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Establishing an appropriate NOX production and decomposition model is 
of practical significance to the grate firing of biomass fuel. This study used 
the CHEMKIN software package to simulate the combustion process of 
biomass pyrolysis and char combustion. Through rate of production (ROP) 
analysis and simplification based on GRI-Mech3.0, the 15-step reaction 
mechanism of volatile-N converting into NOX and the 12-step reaction 
mechanism of char-N converting into NOX were specified. It was found that 
in the NOX generated from the fuel, N was mainly in the form of NO and 
N2O. HCN and NH3 were the important intermediate products. NH3 was 
mainly converted into NO and some converted into N2O, while HCN mainly 
consumed NO and produced N2O. According to the transfer 
characteristics of the biomass fuel nitrogen, the NOX production and 
decomposition model of the biomass fuel nitrogen in grate furnace firing 
was established. A simulation computation on the NOX production was 
implemented for an actual furnace. The established model was confirmed 
reliable through the comparison of field test data and simulation results. 
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INTRODUCTION 
 

 With the large-scale application of biomass fuel throughout the world, especially 

in China, the amount of NOx produced from biomass combustion has become a noticeable 

problem (Tian et al. 2002). Many studies have reported on the generation mechanism of 

NOx (Hämäläinen et al. 1994; Hansson et al. 2004; de Jong et al. 2007; Zhou et al. 2013). 

Due to the complicated production and decomposition mechanism of NOx, most of these 

studies found discharge paths of nitrogen in biomass and contributions of volatile nitrogen 

and char nitrogen in NOx production. On this basis, several NOx production and 

decomposition models for coal combustion was established (Beerling et al. 1995; Chen et 

al. 2001) by using a chemical reaction kinetic model; however, there have been few reports 

of the modeling of fuel nitrogen in coal transferring into NOx (Wu et al. 2013), and even 

fewer models concerning NOx emission from biomass combustion are available. Through 

experiment, Widmann et al. (2004) reported that NH3 and HCN were precursors of nitrogen 

transferring into NOx in biomass fuel, which were used to calculate the empirical model of 

biomass combustion on a fixed bed. The calculated results from the model were then used 

as the boundary condition and combined with a NOx postprocessor for follow-up 

calculation. This NOx postprocessor was performed with the Eddy Dissipation Concept in 

combination with a detailed reaction mechanism with 50 species as well as 253 elementary 

reactions (Widmann et al. 2004); however, calculating the flow conservation equation for 

such a detailed reaction mechanism was a time-consuming task. Zhou et al. (2006) made 
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mathematical modeling and experimental verification of NO production from biomass 

combustion on a fixed bed. The established model included an evaporation sub-model, 

pyrolysis sub-model, combustion sub-model of volatile matter and char, as well as a 

nitrogen transfer sub-model. NO, NH3, HCN, and HNCO were assumed as the nitrogenous 

components precipitated from the volatile matters. Twenty chemical reactions were 

included, of which 12 belonged to the fuel nitrogen reaction network. The char nitrogen 

transferred into NO directly during char combustion. This model didn’t give full 

consideration for the effect of intermediate elementary reactions on NOx production. 

 The present study made a detailed simulation on the fuel nitrogen transfer of 

biomass pyrolysis reaction and char combustion by using a CHEMKIN (PRO 4.5) software 

package. GRI-Mech3.0 was used as the gas-phase dynamic model, including 53 substances 

and 325 elementary reactions. Among them, 106 elementary reactions involved 

nitrogenous substances and could describe the NOx production process completely. Next, 

the transfer paths of fuel nitrogen as well as the main intermediate reactions of HCN and 

NH3 transferring into NOx were disclosed through rate of production (ROP) reaction rate 

analysis, concluding the simplified reaction mechanism of fuel nitrogen. Subsequently, the 

production and decomposition model of NO and N2O were established by combining the 

biomass combustion model and the heterogeneous reaction of NOx. In contrast to previous 

models, which converts char N directly into NOx, char N also could be precipitated as HCN 

and NH3 in this model. Proportions of HCN and NH3 were adjusted to calculate the reaction 

mechanism. Moreover, NO reduction of alkyl and char in the volatile components were 

taken into account. This model not only could describe combustion characteristics 

accurately, but also saved computation time significantly. Finally, the model was verified 

by NOx production data in an actual furnace in a factory in southern China. 

 
 
EXPERIMENTAL 
 
Structure of Reciprocating Grate Incinerator 

Figure 1 shows the structure of the reciprocating grate steam incinerator in a factory 

in southern China used in this study. The rated evaporation was 2 t/h, and the saturated 

steam temperature was 194 °C. The combustion region size was 3.498 m (L) x 1.276 m 

(W) x 0.839 m (H). The grate was 2.7 m (L) x 1.0 m (W) (Lou et al. 2014). Air was blown 

into the incinerator from the bottom, while the hot flue gas flowed onto the heated surface 

from the space between the arch and the incinerator wall. 

 

 
Fig. 1. Structure of the incinerator 
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Materials 
 The fuel used in the incinerator was biomass briquette, which had been compressed 

from typical biomass available in southern China. The main components of the biomass 

included sawdust and sugarcane bagasse, with bagasse being the main component. Table 

1 shows the ultimate analysis and proximate analysis. 

  

Table 1. Ultimate and Proximate Analysis of Biomass Fuel 

Ultimate Analysis (%) Proximate Analysis (%) 

Cdaf Hdaf Ndaf Odaf FCad Mad Vad Aad 

47.20 6.62 0.97 45.21 14.80 9.20 73.70 2.30 

 

Components of the biomass pyrolysis gas 

 The components of the pyrolysis gas were calculated by using the volatile matter 

combustion model presented by David Merrick (Merrick 1983a, b). Hydrocarbons with a 

higher carbon number than ethane were processed as “equivalent ethane substances.” 

During the calculation, it was assumed that the C2 hydrocarbons were composed of C2H4 

and C2H6. Nitrogenous substances were composed of HCN and NH3. In order to better 

adapt to the volatile pyrolysis properties, we had adjusted the calculation parameters, for 

example, the mass fraction of oxygen in the volatile products CO or CO2 to total oxygen 

content in the biomass. The David Merrick model established equations on the basis of 

elemental balance. Its matrix is expressed as,  
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where Am is the coefficient matrix of the mode; m is the mass fraction matrix of the 

pyrolysis products; and b is the vector constant matrix. In linear equations, the first four 

equations are the elemental balance of C, H, O, and N. The fifth equation is the mass 

fraction of residual char. The 6th through 9th equations are used to define the yields of CH4, 

C2H6, C2H4, and CO in the volatile components. The last equation adjusts the mass ratio of 

HCN and NH3 according to fuel changes or temperature changes.  

Fuel type, temperature, and heating rate are the main influencing factors of the 

distribution of N emitted from the biomass pyrolysis. During pyrolysis, the production rate 

of volatile N increases with rise in temperature, while the production rate of char N 

decreases (Leppalahti 1995; Glarborg et al. 2003; Zhou et al. 2006; Abelha et al. 2007). 

Zhou et al. (2006) reported about a 25% production rate of char N under a 900 to 1200 K 
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straw pyrolysis temperature. Glarborg et al. (2003) pointed out that when the pyrolysis 

temperature of straw and ligniform biomass reached 850 to 900 K, about 80% of the 

nitrogen precipitated as a volatile matter. Tian et al. (2005) studied quick pyrolysis of 

bagasse and found that the cumulative yield mass ratio of HCN and NH3 in a fixed bed 

reactor under 600 °C was about 0.75. Hansson et al. (2004) made a quick pyrolysis on 

leaves and reported 0.8 HCN/NH3 at 900 °C and 1.2 HCN/NH3 at 1000 °C. During the 

quick pyrolysis of bagasse, Tan et al. (2000) determined that the HCN production rate was 

53% and the NH3 production rate was 12.5% under 800 °C. Many studies (Hansson et al. 

2003; Becidan 2007; Tian et al. 2007) have demonstrated that the production rate of HCN 

and HCN/NH3 ratio increased with increase in temperature. 

Fuel type has an important effect on the migration of N during pyrolysis. Glarborg 

et al. (2003) deemed that with the increasing of O/N in fuel, HCN/NH3 would decrease. 

Aho et al. (1993) also discovered from the pyrolysis test of biomass fuel and coal that 

HCN/NH3 decreased with the increase of O/N in fuel; however, Hansson et al. (2004) 

declared that there is no evident relationship between HCN/ NH3 and O/N in fuel. 

The HCN/NH3 ratio information gained by Stubenberge et al. (2008), the 

production rate of HCN and NH3 calculated by Tan et al. (2000), and the relationship 

between HCN/NH3 and temperature reported by Hansson et al. (2004) were combined with 

temperature changes in an actual furnace. It was determined that the distribution ratio of N 

in volatile matters and char were equal to the proximate analyzed mass fraction ratio of 

volatile matters and char; additionally, the HCN/NH3 mass ratio in the pyrolysis gas was 

1. Table 2 shows the calculated mass fractions of the components in the biomass pyrolysis 

gas. 

 

Table 2. Composition of Pyrolysis Gas 

Components CH4 C2H6 C2H4 CO CO2 

Mass Fraction (%) 18.450 1.600 0.150 16.910 50.990 

Components H2 H2O HCN NH3  

Mass Fraction (%) 1.840 8.620 0.720 0.720  

 

Methods 
CHEMKIN simulation 

 In this study, the transfer paths of fuel nitrogen to NOx were studied with the PSR 

(Perfectly Stirred Reactor) model of CHEMKIN. The PSR model is a transient or steady-

state perfectly stirred reactor, known as a continuously stirred tank reactor (CSTR). In the 

PSR reactor, the reactants are completely mixed with slow diffusion under the stirring 

effect of high intensity turbulent, this is similar to the in-bed combustion of gas. 

For the CHEMKIN simulation of pyrolysis gas combustion, flows of 10 combustors 

were applied for model calculation. For furnace type comparison and verification, the 

excess air coefficient, the mass velocity of pyrolysis, and mass velocity of air were chosen 

as 1.2, 4.92, and 25.15 g s-1, respectively. The temperature of the simulation object was 

1183 K, the temperature of the cooling smoke was 500 K, and the combustor pressure was 

1 atm. The rate of production (ROP) of the simulated results was analyzed, getting the rate 

of production and the rate of decomposition of the products in different elementary 

reactions. The ROP curve could then be represented intuitively. 
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For the CHEMKIN simulation of char N combustion, it is believed that after the 

main volatile matters precipitate, N also can be precipitated as HCN and NH3 during char 

combustion (Chaiklangmuang et al. 2002). The precipitated gas will mix with surrounding 

oxidizing agents. Glarborg et al. (2003) found that pyrolysis of bagasse and char were 

conducive to HCN production; therefore, the HCN/NH3 mass ratio precipitated from char 

would be larger than that from volatile matters–the value was 1.588 in this simulation. The 

relative amounts of CO and N-species in the airflow were determined by their relative 

proportions in the char. Simulation conditions were the same as those for pyrolysis gas 

combustion. 

 

NOx production and decomposition model 

During biomass combustion, the precipitation of fuel nitrogen takes place in two 

stages. Some of it is burned with the precipitation of volatile matters, while the rest is char 

N left on the char, which is further oxidized into NO and N2O during char combustion. 

First, during the precipitation of volatile matters, protein/amino acid and nitrogen 

heterocyclic are decomposed upon heating and precipitated with volatile matters (Becidan 

2007). The gas-phase nitrogen products are mainly HCN and NH3. The emission rate of N 

is proportional to the pyrolysis rate of biomass. 

According to the De’Soete model (Visona et al. 1996a, b), the HCN and NH3 

emission rates of volatile matters can be expressed as (Eqs. 1 and 2), 
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where α is the mass fraction of HCN in the nitrogen component released by the volatile 

matters; fN is the mass fraction of nitrogen in the biomass; MHCN, MN2, and MNH3 represent 

the molecular weights (g mol-1) of HCN, N2, and NH3, respectively; and Sdevol is the 

emission rate of volatile matters (kg m-3 s-1). 

Second, during char combustion, since char N is solidified in aryl-nitrogen benzene 

or azole, it is believed that char N is precipitated as HCN and NH3 during char combustion. 

The emission rate of N is proportional to the char combustion rate. The HCN and NH3 

emission rates can be approximately expressed as (Eqs. 3 and 4), 
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where β is the mass fraction of HCN in the nitrogen components released by the char and 

Rchar is the char combustion rate, kg m-3 s-1. 

The dynamic model of the chemical reaction of HCN and NH3 transferring into NO 

and N2O is the reaction mechanism of N transferring into NOx simulated by CHEMKIN.  
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Thermal NOx refers to the nitrogen oxides generated from high-temperature 

oxidization of N2 in air. According to the Zeldovich mechanism (Zevenhoven and Kilpinen 

2002), the formation rate of thermal NOx can be expressed as (Eq. 5): 
 

2 2

14 0.5

ther NO N O3 10 exp( 542000 / R )R c c T                                                              (5) 

 

NO and N2O will be decomposed upon exposure to reducing gases. In the 

CHEMKIN simulation, the heterogeneous reduction reaction is not considered. Here, the 

heterogeneous reduction reaction (Zhou et al. 2006) of char to NO as well as the 

decomposition reaction of N2O catalyzed by char bed material (Jensen et al. 1995) is 

considered (Eqs. 6 and 7): 
 

2NO C 1/ 2N CO                                                                                                (6) 
 

2 2N O M N O M                                                                                                   (7) 
 

The reaction rate of reaction 6 can be expressed as (Eq. 8) (Schouten et al. 1995) 
 

 2 5

NO NOπd 5.24 10 exp( 24700 / )CharR T c                                                       (8) 
 

where ci is the concentration of component i. 

The dynamic parameters of reaction 7 can be expressed as (Eq. 9) (Jensen et al. 

1995): 
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The initial concentration of OH and H can be calculated from the initial concentration of 

H2O. The reaction is (Eq. 10): 
 

2H O H OH               (10) 
 

The standard equilibrium constant is (Eq. 11): 
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The initial concentration of O can be calculated from concentration of O2. The reaction is 

(Eq. 12): 
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The standard equilibrium constant is (Eq. 13): 
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In Eqs. 11 and 13, pi is the partial pressure (Pa) of smoke component i and pθ is the 

standard pressure (Pa). The initial concentrations of OH, H, and O can be calculated with 

the initial concentration of the nitrogen components being zero. 

A MATLAB programming simulation of actual 2t/h biomass grate firing was 

implemented by using the abovementioned production and decomposition model of NOx 

(NO and N2O). Due to the complicated reaction, a post-processing method was applied to 
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calculate the production characteristics of NOx. It is believed that oxygen consumption, 

heat formation, and gas-phase parameters of its chemical reaction do not influence the 

previous primary combustion reaction. 

 

 
RESULTS AND DISCUSSION 
 

CHEMKIN Simulation on Pyrolysis Gas Combustion 
 According to the abovementioned ROP analysis, using the reaction rate of the first 

combustor as the representative, 10 reactions with the maximum rate of NO production or 

decomposition in the biomass pyrolysis gas were found in the 106 reactions. The reaction 

rate parameters are listed in Table 3. 

 

Table 3. Elementary Reaction and Reaction Rate Parameters 

Elementary Reaction k0 β E 

HNO O NO OH    (14) 2.500E+13 0.000 0.00 

2HNO H H NO    (15) 9.000E+11 0.720 660.00 

2HNO OH NO H O    (16) 1.300E+07 1.900 -950.00 

2 2HNO O HO +NO   (17) 1.000E+13 0.000 13000.00 

NCO O NO CO    (18) 2.350E+13 0.000 0.00 

2NCO NO N O CO    (19) 1.000E+13 0.000 -1660.00 

2NH NO N O H    (20) 3.650E+14 -0.450 0.00 

2NH NO N OH    (21) 2.160E+13 -0.230 0.00 

H NO M HNO M     (22) 4.480E+19 -1.300 740.00 

2CH NO H HNCO    (23) 3.100E+17 -1.380 1270.00 
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Fig. 2. Influence of reaction 14, 15, 16, and 17 on NO production 
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The ROP of NO in reactions 14, 15, 16, and 17 are shown in Fig. 2, where the label 

PSR_NO stands for the number of 10 combustors. The HNO reaction presents the highest 

net generation rate of NO, which is mainly contributed by reaction 15. This reveals the 

dominant role of hydrogen in NO production. The GRI mechanism analysis shows that 

HNO is converted by NH3 in the pyrolysis gas. 

Figure 3 shows the ROP of NO in reaction 18 and the decomposition rate of NO in 

reaction 19. In reaction 18, NCO generates NO under the effect of the active group O, 

showing a ROP of 1.27×10-7 mol cm-3 s-1. In reaction 19, NCO decomposes to NO at a 

decomposition rate of 1.53×10-7 mol cm-3 s-1, which represents that NCO can decompose 

NO and generate N2O. The GRI mechanism analysis shows that NCO is generated through 

HCN conversion in pyrolysis gas. Thus, HCN in volatile matter mainly produces N2O. 
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Fig. 3. Influence of reactions 18 and 19 on NO production 

 

The decomposition rate of NO in reactions 20, 21, 22, and 23 are shown in Fig. 4. 

The decomposition rates of NO by NH in reactions 20 and 21 are 4.59×10-7 mol cm-3 s-1 

and 1.35×10-7 mol cm-3 s-1, respectively.  

1 2 3 4 5 6 7 8 9 10
-7.0x10

-7

-6.0x10
-7

-5.0x10
-7

-4.0x10
-7

-3.0x10
-7

-2.0x10
-7

-1.0x10
-7

0.0

N
O

 f
o

rm
a
ti

o
n

 r
a
te

(m
o

l/
c
m

3
-s

e
c
)

PSR_NO

 Reaction 20

 Reaction 21

 Reaction 22

 Reaction 23

 
Fig. 4. Influence of reactions 20, 21, 22, and 23 on NO production 
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These reactions show that NH decomposes NO in two ways. Reaction 20 

decomposes NO into N2O. Compared to the ROP of N2O in reaction 19, a significant 

production effect of N2O was observed in reaction 20. Reaction 21 decomposes NO into 

N2. The ROP analysis shows that NO decomposition by NH is the reaction with the highest 

net rate of decomposition. The GRI mechanism analysis shows that NH is produced by 

NH3 in pyrolysis gas; therefore, NO decomposition by NH3 should be taken into account. 

Reactions 22 and 23 show the NO reduction and decomposition by H and CH2. The 

decomposition rates are 6.69×10-7 mol cm-3 s-1 and 3.54×10-7 mol cm-3 s-1, respectively, 

presenting a prominent decomposition effect. In reaction 22, H restores NO into HNO, and 

when combined with reaction 15, its NO reduction is weaker than its NO production. 

Reaction 23 is the NO reduction reaction by CH2. The GRI mechanism analysis reveals 

that CH2 is mainly produced by hydrocarbons in pyrolysis gas; therefore, hydrocarbons are 

important for NO decomposition.  

 

Quick NOx analysis 

CH free radicals are produced in high-temperature pyrolysis of a hydrocarbon in 

volatile matter. The CH free radicals react with N2 in air to produce HCN and N, which 

will be further oxidized into quick NOx. The generation mechanism of quick NOx is similar 

to that of fuel NOx and is included in the GRI-Mech3.0. The reactions are (Eqs. 24 and 25): 
 

2CH N HCN N                (24) 
 

2 2CH N HCN NH                                                                                           (25) 

 

Figure 5 shows the ROP of the main intermediate HCN of quick NOx for reactions 

24 and 25, reporting 1.33×10-10 mol cm-3 s-1 and -1.20×10-16 mol cm-3 s-1, respectively. The 

oxidation rate of HCN in fuel nitrogen reaches 1.88×10-6 mol cm-3 s-1. Compared to fuel 

NOx, the quick NOx yield is very small and can be neglected. 
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(a) Reaction 24                                                     (b) Reaction 25 

 
Fig. 5. HCN formation rate  

 

The reaction pathways of HCN and NH3 producing HNO, NH, and NCO as well as 

their elementary reaction rate parameters were obtained through the ROP analysis and are 

shown in Table 4. 
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Table 4. Elementary Reaction and Reaction Rate Parameters 
 

Elementary Reaction k0 β E 

3 2 2NH OH NH H O    (26) 5.000E+07 1.600 955.00 

2 2NH OH NH H O    (27) 9.000E+07 1.500 -460.00 

2 2NH H NH H    (28) 4.000E+13 0.000 3650.00 

2NH O HNO H    (29) 3.900E+13 0.000 0.00 

HCN O NCO H    (30) 1.400E+04 2.640 20790.00 

 

CHEMKIN Simulation on Char N Combustion 
According to the ROP analysis, 7 of the 106 reactions had the maximum rate of NO 

production or decomposition in char N combustion. The reaction rate parameters are listed 

in Table 5. 

 

Table 5. Elementary Reaction and Reaction Rate Parameters 

Elementary Reaction k0 β E 

HNO O NO OH    (31) 2.500E+13 0.000 0.00 

2HNO H H NO    (32) 9.000E+11 0.720 660.00 

NCO O NO CO    (33) 2.350E+13 0.000 0.00 

2NCO NO N O CO    (34) 1.000E+13 0.000 -1660.00 

2 2NCO NO N CO    (35) 3.800E+18 -2.000 800.00 

2NH NO N O H    (36) 3.650E+14 -0.450 0.00 

H NO M HNO M     (37) 4.480E+19 -1.300 740.00 
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Fig. 6. Influence of reactions 31 and 32 on NO production 
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Figure 6 shows ROP of NO in reactions 31 and 32. The HNO reaction also presents 

the highest net ROP of NO. Different from the reaction mechanism of pyrolysis, O group 

and H group are basically the same in NO production. The GRI mechanism analysis shows 

that HNO is produced by NH3. 

Figure 7 shows the ROP of NO in reaction 33, the decomposition rate of NO in 

reactions 34 and 35. In reaction 33, NCO produces NO, showing a ROP of 2.11×10-6 mol 

cm-3 s-1. In reaction 34, NCO decomposes NO into N2O, showing a decomposition rate of 

1.73×10-6 mol cm-3 s-1. In reaction 35, NCO decomposes NO into N2, presenting a 

decomposition rate of 1.09×10-6 mol cm-3 s-1. These results reveal that NCO mainly 

decompose NO into N2O. According to the GRI mechanism analysis, NCO is transferred 

from HCN in char N. In other words, HCN mainly produces N2O and N2.  
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Fig. 7. Influence of reactions 33, 34, and 35 on NO production 

 

Figure 8 shows the decomposition rate of NO in reactions 36 and 37.  
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Fig. 8. Influence of reactions 36 and 37 on NO production 
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Just as with the pyrolysis gas, the char N transfer is also accompanied by prominent 

NO reduction by NH and H, with reduction rates of 1.98×10-6 mol cm-3 s-1 and 2.40×10-6 

mol cm-3 s-1, respectively. NH and H reduce NO into N2O and HNO, but the NO reduction 

of H is weaker than its NO production. 

Reaction pathways of HCN and NH3 producing HNO, NH, and NCO as well as 

their elementary reaction rate parameters were obtained through the ROP analysis and are 

shown in Table 6. 

 

Table 6. Elementary Reaction and Reaction Rate Parameters 

Elementary Reaction k0 β E 

3 2 2NH OH NH H O    (38) 5.000E+07 1.600 955.00 

3 2NH O NH OH    (39) 9.400E+06 1.940 6460.00 

2NH O HNO H    (40) 3.900E+13 0.000 0.00 

HCN O NCO H    (41) 1.400E+04 2.640 20790.00 

NCO H NH CO    (42) 5.400E+13 0.000 0.00 

 

Production Pathway of Fuel NOx in Grate Firing 
Based on the ROP analysis results, the transfer path diagram of fuel nitrogen to the 

fuel NOx is shown in Fig. 9. Fuel nitrogen includes two parts: volatile N and char N. Both 

are released as HCN and NH3. They are combined as shown in Fig. 9. In volatile N, HCN 

is oxidized by O into NCO (reaction 30), while some NCO is oxidized by O into NO 

(reaction 18) and some reduces NO to produce N2O (reaction 19). Most NH3 is oxidized 

by H, O, OH, and O2 into NO (reactions 14, 15, 16, and 17), whereas a small amount 

reduces NO to produce N2O and N2 (reactions 20 and 21).  

Some produced NO will be reduced by H and CH2 (reactions 22 and 23). HCN in 

char N is oxidized by O into NCO (reaction 41). Some NCO is oxidized by O into NO 

(reaction 33) and some reduces NO to produce N2O and N2 (reactions 34 and 35). Most 

NH3 is oxidized by H and O into NO (reactions 31 and 32), while a small amount is reduced 

by NO into N2O (reaction 36). 
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Fig. 9. Transfer path of fuel nitrogen in grate firing 
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Analysis and Verification of Model Calculation Results 
The variation curve of NO concentration on the bed surface against bed length is 

shown in Fig. 10. From 0.3 m to 0.75 m, the fuel just enters the furnace while the 

temperature of the combustor is low. As heat is continuously added, the volatile matter is 

released and the intermediates HCN and NH3 of NO are produced; therefore, NO 

production increases and the concentration rises. From 0.75 m to 0.82 m, the oxygen 

concentration decreases quickly due to the combustion of volatile matters and the NO 

production decreases, which thereby reduces the NO concentration. From 0.82 m to 0.89 

m, char combustion increases the gas-phase temperature. With the dramatic emission of 

volatile N and char N, and oxygen surplus due to the high excess air coefficient, the NO 

concentration increases sharply again. Next, the volatile matters are burned, thus reducing 

the NO production in the gas phase and the NO concentration quickly. From 0.9 m to         

1.7 m, the NO concentration reduces slowly with the combustion of char. 

0.0 0.5 1.0 1.5 2.0 2.5

0

500

1000

1500

2000

2500

N
O

 (
p

p
m

)

Bed Length (m)

 
Fig. 10. NO concentration on the bed surface 

 

The variation curve of NOx (NO and N2O) concentration on the bed surface against 

bed length is shown in Fig. 11.  
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Fig. 11. NOx concentration on the bed surface 
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Compared with Fig. 10, when the volatile matters begin to release, little N2O is 

produced until a certain temperature is reached. At the beginning of char combustion, N2O 

increases significantly. At this moment, the temperature is very high and oxygen 

concentration is very low, agreeing with the atmosphere of N2O production. N2O/NO 

concentration is higher during char combustion than that in volatile matters combustion. 

This coincides with the CHEMKIN simulation results. 

To verify the model, the temperature and gas-phase concentration at several points 

were measured in the actual furnace service environment. The distances from these points 

to the left furnace wall are 0.720 m, 0.873 m, 1.041 m, 1.169 m, and 1.262 m, respectively. 

Table 7 shows the simulation data and the experimental data. The red dots in Fig. 10 and 

Fig. 11 represent the experimental data. 

 

Table 7. Simulation Data and Experimental Data 
 

  Simulation Data Experimental Data 

Point 1 
NO/ppm 1212.13 1124 

NOx/ppm 1212.48 1153 

Point 2 
NO/ppm 1088.62 1013 

NOx/ppm 1541.18 1424 

Point 3 
NO/ppm 577.06 610 

NOx/ppm 648.18 640 

Point 4 
NO/ppm 407.60 428 

NOx/ppm 460.64 449 

Point 5 
NO/ppm 293.82 273 

NOx/ppm 338.07 312 

 

A comparison shows that because of the simplicity of the model, the simulation 

data differ with the experimental data. However, the errors are within 10%. Overall, the 

simulation data agree with the experimental data. 

 
 
CONCLUSIONS 
 

Combined with the CHEMKIN simulation, this study evaluates the formation paths 

of NOx during grate firing of biomass volatile matters and char through ROP analysis. On 

this basis, a NOx production and decomposition model in the furnace based on the 

dynamics of the chemical reaction is established. It also makes a simulation calculation for 

NOx production in an actual furnace in a factory in southern China. The model is verified 

through experimental data and draws the following conclusions: 

1. CHEMKIN simulation results show that in grate firing of biomass fuel, fuel nitrogen 

is the main source of NOx production. Quick and thermal NOx can be neglected. NOx 

mainly includes NO and N2O. Hydrocarbons in the fuel are very important to NO 

decomposition. 

2. CHEMKIN simulation results show that in biomass fuel, NH3 and HCN are the main 

intermediates of NOx production. NH3 mainly produces NO and some N2O, while HCN 
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mainly produces N2O. N2O/NO ratio produced by char N is higher than that produced 

by volatile N. N2O mainly concentrates during char combustion. 

3. Based on GRI-Mech3.0, the 15-step reaction mechanism of volatile N transferring into 

NOx and the 12-step reaction mechanism of char N transferring into NOx are simplified 

through ROP analysis. NO and N2O reduction by hydrocarbons and char are taken into 

account in addition to the reaction mechanism. The calculated results of the established 

model coincide with the experimental data of an actual grate firing boiler, confirming 

that the model is reasonable and feasible. The reaction mechanism could describe the 

characteristics of the N transfer path during grate firing of biomass fuel. 
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