
FACTA UNIVERSITATIS  

Series: Mechanical Engineering Vol. 16, No 2, 2018, pp. 273 - 283 

https://doi.org/10.22190/FUME171114026O 

© 2018 by University of Niš, Serbia | Creative Commons License: CC BY-NC-ND 

Original scientific paper 

THE STUDY AND THE MECHANISM OF NITROGEN OXIDES’ 

FORMATION IN COMBUSTION OF FOSSIL FUELS 

UDC 691.141 

Bulbul Ongar
1
, Iliya K. Iliev

2
, Vlastimir Nikolić

3
,  

Aleksandar Milašinović
4
 

1
Almaty University of Power Engineering & Telecommunications

 
(AUPET),    Faculty of 

heat energy, Almaty, Kazakhstan 
2
University of Ruse, Department of Thermotechnics, Hydraulics and Ecology, Ruse, Bulgaria 

3
University of Niš, Faculty of Mechanical Engineering, Serbia, Niš 

4
University of Banja Luka, Department of Vehicle and Engine, B&H, Banja Luka 

 
Abstract.The burning of all fossil fuels is accompanied by the production of large 

quantities of nitrogen oxides. Nitrogen oxide from coal combustion is formed from the 

molecular nitrogen in the air and the nitrogen contained in the fuel. In accordance with 

the mechanism of formation of nitric oxide from fuel, it is desirable to increase the 

concentration of coal dust in the flame. The thermal regime of combustion accelerates the 

release of volatiles, with flames spreading out and the coke residue contributes to the 

chemical reduction of NOx. In this work we consider the specific issues of the formation 

mechanism of NOx fuel and ways to reduce their atmospheric emissions. Presented are 

results from the calculation of the influence of the following on the level of nitric oxides 

during coal combustion: temperature, oxygen concentration and time of release of fuel 

nitrogen. It has been established that the influence of nitric oxide fuel on the total nitric 

oxide emissions is more noticeable at low temperatures of the combustion process. 
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1. INTRODUCTION 

Exhausted pollutants such as NOx, SOx, CO, CO2, and unburned hydrocarbon particles, 

have been considered as one of the major sources of air pollution in urban regions, which 

seriously affect human health, environment, and economic development [1]. 

The trend towards more stringent regulations on emissions has been an important   

driving force in the search for more environmentally friendly engines [2]. 

Environmental pollution by toxic products from the combustion of organic fuels is one of 

the inevitable results of modern heat-power engineering. The main pollutants from that 

combustion are: coal - fly ash, oxides of sulphur and nitrogen. When burning fuel oil those 

are the sulphur and nitrogen oxides, whilst when burning natural gas, the polluters are 

nitrogen oxides. 

Fly ashes and oxides of sulphur are formed in quantities, determined by the ash and 

sulfur contents. A decrease in their contents in the products of combustion is reached by 

cleaning combustion gases or through preliminary removal from fuel (through enrichment – 

for decrease in the ash-content, removing of sulphur from fuel). In comparison to these 

pollutants, the level of formation of nitrogen oxides can be substantially regulated to a 

sufficient degree by means of flue/furnace gases. Direct experimental data about the role of 

preliminary heat treatment of fuel on the formation level of fuel oxides of nitrogen are 

known. 

It is further known that at temperatures 7001200 K there are rather intensive recovery 

reactions of carbon dioxide and an oxide of nitrogen on carbon to carbon monoxide, and 

besides that the speed of the decomposition reaction of an oxide of nitrogen (at T > 1200 К 

the reaction is sharply inhibited) is two orders higher than the speed of decomposition of 

carbon dioxide [3]. 

Research efforts continuously focus on modeling NOx formation/destruction reactions 

in pulverized coal combustion [4-8]. Nitric oxide (NO) is the most abundant NOx from 

coal combustion. The simulations often neglect fast NO (significant only in strong fuel-

rich flames), while considering fuel NO, typically accounting for 75-95% of the total NO 

in coal combustors and thermal NO, becoming important for the flame temperatures 

above 1600-1800 K.  

An in-house developed 3D differential mathematical model of furnace processes, 

including the fuel- and thermal-NO formation/destruction reactions, validated against 

available measurements in the case-study boiler units [9-14], was used for the analysis. 

The comprehensive combustion code offers a balance between the sophistication of 

submodels describing individual processes and computational practicality.  

The NO formation and depletion mechanisms were studied in dependence on two-

phase gas particle reactive turbulent flow and pulverized coal diffusion flame, accounting 

for extremely complex interactions between the influencing parameters. Impact of various 

operating conditions in the case-study furnace on the NOx emission and flame, like the 

fuel and the combustion air distribution over the burners and tiers, fuel-bound nitrogen 

content and grinding fineness of coal were investigated individually and in combination. 

Complex numerical experiments of this kind can help to optimize flow, combustion and 

heat transfer and improve the furnace exploitation regarding emission and efficiency.  
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2. DECREASE IN EMISSIONS OF NITROGEN OXIDES  

BY OPTIMIZATION OF FURNACE AERODYNAMICS 

Complex suppression of formation of nitrogen oxides demands a combinatorial approach 

involving thermochemistry, the aerodynamics of burning, hydromechanics and heat mass 

exchange. 

Problems of thermophysics and power systems cause some incomparable interest and 

have a high value in practice. The relevance of this problem and the growing attention to 

it are related to the increase of energy use efficiency and to the solution of environmental 

problems, as well as to the increase in the amount of polluting substances released into the 

atmosphere, but also to the operation of existing power stations, in particular with the 

creation of new combustion chambers. 

First of all, the power plants working with solid fuel are the main source of air pollution, 

water and the soil. This problem can be solved only on the basis of physical, mathematical 

and chemical modelling. In this regard numerical experiments become one of the most 

economical and convenient ways for the detailed analysis of the difficult physical and 

chemical phenomena occurring in the furnace camera. Use of modern computers allows to 

solve these problems for specific power stations (thermal power plant, state district power 

station, etc.) and for any power fuel [15]. 

 When burning any type of organic fuel, a large amount of the nitrogen oxides promoting 

pollution of the atmospheric air is formed. Those include the following compounds: N2O, 

NO, N2O3, NO2, N2O4 and N2O5. In practice only the oxide NO and the dioxide NO2 of 

nitrogen matter from the point of view of ecology, their sum in terms of dioxide of nitrogen 

designate NOx. As per the obtained data, the degree to which nitrogen oxides determine the 

toxicity of the flue gases when burning coal and fuel oil is 40-50%, rising to 90-95% when 

burning natural gas. Furthermore, NO accounts for about 95-99% of the nitrogen oxides 

NOx formed in the boiler, whereas 4080% of the nitric oxide, contained in the flue gases is 

further oxidised to NO2 in the atmosphere.  

Nitrogen oxides when burning coal can be formed from molecular nitrogen in the air and 

nitrogen-containing components of the fuel. There are three types of mechanisms allowing 

for their formation: thermal, fuel and fast. During the combustion of natural gas thermal and 

fast NOx, are formed, whereas during the combustion of heavy fuel oil or coal – thermal and 

fuel NOx. Formation of thermal nitrogen oxides occurs on the basis of the Zeldovich 

mechanism. These reactions are characterized by a high activation energy and proceed at 

temperatures over 1800 К [3]. Two balancing reactions offered by Zeldovich are given below 

taking into account the chain mechanism of the formation NO which is put forward by: 
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where O – oxygen, %; N2 – molecular nitrogen, %; NO - concentration of an oxide of 

nitrogen, %; N – nitrogen, %. K1 and K2 – speed constants of the direct reaction in Eqs. (1) 

and (2), K3 and K4 speed constants of the reverse reaction respectively. The differential 

equation for NO formation due to excess concentration of oxygen is as follows: 
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where τ –the time, s; R – the universal gas constant, R=8.314 J/(molK); T – the absolute 

temperature, K. 

Settlement calculations are provided in [16] during the analysis of the NOx concentration 

in the flames of a swirl burner and a straight flow one. The amount of nitrogen oxides 

formed when using swirl burners depends on the intensity of the swirl of a stream and can be 

estimated by means of the following dependence:  

 0.8(1 )X XNO NO n    (4) 

where NOx – the concentration in a swirl burner, g/Nm
3
 and n - the amount of stream swirl 

in the given burner, g/Nm
3
. 

It is known that NO formation during the combustion process occurs at the end of the 

torch, in the stage of burning out of volatiles. 

According to the approximate mechanism of formation of NO fuel, in the beginning 

fuel nitrogen passes in intermediate radical connections, after which it is partially 

oxidized to NO. 

Mass and spectroscopic analysis showed presence of active radicals of CN, HCN, NH, 

NH2 and OH at an initial stage of burning. Furthermore, according to [17] there are the 

following reactions: 

 CONHOHHCN  32  (5) 

 2223 2/1 HOHNOONH   (6) 

It is established that the level of conversion (transition) of fuel nitrogen to nitrogen 

oxides significantly depends on the content of nitrogen in the initial fuel. At small 

contents of fuel nitrogen (less than one percent) it is almost entirely converted to NOx. 

However, at a level of nitrogen content in the fuel 11.3%, merely 1625% is converted 

into NOx. It is also accepted that the formation level of nitrogen oxides significantly 

depends on the concentration of oxygen in a torch’s zone of ignition and in this regard it 

depends on the excess of air in said torches. 

The maximum quantity of fuel nitrogen oxides is formed at excess air ratio α = 0.850.9. 

Compared to thermal nitrogen oxides, the dependence of the formation level of nitrogen 

oxides on temperature has a more difficult character. In particular, in the temperature zone of 

10001400 K an almost exponential dependence of formation level of the fuel takes place. 

At further temperature increase, (higher than 1400 K) this dependence gains a linear 

character [3]. Fast fuel nitrogen oxides (typical for hydrocarbonic fuels) are formed in the 

root part of a torch. That reaction is characterized by a very high speed (considerably bigger 

than formation of thermal NO). 



 The Study and the Mechanism of Nitrogen Oxides' Formation in Combustion of Fossil Fuels 277 

Fenimore [18] made the assumption that the formation of fast nitrogen oxides is 

promoted by binding of molecules of nitrogen by the active radicals mentioned earlier, for 

example CH and C2 [19-21] Binding reactions of N2 can look as follows: 

 NHCNNCH 


2  (7) 

 CNNC 22 2



  (8) 

 NHHCNCH 


22  (9) 

 NOHOHN  
  (10) 

The existence of a large concentration of HCN near a zone of burning experimentally 

confirms the possibility of NO formation according to the specified scheme. The share of 

fast NO of the total formed NOx is usually relatively small and makes up about 1015 %. 

In it is noted that the temperature of the most intensive formation of fast nitrogen 

oxides ranges between 12001600 К. The maximum level of formation of fast oxides is 

observed at excess air ratio α=0.650.8 which are values slightly less than those of excess 

of air of the fuel nitrogen oxides specified by our consideration. It is remarkable that at 

α<0.60.7 there is some decrease in the formation level of fast nitrogen oxides (Fig. 1). 

More intensive formation of carbon monoxide and its partial restoration to molecular 

nitrogen can perhaps be the cause of this decrease. 

From Fig. 1 we observe that the higher the temperature of the process, the faster the 

exit of atomic nitrogen and its recombination, the former of which happens in less than 

0.04 s. 

 
 

Fig. 1 A recombination of N in N2 depending on the temperature level of process at 

various values of concentration of oxygen 1 % (1), 2 % (2), 3 % (3), 4 % (4) and 

5 % (5) of oxygen 
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The recombination of atomic nitrogen in molecular nitrogen occurs as depicted in Fig. 

2, for a very short time, less than 0.04 s at a temperature T=8001600 К; at a content of 

oxygen O2 no more than 3 % in the combustion gases (recirculation to a torch root). 

 

Fig. 2 A recombination of N in N2 depending on time at various O2:  

1 % (1), 2 % (2), 3 % (3), 4 % (4), 5 % (5) and 6 % (6) 

Thus, a decrease in the emissions of nitrogen oxides by influencing furnace aerodynamics 

and conditions of burning can be obtained by the following actions [22]: 

 burning of fuels at small excess of air 

or 

 recirculation of the products of combustion in the furnace camera (the greatest effect on 

decrease in an exit of NOx is reached at recirculation introduction directly to the hot air 

before the torches).  

However, these methods have limitations, namely: 

 considerable complication of torch ignition at decrease in the oxygen content in 

the burning zone; 

 temperature increase of overheated steam in connection with a tightening of 

ignition and burning out of fuels; 

 some decrease in the completeness of the burning out of fuel (increase of heat 

losses due to unburnt or the emergence of unburnt chemicals). 

These actions are generally directed at the decrease in the maximum temperatures in a 

zone of active burning, and at the reduction of oxygen concentration, and furthermore at the 

creation of a recovery environment for the NO formed. Other possibilities of achieving a 

decrease in the formation level could be: 

 phasic (step) burning of organic fuels (reduction of oxygen concentration and 

temperature decrease in the ignition zone) 

 application furnace burner devices providing a realization of the noted conditions 

for the decrease in formation level of nitrogen oxides. 

It is specified that a decrease in the NOx quantity of 4050 % when burning gas and of 

25÷40 % when burning fuel oil has been successful. However, burning of fuels with small 

excess of air can lead to the formation of soot and a strong carcinogenic compound - 



 The Study and the Mechanism of Nitrogen Oxides' Formation in Combustion of Fossil Fuels 279 

benzo[a]pyrene. The situation can be exacerbated considerably given an unsatisfactory 

state of the furnace burner devices and their imperfections. 

Use of straight-flow burners (as a rule in tangential fire chambers) in combination with a 

certain aerodynamic scheme of burning allows for a phasic supply of an oxidizer in the 

horizontal direction and step-wise burning to be organised. In various schemes the question 

of introduction of gases of recirculation to the fuel ignition zone can be considered. 

Thus, in such a scheme it is possible to implement all three mechanisms of influence on 

the level of formation of nitrogen oxides, which may contribute to the high effectiveness of 

straight-flow burners and tangential furnaces. 

3. THE DETERMINATION OF THE LEVEL OF FORMATION OF NITROGEN OXIDES  

BY VARYING THE FUEL CONCENTRATION IN THE BURNER 

When complex burning of nitrogen oxide pollutants takes place, it is important to 

optimise the burning processes first and foremost by undertaking actions related to the 

burner’s mode of operation. According to the mechanism of formation of fuel nitrogen 

oxides, an increase of concentration of coal dust in the aero mix is necessary. The latter, 

respectively the thermal mode of burning, promotes an exit of volatiles and their ignition 

in the conditions of relative oxygen insufficiency. In this regard the application of supply 

of coal dust together with the overall concentration considerably exceeding the traditional 

ratio of air and coal dust can be one of the possible mechanisms to reach a decrease in the 

formation level of nitrogen oxides. 

Such modes can analytically be predetermined and embodied in the designs of burner 

arrangements and it is easy for them be established during operation of regular 

installations, taking into account the concentration characteristics of the given coal dust. 

This idea was realized on the P-57-3M No. 8 EHEPS-1 package boiler under the 

possible conditions of operation of the burner arrangements [23]. Tests were carried out 

at electric loading of the block with a power of 450 mW, a coefficient of excess of air 

behind a transitional zone 1.15, respectively behind an air heater 1.33, and temperature of 

feed water T=483 K in an operating mode of the package boiler without HDC. 

Fuel consumption equalled 83.33 kg/s at the following parameters of the package boiler. 

Qi
r
=15.56 MJ/kg, A

r
=41%, W

r
=7%. The consumption of primary air in the three mills was 

on average 0.393 nm
3
/s, as for the others it was 0.16 nm

3
/s. The content of combustibles in 

slag was 7.5%, and in the flue gases 4.3 %. Heat losses with exhausted flue gases, with 

mechanically unburnt fuel, and due to radiation along with the physical heat of slag equal 

respectively 4.09 %; 3.88 %; 0.29 %. Gross hopper efficiency was 91.74 % and 92.03 % 

before and after tests respectively, and expenses on own needs increased by 0.12 %. 

Sampling was carried out in the splitting of the flue at the level of the water economizer. The 

content of nitrogen oxides was determined by the device "Eudiometer-1". The torch 

temperature was estimated by means of a pyrometer. 

Expenses of air and other parameters were fixed on panel board devices. In processing 

thermos-aerodynamic and the chromatographic of data, representatives of KAZNIIE and 

service TSNITO EGRES-1 took part in the preparation of tests and the measurements of 

parameters.  
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In normal operation of the boiler, the average value of the concentration of nitrogen 

oxides at the measuring point was NOX=0.864 g/Nm
3
 with an average value of flame 

temperature at the outlet of the furnace of T=1618 K. 

As a result of the redistribution of air streams by way of the translation of primary air 

consumption to secondary air, a reduction of the content of nitrogen oxides in combustion 

products of 28 % on average is reached, i.e. decreased to 0.62 g/Nm
3
, at an average value 

of temperature of the torch at the exit from the fire chamber of T=1598 K. 

Thus, the results presented from the carried out test on the method of suppressing the 

formation of nitrogen oxides using measures related to the operational regime showed that 

a decrease in the formation level of nitrogen oxides is possible. Regime actions represent 

part of the complex suppression of formation of nitrogen oxides, so we outlined a number 

of essential actions to be undertaken to aid in this aforementioned reduction on a global 

scale [23]. 

The method of preliminary gasification of fuel is one of the possible ways of global 

suppression of formation of nitrogen oxides. 

On the other hand, at the initial phase of ignition of the torch to a certain degree, is the 

process of coal gasification. In particular, it is known that at temperatures 700-1200 K 

quite intense redox reactions take place. Thus, the speed of reaction of the formed 

nitrogen oxide decomposition is two orders higher than the speed of decomposition of 

carbon dioxide. The result is expected to reduce the concentration of nitrogen oxides in 

the combustion chamber of the Ekibastuz Condensing Thermal Power Plant by means of 

fire-technical methods to a level of less than 0.2 g/Nm
3
, i.e. by decreasing the concentration 

of nitrogen oxides this should take place 4-5 times.  

The NOx emissions on level are reduced for the emulsion fuels compared to neat 

diesel: the higher the water content - the smaller the NOx emission. As the engine load is 

increasing, a slighter increase of NOx emission, at engine speeds of 1100 and 2100 rpm, 

can be observed. At engine speed of 1700 rpm and engine load of 300 and 450 Nm, the 

highest NOx emission reduction was reached. The most notable reduction was of 67% for 

the emulsion of 10% water ratio and of 71% for the emulsion of 25% water ratio, at 

engine torque of 300 Nm.  This can be explained by higher carbon oxidation due to water 

droplet micro-explosion which provides a better mixing of fuel and in-cylinder air. This 

assumption is supported by the reduced levels of O2. 

4. RESULTS AND DISCUSSION 

According to Fig. 2, the possible recombination of atomic nitrogen in molecular 

nitrogen occurs in a very short time, less than 0.04 seconds, in the wide range of change 

in the concentration of oxygen. The purpose of the experimental confirmation of this 

position is marked with a vertical tubular furnace upgraded as follows (Fig. 3). 

Tube 7 made from stainless steel with a diameter of 10 mm was installed in the 

furnace for air supply from below.  
Preheated argon from electric furnace 6 was introduced in mixer 5 of the system with 

central cross streams. Dust from Ekibastuz coal was brought into the system through 

feeder 4, located above the mixer. The time of crossing of the air stream with the heated 

up by the argon in the mixer coal dust was regulated by accounting for the velocity of the 
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gas-mix by the vertical displacement of tube 7 along the vertical combustion chamber. Air 

in the form of transverse jets was supplied into the stream of gas-mix (Fig. 3). 

 

Fig. 3 Schema of pilot unit: 1–Furnace electric heater; 2–holes for thermocouples;  

3–peephole; 4–burner pulverized feeder; 5- mixing machine; 6–electric heating 

unit of a gas; 7–tube for air supply    

Owing to the vertical supply of the stream during the experiment, the coal dust instantly 

mixes with the system of vertical argon streams, and consequentially the same momentary 

crossing of streams occurs between the gas mixture and the air. The concentration of oxygen 

in the system was regulated by the ratio between the air consumption and the argon gas. 

Height of the furnace and the accepted flowmeters allowed setting time of shift of phases and 

temperature in the furnace with an accuracy of 20 %. 

Experiments were made with dust of Ekibastuz (Kazakhstan) coal. The dust consumption 

in all experiments was kept constant at made 0.042 g/s. The excess air ratio was =1.2, and 

the temperature in the furnace changed from T=773 K to T=973 K. The oxygen concentration 

in the furnace was 11 %. It was determined by using the chromatograph LHM-8MD. A 

determination of the concentration of nitrogen oxide was performed using, as noted, the 

device of the "Eudiometer-1". The technique of carrying out gas analyses is described in [23]. 

A mathematical model of solidification works integrated with a genetic search algorithm 

and a knowledge base of operational parameters is presented. Surekha et al. [24] presented 

multi-objective optimization of green sand mould system using evolutionary algorithms, 

such as genetic algorithm (GA) and particle swarm optimization (PSO). Dučić et al. [25] 

presented optimization of chemical composition in the manufacturing process of flotation 

balls based on intelligent soft sensing. The implementation of modern CAD/CAM software 

systems is frequent in the research projects of the process, as well as the combination of 

modern CAD/CAM software systems and methods of metaheuristic optimization. 
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5. CONCLUSIONS 

At torch burning in furnace chambers of the boilers, at the initial stage of the burning 

process (during the release of the volatile components) the volatiles emit a part of the 

compound as water vapour and nitrogen-containing gases. The latter are oxidized with the 

formation of nitrogen oxides, the level of which depends on the content of oxygen and the 

temperatures in the fuel ignition zone. The fuel nitrogen which remained in coke at the 

secondary combustion is also partially converted to oxidized nitrogen, but its share in 

comparison with the emissions of nitrogen fuel oxides from the gas phase is insignificant.  

The maximum release of fuel NOx is observed at the end side of the torch, at the stage 

of ignition and burning of volatiles, at temperatures of Tmax=1200÷1800 K.  

The influence of fuel nitrogen oxides on the general emissions of nitrogen oxides is 

more significant at low temperatures of the burning process.  
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