet of the burnout zone on 

the right side of the boiler, secondary air is introduced to achieve air-staged combustion in different proportions. 

In humidification combustion, fuel, combustion air, and water enter the MCZ from the bottom inlet, without a 

secondary air inlet. The combustion products are directly exhausted from the top outlet of the boiler. Figure 1d 

depicts the schematic diagram of the compound combustion technology, which combines the above two 

combustion methods. Building upon airstaged combustion, this approach involves introducing water into 

different combustion zones to achieve compound humidification. Fuel, combustion air, and water are supplied to 

the boiler from the bottom inlet, while over-fire air is supplied to the right-side inlet of the boiler for staging 

combustion. This represents compound humidification in the MCZ. When fuel andcomb ustion air enter the 

boiler from the bottom inlet, and water and over-fire air enter from the right-side inlet, this represents compound 

humidification in the burnout zone. Figure 1d shows compound humidification occuring in both the MCZ and 

the burnout zone. Based on air-staged combustion, water is introduced into the boiler for combustion through 

both the bottom and the right-side inlets. 

 



 
 

The nitrogen reduction principle of air-staged combustion technology involves introducing staged combustion 

air into the furnace. In the MCZ, only a small amount of combustion air is injected to cause fuel excess and 

incomplete combustion. At this point, the MCZ is predominantly reducing in nature, and the lack of oxygen 

accelerates the reduction of Nox generated by NHn (n = 0, ..., 3) and CHm (m = 1, ..., 4) to N2 [37]. 

Additionally, the reduction in furnace temperature also reduces the formation of NOx. Subsequently, the 

introduction of over-fire air in the burnout zone achieves complete combustion and reduces the emission of 

NOx. The nitrogen reduction principle of humidification combustion technology lies in increasing 

the concentration of water in the furnace through the humidification process, thereby diluting the concentrations 

of N2 and oxidants [38]. The heat absorption process of water in the furnace lowers the combustion temperature, 

effectively suppressing the formation of NOx. 

 

This paper combines the above two combustion technologies. Under the reducing atmosphere established by air-

staged combustion, the combustion temperature is reduced through water evaporation, effectively achieving the 

deep nitrogen reduction. 

 

2. Mathematical model 

2.1. Mathematical equation 

The one-dimensional PFR is an ideal reactor. The governing equations are as follows: Mass conservation 

equation: 

 

 
where ρ is the density, kg/m3; u is the speed, m/s; F is the cross-sectional area of PFR reactor, m2; 

x is the length of PFR reactor, m. 

 

Gas phase transformation equation: 

 

 
 

where Xk is the mass fraction of gas k at the outlet; Wk is the molecular weight of the kth substance; ωk is the 

production rate of the kth substance, mg/(m3·s). 

 

Energy conservation equation: 

 



 
 

where hk is the enthalpy of the kth substance, kJ/kg; cp is the specific heat capacity at constant pressure, 

kJ/(kg·K); T is the temperature, K; Be is the surface area, m2; Qe is the heat flux, W/m2. 

 

2.2. Reactors and models 

Figure 2a shows that all the gas components flow in parallel after the fuel and air enter the reactor from the inlet. 

The model assumes complete mixing of the fuel and oxidizer entering the PFR, neglecting the influence of 

mixing efficiency on the reaction. Parameters such as temperature, pressure, and flow rate are assumed to be 

radially constant but vary along the axial direction of flow. It is assumed that the premixed gas reaches the 

desired inlet reaction temperature before entering the simulated reactor, neglecting the effects of the temperature 

rise at the inlet. 

 

The actual combustion process of a gas boiler is assumed to consist of two PFR models. In Fig. 2, each model 

has a length of 50 cm and a diameter of 20 cm. The PFR1 model simulates the MCZ of the boiler, while the 

PFR2 model simulates the burnout zone of the boiler. The combustion air and fuel enter from the inlet of PFR1 

model, while the over-fire air enters from the inlet of PFR2 model. After the reactions, the gases leave through 

the outlet. 

 

2.3. Boundary conditions 

Both PFR models are adiabatic and do not affect each other. The inlet temperature of the MCZ is set to 1800 K, 

while the inlet temperature of the burnout zone is set to 1700 K. The excess air coefficient of the furnace is set 

to 1. The fuel is all considered as methane, and the gas dynamics standard methane oxidation mechanism GRI-

3.0 is used to simulate the effect of NO formation in the compound mode of boiler combustion. 

 

 

 
 



 
 

 

2.4. Model verification 

Figure 3 illustrates the accuracy of the PFR model simulation results. The nitrogen reduction rates obtained from 

the humidification combustion experiments conducted by D. Sun [39] and H. Zhai [40] are compared with the 

simulated nitrogen reduction rates. The error between the experimental and simulated nitrogen reduction rates 

does not exceed 5 %, and their trends are consistent. In this simulation, the nitrogen reduction rate of air-staged 

combustion is compared with the reduction rate studied by B. Sun et al. [41]. The error is less than 8 %, with 

consistent trends. Therefore, the results of the PFR model in the qualitative study of NO emissions and the 

variation of air-staged combustion and humidification combustion are credible. 

 

 

3. Results discussion 

3.1. Influence of different combustion modes on nitrogen reduction 

performance and sensitivity analysis 

Figure 4 shows the axial distribution of NO mole fraction under different over-fire air rates during air-staged 

combustion. After the fuel and combustion air enter the MCZ, the NO mole fraction rapidly increases with the 

increasing axial distance and then tends to stabilize. After injecting over-fire air for a certain period of time, the 

NO mole fraction at the inlet of the burnout zone rapidly decreases. With the increase of over-fire air rate, the 

NO mole fraction decreases. As the combustion proceeds, the amount of oxygen in the MCZ becomes 

insufficient. The reductive products such as CO and H2 produced in the MCZ increase, enhancing the 

reductive atmosphere in the MCZ. In Fig. 4 and Fig. 5, when over-fire air rate is 30 %, the NO mole fraction is 

17 % lower than that without air-staged combustion. And the CO mole fraction in the MCZ is 148 % higher 

than that without air-staged combustion. By changing the rate of over-fire air, the intermediate products CO and 

H2 in the MCZ are affected, thereby changing the reductive atmosphere in the MCZ and reducing the NO mole 

fraction at the outlet, effectively reducing the NO emissions during the combustion process. 

 



 
 

 

A sensitivity analysis was conducted on the NO formation in air-staged combustion to further understand the 

characteristics of NO formation. Figure 6 shows the reactions affecting NO formation and key locations. The 

sensitivity of reactions in the MCZ is higher than in the burnout zone. At axial distances of 10 cm and 17 cm in 

the MCZ, R53 and R158 inhibit NO formation, while other reactions promote NO formation. Additionally, as 

axial distance increases, the sensitivity of reactions influencing NO formation decreases. At 50 cm, no NO 

formation occurs. In the burnout zone, all reactions promote NO formation, with R178 exhibiting higher 

sensitivity and forming thermal NO. 

 

Therefore, in the MCZ under the reducing atmosphere of air-staged combustion, the formation of prompt NO is 

mainly promoted. In the burnout zone, where there is sufficient oxygen, thermal NO is promoted. However, due 

to fuel and over-fire air rate restrictions in the burnout zone, NO formation is limited, ultimately leading to a 

reduction in NO formation in air-staged combustion. 

 

 



 

 
 

Therefore, in the MCZ under the reducing atmosphere of air-staged combustion, the formation of prompt NO is 

mainly promoted. In the burnout zone, where there is sufficient oxygen, thermal NO is promoted. However, due 

to fuel and over-fire air rate restrictions in the burnout zone, NO formation is limited, ultimately leading to a 

reduction in NO formation in air-staged combustion. 

 

 

3.1.2. Nitrogen reduction performance of air-staged 

and humidification combustion 

Based on air-staged combustion (φ = 15 %), air entering the combustion zone is humidified, with the humidity 

content gradually increasing from 0 to 48 g/kgg (see Figs. 7 and 8). Figures 7a and 7b show NO mole fractions 

in different combustion zones after individual and both humidification, respectively. As humidity content 

increases, the molar fraction of NO at the outlet decreased and the nitrogen reduction rate increased linearly for 

each of the different combustion zones after humidification. In Fig. 7a, humidification of the MCZ only leads to 

a maximum reduction in the molar fraction of NO by 12 %. The difference in NO mole fraction between 

different humidity contents in the burnout zone is smaller than that in the MCZ. After humidifying only the 

burnout zone in Fig. 7a, the reaction between O2 and N2 at high temperature results in a rapid increase in the 

molar fraction of NO. However, after a certain distance, the decrease in O2 leads to a slower rate of NO 



formation. Additionally, the rate of increase of NO molar fraction slows down with increasing humidity for 

different cases of humidification of the combustion zone. 

 

 

 
 

Figure 8 illustrates the nitrogen reduction rate of compound combustion increases linearly with the increase of 

humidity content. The nitrogen reduction rate of both the MCZ and the burnout zone is higher than that of the 

single zone. Moreover, the impact of humidity content on the nitrogen reduction rate becomes more significant 

as it increases. At 48 g/kgg, the molar fraction of NO at the outlet of the burnout zone decreases from 5⋅10–3 to 

4.3⋅10–3 at most. Compared to air-staged combustion alone, the maximum nitrogen reduction rate increases by 

7.4 %. On the basis of air-staged combustion, humidifying both combustion zones is more advantageous in 

reducing NO formation and improving the nitrogen reduction rate. 

 



 
 

 

3.1.3. NO sensitivity analysis of air-staged and humidification combustion 

The MCZ is selected at 0.5 cm, and positions at 50.5 cm and 100 cm are chosen in the burnout zone for NO 

sensitivity analysis in air-staged and humidification combustion. Figure 9 shows the humidification in the MCZ 

inhibits R119. Additionally, during the humidification process, the concentration of OH increases, further 

enhancing the inhibition of NO formation through R119. Sensitivity coefficients indicate that promoting R53 

has a good inhibitory effect on NO formation, while the other reactions promote NO formation. R52, R38, 

and R155 exhibit higher sensitivity coefficients, indicating more significant promotion effects. The air-staged 

and humidification in the MCZ have both the promotion and inhibition effects on NO formation. 

 

Figure 10 depicts R35, R36, R99, and R208 affect NO formation at 50.5 cm. Increasing humidity content 

enhances the sensitivity of R35 and R99, promoting NO formation, while reducing the sensitivity of R36 and 

R208 inhibits NO formation. At 100 cm, R35 inhibits NO formation, while the other reactions promote NO 

formation. The sensitivity coefficient of R178 is relatively large, but lower than that of individual air-staging. 

When humidity content increases to 48 g/kgg, the sensitivity coefficient of R178 decreases to 41 % of its 

original value. As humidity content increases, the sensitivities of R182, R185, and R199 gradually decrease to 0. 

Both air-staged and humidification in the MCZ and the burnout zone contribute to the reduction of sensitivity 

coefficients of certain reactions, leading to a decrease in NO molar fraction at the combustion zone exit and an 

improvement in nitrogen reduction rate. 

 



 
 

 
 

 

3.2. Influencing factors on nitrogen reduction performancein co mpound mode 

The combined humidification of MCZ and burnout zone only leads to a 7.4% increase in nitrogen reduction rate. 

During the humidification process, nitrogen reduction rate is also influenced by other factors. Therefore, the 

impact of different combustion temperature, excess air coefficient, and the positions of over-fire air on nitrogen 

reduction performance was further simulated under the optimal compound nitrogen reduction mode. 

 

3.2.1. Effect of combustion temperature on nitrogen reduction performance in compound mode 

The influence of different combustion temperature on nitrogen reduction rate was considered based on the 

constant gas and air temperatures. Specifically, the temperatures in the MCZ and the burnout zone decrease 

from 1800 and 1700 K, respectively, to 1500 and 1400 K. Figure 11 shows the NO concentration increases 

rapidly and then stabilizes with increasing axial distance. 

 

As the combustion temperature decreases, the NO molar fraction and generation rate at the boiler outlet also 

decrease. At the exit of the MCZ and the burnout zone, the NO molar fraction corresponding to a combustion 



temperature of 1800 K is 43 % and 33 % higher than that at a combustion temperature of 1500 K, respectively. 

Changing the combustion temperature has a greater impact on the NO concentration in the MCZ than in the 

burnout zone. Lowering the combustion temperature can further reduce the formation of NO. The nitrogen 

reduction rate increases linearly based on a 51 % reduction in NO. When the temperatures T1 and T2 decrease to 

1500 and 1400 K, respectively, the nitrogen reduction rate increases to 65.7 %, which is 22.1 % higher than that 

of the air-staged combustion. 

 

 
 

Figure 11 illustrates changing the temperature of combustion zones has a significant impact on the mole fraction 

of NO in the MCZ. Therefore, the influence of the temperature in the MCZ on the nitrogen reduction rate was 

studied separately. Set T2 to 1400 K and change T1. Figure 12 depicts the impact of different humidity content 

values on the nitrogen reduction rate. As T1 increases, the nitrogen reduction rates for different humidity levels 

consistently decrease. When T1 is constant, an increase in humidity content leads to an improvement in the 

nitrogen reduction rate. Different levels of humidity in the combustion air result in varying rates of change in the 

nitrogen reduction rate with increasing T1. For 0 g/kg, as T1 increases, the rate of decrease in the nitrogen 

reduction rate gradually slows down. When T1 increases from 1500 to 1600 K, the nitrogen reduction rate 

decreases by 11 %. However, when T1 increases from 1700 to 1800 K, the nitrogen reduction rate decreases by 

4.9 %. For 48 g/kgg, as T1 increases, the rate of decrease in the nitrogen reduction rate gradually accelerates. 

When T1 increases from 1500 to 1600 K, the nitrogen reduction rate decreases by 4.2 %. However, when T1 

increases from 1700 K to 1800 K, the nitrogen reduction rate decreases by 7.2 %. 

 



 

 
 

 

3.2.2. Effect of excess air coefficient on nitrogen reduction performance in compound mode 

Figure 13 shows the NO molar fraction at the exit of the burnout zone under different excess air coefficient. As 

the excess air coefficient increases, the NO molar fraction at the exit of the burnout zone gradually increases, 

while increasing humidity content leads to a decrease in the NO molar fraction. When humidity content is 

constant, increasing excess air coefficient initially increases the nitrogen reduction rate of air-staged and 

humidification. But it decreases after reaching a maximum at 1.05. Therefore, increasing excess air coefficient 

appropriately can improve nitrogen reduction efficiency. With the increase of humidity content, the degree of 

reduction in nitrogen reduction rate gradually decreases. At 0 g/kg, excess air coefficient increases to 1.3, and 

the nitrogen reduction rate decreases by 13.1 %, while at 48 g/kg, the nitrogen reduction rate only decreases by 

5.7 %. Increasing excess air to improve nitrogen reduction rate, while considering air humidification, is more 

favorable for reducing the emission of NO during combustion. 

 

3.2.3. Effect of over-fire air position on nitrogen reduction performance in compound mode 



The MCZ is a reducing atmosphere, so the length of stay in the MCZ will affect the formation of NO. Changing 

the injection position of the combustion air can change the length of stay in the MCZ. Figure 14 shows that 

when T1 is 1800 K and T2 is 1400 K, the residence time increases linearly with the increase of MCZ length. 

When the length of the MCZ increases from 40 cm to 64 cm, the residence time increases from 0.93 s to 1.49 s. 

The reduction reaction of NO reduces the molar fraction of NO at the outlet, increasing the reduction rate of 

nitrogen. When the length of MCZ decreases from 64 cm to 40 cm, nitrogen reduction rate decreases by 2.94 % 

at 48 g/kgg, which is 1.96 % lower than that at 0 g/kgg. Increasing humidity content also effectively improves 

the nitrogen reduction rate, thereby mitigating the negative impact of shortening the length of the MCZ. 

 

 
 

In addition, both turbulence intensity and swirl intensity are velocity-dependent and arek ey factors in 

controlling the flue gas emission and combustion efficiency, especially the control of swirl in combination with 

air-staged can achieve low NO and high embers combustion. A number of studies have found that the swirl 

intensity of pulverized coal burners has a significant effect on NOx emissions [45]. Higher swirl results in faster 

mixing of fuel and air, which reduces the flame temperature level and decreases thermal NO emissions [46]. 

Ikeda et al [47] showed that optimizing the swirl intensity of the secondary air reduces NO emissions. In air-

staged and humidification combustion, changing the direction of the main swirl flow contributes to the intensive 

mixing of fuel and oxidizer. The change in operation leads to a reconfiguration of the flow pattern and the 

formation of a multi-vortex flow structure. The increase in the residence time of coal particles in the combustion 

chamber reduces the combustible losses from 1.9 % to 0.51 % [28]. 

 

 

3.3. Comparison of combustion technologies 

In Table, the different nitrogen reduction combustion technologies are arranged in ascending order based on 

their optimal nitrogen reduction rates. The proposed air-staged and humidification combustion technology 

achieves the highest nitrogen reduction rate of 65.7 %, with T1 set at 1500 K and T2 at 1400 K. Among the five 

individual nitrogen reduction technologies considered, humidification combustion exhibits the highest reduction 

rate, but it is 12.7 % lower than that of air-staged and humidification combustion. The air-staged combustion 

follows with a nitrogen reduction rate as high as 45 %, but it has a 20.7 % lower nitrogen reduction rate 

compared to air-staged and humidification combustion. Under the same combustion technology, compound 

combustion shows better nitrogen reduction performance compared to individual combustion techniques. Oxy-

fuel combustion has the lowest nitrogen reduction rate at 36.7 %. The nitrogen reduction rates of air-staged and 

humidification combustion are 29 % higher than that of oxy-fuel combustion, highlighting superior nitrogen 

reduction performance. Overall, the comprehensive analysis indicates that air-staged and humidification 

combustion technology outperforms individual nitrogen reduction combustion technologies. 

 

 



 
 

 

Conclusions 

This study simulated and investigated the nitrogen reduction performance of a gas boiler and NO sensitivity 

analysis under different air-staged and humidification methods. The influence of combustion temperature, 

excess air coefficient, and the position of over-fire air on the nitrogen reduction performance was analyzed. The 

nitrogen reduction rates of different combustion methods were compared. The simulation results are as follows: 

(1)Air-staged combustion creates a reducing atmosphere in the MCZ, mainly leading to the formation of prompt 

NO, while the burnout zone promotes the formation of thermal NO.The optimal ratio of over-fire air is between 

5% and 15%. 

(2) When both the MCZ and the burnout zone are humidified, the nitrogen reduction rate reaches 51%, 

surpassing that of other combustion methods. Further reduction of T1 and T2 can increase the nitrogen reduction 

rate up to 65.7%. 

(3) The nitrogen reduction rate is more favorable when the excess air coefficient is between 1.0 and 1.1. The 

best nitrogen reduction effect is achieved when excess air coefficient is 1.05. 

(4) Shortening the length of the MCZ will result in a linear decrease the nitrogen reduction rate. When humidity 

content is 48 g/kgg, reducing the length of the MCZ from 64 cm to 40 cm will lead to a decrease in the nitrogen 

reduction rate by 2.94%. 

(5) The compound air-staged and humidification technique achieved a higher nitrogen reduction rate compared 

to the individual air-staged combustion and humidification combustion techniques, with an additional increase 

of 20.7% and 12.7%, respectively. 
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