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Biogas was suggested more suitable as reburning fuel to reduce NO emission and Miller-Bowan’s 
mechanism was performed to analyze the effect of reaction environment in the process of biogas 
reburning. Results show that the NO reduction efficiency increased with the increase of hydrocarbon in 
biogas, reburning fuel ratio, initial NO concentration and residence time. When initial NO concentration 
reached 700 �l/l or residence time reaches 2 s, the dependence on initial NO concentration weakened 
greatly. NO reduction reached maximum at 1200 – 1400 K and enhanced abruptly at the stoichiometric 
ratio of 0.85 with the decrease of stoichiometirc ratio. The investigations indicated the optimal biogas 
reburnning technology potential to reduce NO pollution.  
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INTRODUCTION 
 
Emission of nitric oxide (NO) from coal combustion 
continues to be a significant environmental threat, which 
is recognized as the source of acid rain, photochemical 
smog and the destruction of ozonosphere. Among the 
recent developments for technologies of reducing NO, 
reburning is commercially available, and is capable of 
providing 50 - 85% NO reduction has been demonstrated 
as a practical NO reduction method by the application in 
a full-scale boiler of Mitsubishi until 1983 (Smoot et al., 
1998). The overall process of reburning in furnace is 
divided into three zones; primary zone, reburning zone 
and burnout zone. NO forms in the first primary zone and 
then react with reburning-fuel in the second reburning 
zone to form HCN or N2; finally, the residual fuel com-
pletes its combustion in the third burnout zone with the 
addition of air. Coal and natural gas have been studied 
as the conventional reburning fuel widely (Dimitriou et al., 
2003; Hampartsoumian et al., 2003; Han et al., 2003; 
Sen et al., 2007; Su et al., 2007; Dagaut and Lecomte, 
2003; Zarnitz and Pisupati, 2007). 
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With the aggravation of global greenhouse effect, bio-
mass has been focused as a renewable fuel without CO2 
addition, and researches (Maly et al., 1999; Harding and 
Adams, 2000) show that the efficiency of NO reduction 
through biomass reburning is higher than coal reburning 
and natural gas reburning. The proximate analysis and 
elemental analysis of different biomass in Table 1 show 
that the volatile content in biomass is mostly higher than 
70% (w/w), but the nitrogen content is low; therefore 
biomass is generally acknowledged a perfect reburning 
fuel to reduce NO pollution (Harding and Adams, 2000; 
Vilas et al., 2004). However, high ash and chlorine 
content in biomass leads to severe fouling and deposition 
problem in furnace. Consequently, Zhi-lin et al. (2006) 
and Duan et al. (2007) suggested biogas from biomass 
as reburning fuel and Pisupati and Bhalla (2008) has 
proved that results from the kinetic simulation is 
consistent with experiments. 

The efficiency of NO reduction is limited to the reaction 
environment in reburning zone. To optimize environ-
mental factors, detailed reaction mechanism loaded on a 
PSR computer code (Glarborg et al., 1986) is performed 
to analyze the effects of biogas components, reburning 
fuel ratio, temperature, stoichiometric ratio, initial NO 
concentration, residence time and role of moisture on NO 
reduction efficiency.  
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Table 1. Proximate analysis and elemental analysis of biomass. 
 

Proximate analysis (%, w/w) Elemental analysis (%, w/w) 
Biomass 

Mad Aad Vad Cad Had Nad Oad Sad 
Wheat straw 6.36 8.84 67.68 41.64 4.23 0.43 38.77 0.08 
Corn stalk 3.70 6.30 72.62 44.42 4.95 0.57 41.25 0.11 
Corncob 3.68 2.88 77.72 44.58 4.40 0.28 45.45 0.01 
Sawdust 3.86 3.01 73.34 45.83 4.94 0.92 39.41 0.12 

 
 
 

Table 2. Reactions referring to nitrogen species. 
 

Number of reactions Reaction equations A (cm3/mol.s.K) � (1) E (cal/mol) 
151 2CH N HCN N+ → +  3.00×1011 0.00 13600 

153 2 2CH N HCN NH+ → +  1.00×1013 0.00 74000 

156 C NO CN O+ → +  6.60×1013 0.00 0 
157 CH NO HCN O+ → +  1.10×1014 0.00 0 
158 

2CH NO HCNO H+ → +  1.39×1012 0.00 100 

159 3 2CH NO HCN H O+ → +  1.00×1011 0.00 15000 

160 3 2CH NO H CN OH+ → +  1.00×1011 0.00 15000 

162 1
2CH NO HCN OH+ → +  2.00×1013 0.000 0 

188 2 2HO NO NO OH+ → +  2.11×1013 0.00 -479 

199 2HNCO H NH CO+ → +  2.00×1013 0.00 3000 

216 2NH NO NNH OH+ → +  6.4×1015 0.25 0 

217 2 2 2NH NO N H O+ → +  6.2×1015 0.25 0 

232 2N NO N O+ → +  3.27×1012 0.30 0 
 
 
 
METHODS 
 
Kinetic mechanism and modeling environment 
 
Miller and Bowman (1989) demonstrated the detailed mechanism 
on the formation and reduction of NO in the reburning process, 
which has been validated by many researchers (Skottene and Rian, 
2007; Guo and Smallwood, 2007; Giles et al., 2006; Shoji et al., 
2005). Consequently, Miller and Bowman’s mechanism is selected 
as the calculation dynamics model. The kinetic numeration is 
carried out in the PSR environment of Sandia National Laboratory. 

Reactions mainly referring to nitrogen species are shown in Table 
2 and the characters (A, �, E) are defined by Arrhenius equation: 
 

exp( / )AT E RTβκ = −                                                           (1) 
 
Where the pre-exponential factor A, the temperature �, and the 
activation energy E are specified. 
 
 
Characteristics parameters 
 
Biogas from biomass is mainly composed of CO, CO2, H2 and small 
molecule hydrocarbons (Zhi-lin et al., 2006), shown in Table 3. 

The composition of flue gas from primary zone is calculated at 
excess air ratio of 1.2, and analysis of coal in primary zone is 
shown in Table 4. 
The reburning parameters are defined as following: 

 
Reburning fuel ratio: 
  

Heat released in primary zone

Heat released in primary zone+Heat released in secondary zone
λ =                                  

                                                                                                         (2) 
 
Excess air ratio:  
 

Practical oxygen content
=

oxygen content at stoichiometric ratio
φ                              (3) 

 
Efficiency of NO reduction:  
 

 Concentration of NO at inlet of reburnig zone- concentration of NO at oulet
= *100%

Concentration of N O at the inlet of reburnig zone
η

                                                                                                    
                                                                                                        (4) 
 
 
RESULTS AND DISCUSSION 
 
Effects of biogas components, excess oxygen ratio 
and reburning fuel ratio on the efficiency of NO 
reduction 
 
Excess oxygen ratio is the most important factor affecting 
the reduction of NO which is shown in  Figure  1  at  diffe-



Wang et al.        2253 
 
 
 

Table 3. Components of biogas from biomass. 
 

Species CO2 CO H2 CH4 C2H2 C2H4 C3H8 
Content (%, v/v) 27.0 35.0 14.0 13.0 6.50 3.25 1.25 

 
 
 

Table 4. Proximate analysis, elemental analysis and calorific value of coal. 
 

Proximate analysis (%, 
w/w) Elemental analysis (%, w/w) Calorific 

value (kj/kg) 
Mar Aar Vdaf Car Har Nar Oar Sar Qnet.ar 
8.00 24.7 6.23 61.81 1.57 0.84 2.71 0.84 21248 
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Figure 1. Effect of oxygen content and reburn fuel ratio on NO reduction for different reburning fuels. 

 
 
 
rent reburning fuel ratio and the efficiency of biogas 
reburning is compared with H2, CO and hydrocarbon to 
demonstrate the effects of biogas components. In this 
condition, it is selected at temperature of 1473 K, initial 
NO concentration of 1000 �l/l, residence time of 1 s. The 
components of hydrocarbon are determined as the ratio 
of CH4, C2H2, C2H4 and C3H8 in Table 3. 

Figure 1 shows that the efficiency of NO reduction 
increases with increasing of reburning fuel ratio for all the 
reburning fuel but it is different for the effect of excess 
oxygen ratio. At high excess oxygen ratio, hydrocarbon 
and biogas can still maintain high efficiency of NO 
reduction, compared with H2 and CO. Because in the 
process of  reburning,  hydrocarbons  play  a  key  role  to  
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Figure 2. Effect of temperature on NO reduction for different reburning fuels. 

 
 
 
reduce NO and the free radicals (CH, CH2, and CH3) from 
decomposition of hydrocarbon directly affect the NO 
reduction seen from the reactions in Table 2. Conse-
quently, the species of hydrocarbon in biogas dominate 
the efficiency of NO reduction, and increasing of non-
hydrocarbon species in biogas weakens the efficiency of 
reburning, which is consistent with the results of Pisupati 
and Bhalla (2008). 

With the decrease of oxygen concentration, the reduc-
ing atmosphere is strengthened and then the efficiency of 
CO and H2 reburning increases when the excess oxygen 
ratio is lower than 0.4; the efficiency is tended to be 
stable. This is similar to the results of Glarborg et al. 
(2000). 

However, compared with non-hydrocarbon reburning 
for biogas and hydrocarbon reburning, relation between 
the efficiency and oxygen concentration follows the 
parabolic law. The efficiency of NO reduction reaches 
maximum at the excess air ratio of 0.4 - 0.6. Bilbao et al. 
(1994) used CH4 as reburning fuel, and obtained the 

maximum efficiency at oxygen concentration 1.5% (v/v, 
excess oxygen ratio = 0.44),  located in our calculated 
scale (0.4 - 0.6). 
 
 
Effects of temperature in reburning zone 
 
Arrhenius equation (Equation 1) shows the important role 
of temperature in the reburning process and Figure 2 
demonstrates the effects of temperature and residence 
time for different reburning fuel. These conditions are at 
excess oxygen ratio of 0.85, reburning fuel ratio of 15% 
and initial NO concentration of 1000 �l/l. 

At lower temperature, the efficiency of NO reduction is 
negligible and when temperature reaches up to the 
critical temperature, the efficiency begins to increases 
abruptly. With the continuous increase of temperature, 
NO will regenerate by thermal NO or promote NO to 
weaken the efficiency of NO reduction. With the increase 
of residence time, the critical  temperature  is  lower,  and 
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Table 5. Optimum temperature scale for different reburning fuel. 
 

Reburning fuel Optimum temperature scale (K) 
CO 1500 - 1700 
H2 1100 - 1200 
Hydrocarbon 1200 - 1400 
Biogas 1250 - 1400 
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Figure 3. Effect of residence time and initial NO concentration on NO reduction. 

 
 
 
when residence time is shorter than 0.1s, the efficiency of 
CO or H2 is very low, which further emphasizes that 
hydrocarbon play more important role than nonhydro-
carbon species. 

The calculated results show that there is an optimum 
temperature scale, and under this condition, the scale for 
different species is shown in Table 5. Dagaut’s results 
also show the best temperature scale is 1200-1300K for 
hydrocarbon reburning (Dagaut and Lecomte 2003). 

Compared with CO reburning, the optimum temperature  
scale for H2, hydrocarbon and biogas is lower. It is 
suggested that H2 and hydrocarbon dissociate to form 
high activity free radicals like H, CH and CH2, and 
according to the reactions 151 - 153 in Table 2; these 
free radicals can not only reduce NO but also promote 
the decomposition of N2 to form fresh NO. 

Effects of initial NO concentration, residence time 
and moisture concentration  
 
In the process of biogas reburning, the effects of resi-
dence time and initial NO concentration are shown in 
Figure 3, and the condition is at excess oxygen ratio of 
0.85, reburning fuel ratio of 15%  and reburning tem-
perature of 1473 K. 

With the increase of residence time, the efficiency of 
NO reduction enhances, however when the residence 
time reaches 2 s, the efficiency will not change largely, 
and it consists with the results of previous researches 
(Maly et al., 1999; Harding and Adams, 2000; Duan et al., 
2007). Similar to residence time, at the beginning 
increase of initial NO concentration will improve the 
efficiency, but after the initial NO concentration exceeding
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Figure 4. Effect of moisture content on NO reduction. 

 
 
 
700 �l/l, the dependence of NO reduction on initial NO 
concentration is weakened greatly. 

Figure 4 shows the efficiency of moisture concen-
tration on NO reduction at initial NO concentration of 
1000 and 100 �l/l, and it demonstrates that the effect of 
moisture is negligible. Vilas’s analysis on adding moisture 
in the process of biomass reburning has concluded the 
same result (Vilas et al., 2004). 
 
 
Conclusion 
 
In this paper, kinetic modeling was performed to analyze 
the effects of biogas components, reburning fuel ratio, 
temperature, stoichiometric ratio, initial NO concentration, 
residence time and moisture on the NO reduction 
efficiency in the process of biogas reburning. Compared 
with the previous experimental results, it is concluded 
that, the efficiency of NO reduction increases with the 
increase of reburning fuel ratio, and biogas containing 
more hydrocarbon is more efficient on NO reduction. At 
excess oxygen of 0.4 - 0.6 and reburning temperature of 
1250 - 1400 K, the efficiency of biogas reburning is 
maximum. When the initial NO concentration reaches 700 
�l/l or the residence time reaches 2 s, the dependence of 
NO reduction on initial NO concentration and residence 
time is weakened greatly. The addition of moisture 
weakens NO reduction trivially. The investigations 
provide a detailed description of biogas reburning which 
indicates that the optimal biogas reburnning technology 
has potential to reduce the emission of NO.  
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