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Abstract. We consider the mechanisms of formation of nitrogen oxides in boiler flue gases. 

Thermodynamic calculations are used to determine the possibility and rate of formation of ni-

trogen oxides in the temperature range from 25 to 2000°C. We apply the methods of geometric 

thermodynamics to demonstrate the changes in the Gibbs free energy of nitrogen oxides for-

mation reactions and determine the conditions of achieving the chemical equilibrium for these 

reactions. An analysis of concentrations of formed nitrogen oxides and temperatures of the jet 

flame under different conditions of mixture formation was performed. We produced and ana-

lyzed a number of diagrams of distribution of the flame temperatures and nitrogen oxide con-

centrations in the calculation area for the temperatures of the oxidant of 20, 60, 100, 150 and 

200°C. Mathematical simulation of the process of gaseous fuel combustion was performed us-

ing FlowVision software package. The analysis of the results showed that the decrease in the 

temperature of the air supplied as an oxidant results in a considerable drop in the concentration 

of nitrogen oxides in flue gases without any significant impact on the changes of the flame 

temperature. The results of the study can be used in addressing the problems of optimization of 

boiler plants in order to reduce harmful flue gas emissions.  

1.  Introduction 

An increase in energy and heat consumption leads to an increase in harmful emissions polluting the 

environment [1]. 

Nitrogen oxides take a prominent place among gaseous toxic components formed during natural 

gas combustion. These compounds are highly toxic and play an active role in the formation of danger-

ous atmospheric processes [2]. Nitrogen oxides are considered to be one of the causes of smog and 

acid rain formation. Increased concentrations of these substances have a harmful impact on human 

health, in particular, by irritating the mucous membranes of the respiratory tract and the eyes.  

The following oxides are formed in the process of combustion as a result of the combination of ni-

trogen and oxygen, depending on the degree of oxidation: nitric anhydride N2O5, dinitrogen tetroxide  

N2O4, nitrous anhydride N2O3, nitrous oxide N2O, nitrogen dioxide NO2 nitrogen monoxide NO. NO 

and NO2 have a practical significance from the environmental point of view.  

In order to reduce the impact of combustion products on the atmosphere, it is necessary to optimize 

the combustion process in such a way as to reduce the concentration of nitrogen oxides in the emis-

sions without reducing the efficiency of the boiler unit. A number of methods aimed at reducing the 

concentration of oxidant and temperature in the flame zone is applied to reduce the content of nitrogen 

oxides, as well as methods of recovery of nitrogen oxides in the furnace [3]. 
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The temperature range in the gas path of a boiler unit is in a wide enough range. Maximum local 

temperatures in furnace chambers of boilers are as high as about 2000 K [4]. At such temperatures, the 

reaction of nitrogen oxides synthesis from nitrogen and oxygen proceeds at a very high rate. Even af-

ter leaving the flue stack, at temperatures under 373 K, the process of formation or transformation of 

nitrogen oxides continues. 

Thus, the study of nitrogen oxide formation reactions at different temperatures, as well as the as-

sessment of the effect of process parameters on the combustion contribute to the identification of 

modes and methods that result in a reduction in the environmental impact of boiler units and increase 

their efficiency. 

2.  Materials and Methods  

2.1.  Thermodynamic calculation of the Gibbs free energy of nitrogen oxides formation reactions in 

flue gases of boiler plants 

In order to assess the direction of chemical reactions of thermal nitrogen oxides formation in the 

course of natural gas combustion, we calculate the change of the Gibbs free energy in the temperature 

range typical for gas paths of boiler units. 

The mechanism developed by Yakov Zeldovich determines the yield of nitrogen oxides formed in a 

reaction between the oxygen atom and the nitrogen molecule [5]. The oxidation of atmospheric nitro-

gen by free oxygen in the process of combustion is described by the following reaction: 

 
2 2N +O 2NO↔  (1) 

The rate of formation of thermal nitrogen oxides is significantly impacted by the process tempera-

ture, as breakdown of O2 molecules requires overcoming a high energy threshold [6].  

Equilibrium concentrations of nitrogen oxides are formed over a period of time equal to 10-2÷10-3 

seconds. Such rapid formation of nitrogen oxides is explained by binding of nitrogen molecules to rad-

icals CH and C2 in reactions with low energy threshold, occurring according to the mechanism [7]: 

 
2СН+N HCN+N↔  (2) 

 
2 2HСN+(H,OH) (CN+H ,H O)↔  (3) 

 
22C+N 2CN↔  (4) 

 
2CN+O CO+NO↔  (5) 

 CN+OH CO+NH↔  (6) 

 
2NH+OH NO+H↔  (7) 

 
2NH+NO N +OH↔  (8) 

After leaving the flue stack and entering the atmosphere, most of NO is transformed into NO2. The 

oxidation mechanism can be represented by the following reactions [5]: 

  
3 2 2NO+O NO +O↔  (9) 

 
2 22NO+O 2NO↔  (10) 

 
2 2NO+ RO NO + RO↔  (11) 
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2.2.  Mathematic simulation of nitrogen oxides formation intensity depending on temperature of oxi-

dant fed to the flame 

To optimize performance of existing burners, it is necessary to study possible gas combustion modes 

with varying process parameters which may impact the rate of nitrogen oxides formation. In experi-

mental studies, it is quite difficult to vary parameters in a wide range of adjustment. For this reason, 

mathematic simulation is utilized to study the combustion modes [8]. The scope of currently known 

theoretical papers on filtration gas combustion are limited either to analytical review of experiment 

data, description of physical phenomena and the problem statement or to individual particular calcula-

tions based on quite complex models and algorithms or conditions attainable in a laboratory-based 

experiment [9]. 

Jet flow simulation is quite relevant especially in using jet gas burners.  

A model of gas combustion in a cylindrical burner is proposed and studied below. 

FlowVision software package was utilized to study temperature impact of the air supplied to the 

process as an oxidant on nitrogen oxides formation rate. The mathematical model of the combustion 

process is based on Navier-Stokes and continuity equations [10]: 
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 (12) 

where t is time in seconds; x,y,z are the particle coordinates; vx, vy, vz are the particle velocity projec-

tions; X,Y,Z are volume force projections; p is pressure in Pa; v is kinematic viscosity, m2/s; ρ is densi-

ty, kg/m3. 

Combustion process is represented as a gross reaction: 

  fuel oxidant combustion products1kg kg 1  kg
W

i i    (13) 

where W is the reaction rate.  

For fuel and oxidant flows, which are not preliminary mixed, W gross reaction, rate is determined 

by turbulent mixing rate (Magnussen model) [11]: 

 

1/4

max 2
23,6 min ,

o
W f

k k j

 




  
   

   
 (14) 

where f is fuel concentration; o is oxidant concentration; j is the weight-based stoichiometric factor; μ 

is turbulent viscosity kg/m·s; ρ is density, kg/m3; k is pulsation; ε is turbulence scale; Wmax is the rate 

of combustion of a flow of unmixed components. 

The calculation area was set as 40×200×8 mm with gas jet entry point in the center of the leftmost 

edge. The gas jet was supplied at the rate of v=0.003374 kg/ (m2s) through the section of 8×8 mm. The 

air jet was supplied with velocity of v=0.07445 kg/ (m2s) through two symmetrically located sections 

16×8 mm [11].  

Diagrams of concentrations NOx
therm and temperatures in the calculation area were made based on 

the calculations. 
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3.  Results  

3.1.  Results of calculations of ΔG changes in reactions of formation of nitrogen oxides in flue gases of 

boilers 

Thermodynamic calculation of reactions with nitrogen oxides formation during gas fuel combustions 

in boiler furnaces shows the possibility and direction of processes in the temperature range from 25 to 

2000 °C. 

Direction of nitrogen thermal oxides formation for the reaction (1) was assessed with the calcula-

tion of Gibbs free energy (ΔG) changes. 

 

 

Figure 1. Temperature dependence of ΔG changes in the reaction of thermal nitrogen oxides for-

mation for temperature range of 25÷2000 °C. 

 

For comparative assessment of nitrogen compounds binding with radicals CH and C2 in low energy 

barrier reactions, ΔG calculation were done (2÷8) for the following temperature ranges (Figures 2 and 3): 

 specific for processes taking place in the furnace chamber and gas duct of the boiler unit 

(100÷2000 °C); 

 specific for processes taking place after the emission of flue gasses into the atmosphere 

(25÷100 °C). 

Results of oxidation reaction direction NO to NO2 based on the Gibbs energy changes (9÷11) for 

the temperature range from 25 to 100°C, taking into account temperature decrease in gases exhausted 

in the atmosphere are shown at Figure 4. 
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Figure 2. Temperature dependence of ΔG changes in the reactions (2÷8) for the temperature range of 

100÷2000 °C. 

 

 

Figure 3. Temperature dependence of the Gibbs free energy changes in Reactions (2÷8) for the tem-

perature range of 25÷100 °C. 
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Figure 4. Temperature dependence of the ΔG change in the reactions (9÷11). 

3.2.  Results of calculation of nitrogen oxides formation rate, depending on the temperature of oxidant 

supplied to the combustion flame  

The simulation included calculations for air temperatures of 20, 60, 100, 150 and 200°C. We obtained 

distributions of temperatures and concentrations of nitrogen oxide for the five considered options 

(Figures 5 and 6), depending on the distance from the burner nozzle. 

 

Figure 5. Distribution diagram of nitrogen oxides concentrations along the length at different oxi-

dant temperatures. 
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Figure 6. Distribution diagram of flame temperatures along the length in the calculation area at dif-

ferent oxidant temperatures. 

 

The diagram of the dependence of nitrogen oxides concentrations by furnace sections at different 

oxidant temperatures is shown in Figure 7. 

 

Figure 7. Dependence of nitrogen oxides concentrations by furnace sections at different oxidant 

temperatures. 
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4.  Discussion 

4.1.  Study of changes in ΔG of reactions of nitrogen oxides formation in boiler flue gases 

Thermodynamic calculations of the reaction (1) show that thermal nitrogen oxides formation process 

is not accompanied with heat generation, changes of Gibbs free reactions have positive values, there-

fore, the equilibrium of the considered reaction in the range of temperatures from 25 to 2000 °C will 

be shifted to the left. Thus, it can be concluded according to the data from Figure 1 that thermal nitro-

gen oxides will not be formed in the considered temperature range. Considering that thermal NO ox-

ides form mainly in a narrow temperature range[Tmax÷(Tmax)-60K] [12], it can be concluded that 

steady-state concentrations are not achieved during nitrogen oxides formation in the furnaces of boil-

ers and, therefore, concentration of NO in flue gases depends on chemical reactions kinetics [13-15]. 

According to Figures 2 and 3 it can be concluded that nitrogen molecules and radicals binding reac-

tions CH and C2 according to the formulas (2÷3) in the considered temperature ranges proceed in the 

opposite direction, therefore, the probability of cyan molecules formation during these reactions is 

minimal. Exothermic reactions (4÷8) in the considered temperature range have negative values, which 

is indicative of a rather significant equilibrium shift to the right. 

It follows from figure 4 that reactions (9, 10) are prevailing, as they proceed at all temperatures of 

the studied range. The equilibrium of the endothermic reaction (11) in the range of considered temper-

atures is displaced to the left, as evidenced by positive values of variation parameters of the Gibbs free 

energy.  Therefore, this reaction proceeds in the opposite direction.  

In addition to “thermic” and “fast” mechanisms of nitrogen oxides formation in the combustion ar-

ea mentioned above, there is another “fuel” mechanism depending on nitrogen content in fuel and the 

presence of excess air. However, no nitrogen oxides formation according to the later mechanism does 

occur during flame combustion of natural gas. 

4.2.  Calculation of nitrogen oxides formation rate depending on the temperature of oxidant supplied 

to the flame 

As it follows from Figure 5, formation of thermal nitrogen oxides in combustion of natural gas signifi-

cantly depends on the temperature of air supplied to the burner to produce gas and air mixture. The 

maximum values of volume concentration of nitrogen oxides are observed at the oxidant temperature 

of t= 200 °C. 

Based on Figure 6, it can be concluded that the temperature of oxidant supplied to the combustion 

area has only a minor effect on temperature distribution in the flame area. 

Dependence of nitrogen oxides concentrations (Figure 8) on sections of the furnace space at vari-

ous temperatures of oxidant can be described by equation 

 оe
bt

r a
2NO  (15) 

where a, b are coefficients depending on the position of the furnace section and the oxidant tempera-

ture (a=239.25÷166.9; b=0.2604÷0.2564).  

The convergence of the simulation data with the proposed exponential dependencies is character-

ized by R2=0.9933 determination coefficient. 

5.  Conclusion 

The above thermodynamic calculations of the reactions proceeding with the formation of nitrogen ox-

ides in the course of combustion of gaseous fuels in boiler furnaces demonstrate the possibility and 

direction of processes in the temperature range of 25 to 2000 °C. According to the diagrams, we can 

conclude that reactions do not start until the reactant disappear and stop at a particular state of chemi-

cal equilibrium. From a practical perspective, it is important to know the equilibrium shift and at what 

conditions it happens, making it possible for us to find out the maximum achievable yield of end prod-

ucts. To accomplish this, it is necessary to find the parameters responsible for the chemical equilibri-

um shift in the required direction.  Therefore, by applying the methods of geometrical thermodynam-
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ics, we demonstrate that nitrogen oxides formation by the combustion of gas fuel results in the equilib-

rium being almost completely shifted to the right. 

Data obtained from the mathematic simulation of nitrogen oxides formation rate depending on the 

air temperature indicate that the temperature of oxidant flow greatly impacts the distribution of nitro-

gen oxide concentration in flue gases: a decrease in temperature of air fed as an oxidant results in ni-

trogen oxides concentration in flue gases decreasing; the maximum concentration decrease is observed 

at air temperature of 20°C when temperature in the flame zone decreases insignificantly.  

This study considers only one of many factors impacting the level of nitrogen oxides formation in 

flue gases of boiler units, but the method of numerical calculation of natural gas combustion process 

characteristics makes it possible to study a wide range of changing parameters. 

The proposed model can be used to obtain tentative values of temperatures in the combustion area 

and flue gas nitrogen oxides concentrations. For boiler unit operation optimization, including the de-

velopment of effective solutions to reduce nitrogen oxides levels, investigation of a variety of parame-

ters is necessary, which implies further studies. 
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