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Abstract 

This paper is devoted to the study of the processes of forming and reducing 
nitrogen oxides in the combustion of fuels in a circulating fluidized bed (CFB).  
All experimental studies were conducted using special laboratory equipment. To 
develop a model of the nitrogen oxides formation, the process of fuel combustion 
in a fluidized bed was split into two stages: the combustion of volatiles and coke 
residue burning. Nitrogen formation and reduction in combustion with oxygen 
deficiency are discussed, which is one of the most effective ways of reducing 
nitrogen oxides emissions in the combustion of the fuel in the CFB. 
Keywords:   nitrogen oxides, solid fuel, circulating fluidized bed. 

1 Introduction 

The process of nitrogen oxides formation in the fluidized bed, supplemented by 
burning out the particles of solid fuel was studied using the experimental 
equipment which is an electric furnace with a cylindrical heating chamber the 
inner diameter of which is 50 mm and which has an air distribution cap welded 
into the bottom. Сombustion products’ composition was constantly being 
measured using gas analyzers and automated data acquisition and processing 
systems.  Brown Moscow-area coal, Berezovsky coal, Donetsk anthracite, 
Kuznetsk meagre coal, coke fines breeze of Kuznetsk coal and two slates 
(Estonian and Volga) were used as a fuel [1]. 
     To make experiments, fuel fractions having particles of 0.8; 1.5; 2.5; 4; 6 and 
8.5 mm sizes were sifted out; samples of small weight (0.5–2 g) were burned in 
the fluidized bed at various temperatures. 
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     The air force flow of the fluidized bed at 900°С demonstrated that “thermal” 
oxides (i.e. nitrogen oxides formed from the air molecular nitrogen by 
Zeldovitch mechanism [2]) were not being generated under the experimental 
conditions, so, hereafter, all the nitrogen oxides formed were regarded as “fuel” 
ones the source of which was fuel nitrogen. 
     The experimental data shows nitrogen oxides and carbon dioxides formation 
in the process of burning small weight samples (0.5 g) from the Moscow-area 
coal and anthracite. All the coals of high volatiles’ content show evidence of the 
interrelation between changes in the concentrations of CO2 and NOx: in volatile 
substances’ burning there’s a sharp synchronous increase in СNO and 

2COC concentrations, while at the stage of the coke residue combustion these 
decrease to zero.  In the combustion of low volatiles’ content fuels the maximum 
of CO2 and NOx concentrations is not so pronounced: nitrogen and carbon oxides 
are being formed in a more uniform manner. To quantify CO2 and NOx 
formation, their atomic weights NOx

m  and 
2COm formed by the particular time 

 were calculated: 
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where г is the complete time period of the fuel sample burning out 
experimentally found. 
     The formation of nitrogen oxides as compared to those of СО2 is of greater 
intensity at the stage of volatile substances combustion. The quantitative 
parameter enabling this intensity to be evaluated is the nitrogen oxides’ relative 
fraction φN  released during the time of visible volatiles combustion.  
     Taking into account close dependences of CO2 and NOx formation for 
different fuel combustion stages and essential difference between the inherent 
tendencies in volatile substances and coke combustion, the conclusion was made 
as to the necessity of separate studies of nitrogen oxides formation tendencies for 
the stage of coal particle volatile substances combustion and that of coke residue 
combustion. 

2 Nitrogen oxides formation in coke residue combustion 

In studying the combustion of coke residue, the carbon flow was calculated by 
the carbon weight decreasing with time. The weight decrease from the unit 
surface was determined by the gas analysis data taken after the volatile 
substances release. The calculations took into account changing the diameter of 
the particles burned out and the temperature of coke particles’ overheating, 
which was as high as several hundred degrees with significant excess of air. 
Processing experimental data within the temperature range of 400 to 900°С of 
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the fluidized bed enabled receiving coefficient values in the Arrhenius-type 
equation for the carbon oxidation speed (table 1). 

Table 1:  Coefficients values and activation energy in Arrhenius-type 
equation for speed constant of carbon and nitrogen oxidation. 

Parameter 

Fuels 

Moscow-
area coal 

Berezovsky 
coal Anthracite 

Coke 
fines 

breeze 

Kuznetsk 
coal 

0
Ck , m/s 68 700 39 100 8700 8800 5500 

EN, kJ/mol 135 131 118 113 107 
0
Nk , m/s 6.50 9.64 11.34 20.39 40.56 

 
     A strict proportional connection is observed between the amounts of nitrogen 
and carbon oxides formed, which is indicative of the NOx formation intensity 
being dependent upon the speed of carbon combustion in the coke residue for all 
the coals studied.  This leads one to consider the oxidation of fuel nitrogen as a 
heterogeneous reaction involving atomic nitrogen bound with hydrocarbons into 
single molecular complexes, this reaction proceeding in parallel with that of 
carbon oxidation. In this case, the nitrogen oxides flow Nj  from the unit outer 
surface S of fuel particles can be written as follows  

2N N N O ,Sj k C   

where Nν  = 46/32 is a stoichiometric coefficient of reaction N + O2 = NO2; Nk  

is the speed constant of nitrogen oxides formation,  m/s; 
2O

SC  = 2O

d1
С
k 

 is the 

oxygen concentration at the coke particles surface S, kg/m3, determined by the 
intensity of their burning out; αd is the coefficient of diffusion mass transfer, m/s. 
     To calculate constant kN by experimental data, it is necessary, at every time 
moment of the particle combustion, to relate its current size  to the value of the 
oxygen concentration on the surface 

2O ,SC  which is made in solving a 

conventional problem of single particle burning out [6]. Since the kinetic 
characteristics of nitrogen oxidation kN are involved (as well as carbon kС), to 
calculate them accurately, it is necessary to take into account the heating 
temperature Tп of burning fuel particles, which was calculated by relations given 
in [7]. 
     Experimental data processing showed that the shape of the temperature 
dependence of the nitrogen oxidation speed constant of the fuel coke constituent 
by the oxygen in the air is described by the Arrhenius-type equation: 
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where 0
Nk  is the pre-exponential factor; NE  is the activation energy of fuel 

nitrogen oxidation, J/mol; R is the universal gas constant. By averaging the 
experimental values Nk  at averaged activation energy NE  = 101 507 J/mol the 

values of pre-exponential factor were obtained 0
Nk  (table 1). The values of 0

N ,k as 
the processing of the experimental data showed, was proportional to the nitrogen 
content KNdaf  in the ashless component of the fuel coke residue. 

3 Nitrogen oxides formation in volatile 
substances combustion 

Suppose that the final gas-phase reaction of “volatile” nitrogen and oxygen 
interaction is of the first order both by nitrogen and oxygen.  Assuming that NOx 
formation speed is only constrained by the speed of the “volatile” nitrogen 
entering the fluidized bed while the oxidation reaction itself proceeds quickly 
enough, the expression for calculating the equilibrium constant for this reaction 
can be written as follows:  

 
2

NO0
N

ON

x

vol

C
K

C C
 . (1) 

     The “volatile” nitrogen concentration can be found by:  

 
  N 0

чN 10000
vol

rNdNC V
d G
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


,                                       (2) 

where Vч is the particle volume; ρ0 is the initial particle density;  is the time; Nr 
is the nitrogen content in the fuel under operating conditions.  
     Values of 0

NK  can be calculated by eqns (1)–(2) at the CO2 and NOх 
concentrations specified by the experiment, depending upon the bed temperature 
at every time moment.  As a result of the experimental data processing it was 
found that at the stage of volatile substances’ combustion, there is dependence of 
the equilibrium constant 0

NK  of the final nitrogen oxides formation reaction 
upon the bed temperature Тсл of the type:  

 N0 0
N N

сл
exp V

V
E

K k
RT

   
 

,                                               (3) 

0
NVk  factor and the activation energy of the fuel nitrogen oxidation reaction by 

oxygen ENV, calculated by means of approximating the experimental points 
by the least squares method, are given in table 2.  
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Table 2:       Values of elements in eqn (3) for various fuel types. 

 Coal Slate 
Factor (coefficient) Moscow-area Berezovsky Estonian Volga 

0
N ,Vk  m3/kg 168.0 523.0 101.0 21.6 

N ,VE  kJ/mol 16 870 30 300 11 515 12 662 

NN /100,r  % 0.162 0.400 0.045 0.595 

0
N ,Vk  m3/kg 90 47 110 20 

 
 
     In processing the data it was found out that there was some connection 

between the given values of the pre-exponential factor 0
NVk  and the fuel 

nitrogen fraction (under operating conditions) released with the volatile 
substances (NrN/100). This dependence within the range of the nitrogen content 
in the fuel is reasonably approximated by a straight line, as for the fuels with a 
considerable Nr dispersion, it makes sense to approximate the experimental 

values 0
NVk  by the hyperbolic function of the following kind:  

N

0.667
0
N 0.94 ,N

10000
r

Vk
 

  
 

 

where complex NN 10000
r

  is a non-dimensional value. 

4 Modeling nitrogen oxides formation in fluidized bed 

The process of nitrogen oxides formation is further discussed aimed at defining 
the extent of transforming the fuel nitrogen into oxides in the coke residue 
combustion. Changing the nitrogen oxides concentration through the height of 
the stationary fluidized bed as a result of the coke residue nitrogen oxidation can 
be expressed according to the law of effective masses for the heterogeneous 
reaction as the following:  

 
2NO N O N/ ,

x

sudC dh C k S                                       (4) 
where u is the air speed reduced to actual conditions, m/s; h is the current height 
of the fluidized bed, m. 
     Integrating dependence, eqn (4), allows obtaining the expression for 
calculating NOx concentration at the bed outlet under the exponential distribution 
of the oxygen concentration through the bed height:  
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NO N 0

1 ,
x

kC C
k

 


 (5) 

where α the excess air factor. 
     This expression is true only for oxidation reactions С СО2 and NNOx , 
and, taking into consideration, first, the fuel properties in terms of the ratio of 
nitrogen and carbon oxidation reaction speeds’ constants and, secondly, the 
mode (state, performance) combustion parameters.  
     The transition fraction of the coke residue fuel nitrogen с  into oxides can 
be expressed as:  

с N
14 100
46 Nx rG

B  , 

where 0
NO NOx x

G V BC   is the mass flow rate of the nitrogen oxide formed, 
kg/s; В is the fuel rate, kg/s; V0 is, in theory, the required air quantity, m3/kg. 
     Then, based on eqn (5), the design equation for с  with the coke residue 
combustion is received.  

 0 N
с 0

14 100
32 Nr

kC V
k

  . (6) 

     In determining the total degree of changing fuel nitrogen into oxides in fuel 
combustion with considerable volatile substances’ content, the average oxygen 
concentration in the bed is to be calculated by the equation which takes into 
account partial oxygen consumption spent on the volatile substances oxidation. 
Transforming the expression for calculating the degree of turning fuel nitrogen 
into oxides v  has to be made taking into account the dependence of nitrogen 
volatile oxides NOх concentration formed in the combustion process upon the 
concentration of “volatile” nitrogen СN

vol and the average oxygen concentration 
in the bed 2OС :  

2
1

ONO 0.667N
N(N /10000)

vol
x r

KC C С


, 

where N
1 0.94exp VEK

RT
 

  
 

 is the complex dependent upon the bed temperature 

only.  
     In the process of fuel combustion which, hypothetically, contains combustible 
substances in the form of volatile ones only, the concentration СN

vol of fuel-
extracted volatile nitrogen containing substances in terms of atomic nitrogen can 
be calculated by the expression:    

0N
л

N N
100 100

vol

r rBC
G V

 


, 

where G is the gases flow rate, m3/s. 
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Given the mass flow rate of the nitrogen oxides formed NOx
G being closely 

related to their current concentration  NOx
C  and the fuel flow rate by the 

equation 0
NO л NO ,

x x
G V BC   the following expression is obtained:  

2
1

Oл 0.667
сл N

14 273 .
46 (N /10000)r

KС
T

 


 

As a first approximation, assuming that in the combined combustion of volatile 
substances and coke, the distribution of the oxygen concentration through the 
bed height is close to the exponential law, the degree of transformation is 
deduced:  

 
0 1

л 0.667
сл N

14 273
46 ( [ln ln( 1)] (N /10000)r

С K
T

 
   

. 

where 0C  is the initial hydrogen concentration under standard conditions, kg/m3. 
     The total transformation degree ψ  of the fuel nitrogen into oxides in fuel 
combustion supplemented by a certain release of volatile substances Vdaf is to be 
written in the form of the sum with regard to the fraction N  of nitrogen oxides 
released with the volatiles:  
 к N л N(1 /100) /100      .  (7) 

5 Nitrogen oxides formation with oxygen deficiency 

To find out the principles of nitrogen oxides formation in the fluidized bed under 
the conditions of air deficiency, experiments were made to burn anthracite 
samples of a big weight (from 13 up to 50 g), using the experimental equipment 
described above. The bed height was increased from 100 up to 180 mm.   
     The experiments showed that increasing the sample weight had caused the 
relative decrease in the NOx concentration, first, due to the deficiency of 
hydrogen as a reagent in NOx formation, and, secondly, because of the oxides 
reduction formed on the coke surface [8–10]. 
     Experimental data processing was done for the time period of NOx 
concentrations measurement after the volatile release when the amount of CO in 
flue gases was equal to zero. It showed that the transition fraction ψ of the fuel 
nitrogen into oxides in the anthracite particles combustion in the bed at t 850–
900°С was decreasing with the increase in the sample weight. The value of  ψ 
was calculated with regard to the experimental data.  
     In the coke residue combustion, as it follows from eqn (6), the value of ψ 
does not depend upon the oxygen concentration. That is why, decreasing ψ with 
the sample weight being increased confirms the assumption of suppressing NOx 
emissions in the fluidized bed when the combustible substances concentration 
was increased. 
     Interpreting the differential equation of changing the nitrogen oxides 
concentration throughout the fluidized bed height allows calculating the constant 
value of NOx

rk reduction, depending upon the particle temperature. Statistic 
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processing of the experimental data enabled receiving an approximated 
expression for it:  

  NO п1400exp ( 87000 / )
x

rk RT  .                                  (8) 
     The value of activation energy in eqn (8) is close to that received in [4] in NO 
reduction on coke (82 kJ/mol). 
     Pilot coal combustion under stationary conditions was carried out in the test 
furnace of the CFB, which includes a reactor of 0.14 m diameter and 5.6 m 
height; a cyclone of flyash removal the diameter of which is 250 mm; a cyclone 
of the second stage cleaning the diameter of which is 180 mm; a fuel supply 
system a flyash removal system.  
     The experimental data on nitrogen oxides distribution throughout the reactor 
height, which were obtained in various coals combustion, were used in 
evaluating calculations of changes in the nitrogen oxides concentration in their 
reduction in the overlay space of the circulating fluidized bed without taking into 
consideration the additional NOx formation in it due to combustion.   

In calculating the nitrogen oxides formation in the furnace with CFB, two 
zones of NOx combustion and formation will be considered: a relatively dense 
fluidized bed and an overlay space. In the fluidized bed itself, the nitrogen oxides 
concentration NOx

revC  may be represented as a sum of nitrogen oxides 
concentrations formed from the volatile compounds and nitrogen inherent in the 
coke residue, this sum can be calculated by eqn (7). Decreasing the nitrogen 
oxides concentration in the fluidized bed itself as a result of reduction in the 
reaction with the carbon in the coke residue is calculated with regard to the 
reduction constant obtained eqn (8). 

Nitrogen oxides formation as a result of the circulating coke particles 
combustion and their reduction by C + NOx reaction are taken into consideration. 
Changing the concentration of nitrogen oxides in this case may be described by 
the equation (9) but taking into account the specific reacting surface Sт in the 
transportation zone: 

 
2

NO
N N O т NO NO тαx

x x

S rdC
u k C S C S

dh
  .                      (9) 

     The initial nitrogen oxides concentration in the transportation zone is equal to 
that of nitrogen oxides at the bed outlet (Нт is the transportation zone height):  
Hт = 0, bed

NO NO .
x x

C C  Here, the oxygen concentration on the coke particles’ 

surface is related to the changing in height oxygen concentration in the flow in 
the following manner:  

 
2

bed f
О

αexp .
1 α

S r

d

C S hC
k u

     
 (10) 

     Integrating eqn (9) with regard to eqn (10) enables obtaining the decrease in 
the concentration of nitrogen oxides formed in the fluidized bed as a result of 
their reduction in the overlay space. The addend describes the simultaneous 
nitrogen oxides formation and reduction in the flow. The results of modeling 
showed that the basic component in the total yield of the nitrogen oxides is 
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determined by their formation in the fluidized bed. The share of nitrogen oxides 
formed in the overlay space does not exceed 20% of their total amount.     
     Calculations made using model demonstrated a fairly good correlation 
between calculated and experimental data. 

6 Conclusions 

1 In the solid fuels combustion in the fluidized bed, the fuel nitrogen oxides are 
formed both in volatile substances and coke residue burning, the 
concentrations of  NO and СО2 oxides formed being proportional to each 
other.  

2 The reactions of carbon and nitrogen oxidation occur on the surface of the 
coke residue particles. The quantity of the nitrogen oxides formed is 
proportional to the nitrogen content in the coke residue and the oxygen 
concentration on the surface of the particle, determined in the carbon 
oxidation reaction.  

3 The obtained dependence of the final reaction equilibrium constant of the 
nitrogen oxides formation with the volatile substances being burned in the 
fluidized bed upon the bed temperature is fairly well consistent with the 
experimental data.  

4 The fact of nitrogen oxides reduction on the coke particles surface has been 
experimentally proved, the dependence of the speed constant of the 
equivalent reaction of nitrogen oxides reduction on the particles’ surface 
upon the particles’ temperature was determined.   

5 As a result of mathematical modeling the process of nitrogen oxides 
reduction in the furnace with the CFB, an expression for calculating the 
changes in nitrogen oxides concentration in the furnace overlay space was 
obtained, using which the calculations become satisfactorily consistent with 
the experimental data.  
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