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Abstract 

The coal considerably is the energy resource which is important with the new remarking energy resource. 
The coal conversion has two processes which are coal devolatilization and char oxidation. Coal 
devolatilization is important because it describes up to 70% weight loss and has been shown that nitrogen 
contribute 60 to 80% of the total NOx produced. The chemical percolation devolatilization(CPD) model is 
used here to describe coal devolatilization. The model was developed to describe coal devolatilization 
behavior of rapidly heated coal based on characteristics of the chemical structure of the parent coal. This 
paper describes CPD model in detail and makes an analysis of Shenhua coal(bituminous) which is used 
calculated 13-C NMR(carbon - nuclear magnetic resonance). 

Nomenclature 

clM  : average molecular weight per aromatic cluster 

delM  : average molecular weight per side chain 

1σ +  : coordination number 

0P  : fraction of attachments that are bridge  
Ab  : bridge scission activation energy  
Ag  : gas release frequency factor 
Eb  : bridge scission frequency factor 
Eg  : gas release activation energy  
Vb  : bridge scission moles of vapor 
Vg  : gas release moles of vapor 
£  : labile bridge 
£*  : reactive bridge intermediate 
δ  : side chains  
g  : light gas 
Qn(p) : number density of n-site clusters on a per site basis 

1. Introduction  

The coal considerably is the energy resource which is 
important with the new remarking energy resource. The 
coal gets up the conversion which is complicate. The 

coal conversion has two processes. They are coal 
devolatilization and char oxidation process.  

Coal devolatilization is important because it is the 
initial step and describes up to 70% weight loss of the 
coal. It is the process which is dependent on the organic 
properties of the coal. It is also important in pollution 
control by staged coal combustion [6]. It describes that 
volatile nitrogen may occupy 60 to 80 percent of the total 
NOx produced during coal combustion.  
The various models have been suggested coal 
devolatilization. There are specially one-step and two 
step devolatilization model. The one-step devolatilization 
model assumes one pathway and calculates the fractions 
of char and volatiles released from a coal particle.  
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Fig. 1 Three stages of nitrogen release during coal 
combustion [8]. 

  



The two step devolatilization model assumes two 
pathways and calculates the fractions of coal, char and 
volatiles in each pathway released from a coal particle. 
CPD model calculates the break-up of coal to form 
volatiles and char. This model is not only more complex 
than the one-step and two-step devolatilization models 
but also predicts the volatiles yield. The model uses a 
lattice structure information, obtained from 13-C NMR 
analysis, to describe the chemical structure of coal and 
the devolatilization products of light gas, tar, metaplast 
and char: light gas which does not condense at room 
temperature and atmosphere pressure, tar which does 
condense at room temperature and atmosphere pressure, 
Metaplast remains as a liquid after released the lattice. 
Nitrogen release used in illustrated in Fig. 1; this is 
assumed based on CPD model. CPD model describes 
that the devolatilization product of light gas, tar, char 
during primary and secondary pyrolysises affect the NOx 
emission during coal combustion. The analysis of the 
CPD model is able to improve the accuracy of the NOx 
concentration predictions and to design efficient low-
NOx buner. 

This paper involves all three main areas: (ⅰ) the CPD 
model theory. (ⅱ) calculated 13-C NMR data. (ⅲ) this 
paper makes an analysis of Shenhua coal(bituminous) 
which is imported from china.  

2. CPD model theory 

2.1 Coal structure 
The CPD model is the devolatilization model which 

uses values of measured chemical structure features. 
The CPD model uses four features of the chemical 
structure that are measured by 13-C NMR spectroscopy 
[1]. ( ) ⅰ The average molecular weight per aromatic 
cluster( clM ), ( ) ⅱ The average molecular weight per 

side chain( delM ), ( ) ⅲ The average number of 
attachments(side chain and bridges) per cluster, referred 
to as the coordination number( 1σ + ), ( ) ⅳ The fraction 

of attachments that are bridge( ). These chemical 
structure features are illustrated in Fig. 2; a simplistic 
approach is used in this work, with definitions of 
clusters, bridges, side chains, and loops [4]. 
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2.2 Lattice statistics in devolatilization 

It is helpful to survey some of the statistical 
properties of lattices before discussing the mathematical 

aspects of percolation theory used in the CPD model. 
Modeling both labile bond cleavage and char bond 
forming process on pyrolysis has shown that many of 
the mechanistic features of the time-dependent 
conversion of the coal macromolecule into molecular 
fragments depend upon lattice statistics [5].  
 

2.2.1 Bridge reaction 
The bridge reaction mechanism used is illustrated in 

Fig. 3; an unreacted bridge forms a reactive 
intermediate, which may either cleave to form two side 
chains or reconnect to form a stable char bridge with 
release of part of the bridge as light gas. Reaction rates 
for this mechanism are coal independent and are not 
input parameter [1]. 

 
 

Fig. 2 Representative chemical structures identified in 
13-C NMR analyses and used in the description 
of coal and coal chars in the CPD model [4]. 

  
Fig. 3 Representative chemical structures corresponding 

to the chemical reaction scheme in the CPD 
model [1]. 

   
 



2.2.2 Percolation theory 
Percolation theory has employed to provide 

analytical expressions for the lattice statistics required 
in devolatilization modeling. The percolation theory 
describes the size distribution of finite clusters of sites 
joined by intact bridges but isolated from remaining 
sites by broken bridges and specifies a critical bridge 
population, depending only on the site coordination 
number, above which infinite arrays will coexist with 
clusters of finite size. It is a simple matter to adapt the 
structural features of percolation theory to both the tar 
and light gas obtained in coal pyrolysis [2].  

 

2.2.3 Chemical reaction scheme 
The simple reaction sequence proposed with ( )ⅰ  the 

breaking of a chemical bond in a labile to form a 
reactive bridge intermediate. The reactive bridge 
material either may be ( )ⅱ  released as light gas, or else 
( )ⅲ  the bridge material may be stabilized to produce 
side chains from the reactive bridge fragments. These 
stabilized side chains may be ( )ⅳ  converted into light 
gas fragments through a subsequent, slower reaction [1]. 
 

 
 
(1)

A labile bridge, represented by £, decompose to form 
a reactive bridge intermediate(with rate constant kb), £*, 
which is unstable and reacts quickly in one of two 
competitive reactions given Eq. 1. In one reaction 
pathway, forming side chains δ, finite tar fragments are 
generated as sufficient numbers of bridges are cleaved 
to form finite clusters that are detached from the infinite 
lattice(with rate constant kδ). The side chains δ undergo 
a cracking reaction to form light gas g1. In a second, 
forming a stable char bridge c with the associated 
release of light gas g2 (with rate constant kc)[3]. 

The associated kinetic expressions for the proposed 
reaction mechanism (Eq. 10) are [1]: 

 
d£ /dt = - kb £               (2) 

d£*/dt = kb £ - (kδ + kc) £*         (3) 
 

2.2.4 The kinetic reaction parameter 
The reaction rate equations for the bridge breaking 

and gas release steps are used in the Arrhenius form 
with an activation energy as follows [1]:  
 

kb = Ab exp -[(Eb ± Vb)/ RT]          (4) 
kg = Ag exp -[(Eg ± Vg)/ RT]          (5) 

 

where Ab is bridge scission activation energy, Eb is 
bridge scission frequency factor, Vb is bridge scission 
moles of vapor, Ag is gas release frequency factor, Eg 
gas release activation energy and Vg is gas release 
moles of vapor.  

2.2.5 Light gas, Tar and Char weight fraction 
Eq. 7 provides the molecular weight of side chains to 

be released as light gas. It is calculated from the 
fraction of side chains, times the number of broken 
bridges, times the mass of each side chain [4]. Qn(p) is 
the number density of n-site clusters on a per site basis. 
 

Qn(p) = bn pn - 1 (1 - p ) n ( σ - 1) + 2        (6) 
mfin,n=[nma + (n-1)mb(£/p) + τ mbδ/{4(1-p)}]Qn(p)  (7) 
 
where n is a number of sites per finite fragment, bn is 
the same quantity expressed on a per site basis, ma is 
the mass of the aromatic, mb is the mass of the bridges 
and τ is the number of broken bridges on the perimeter 
of a fragment. 
 
2.3 Vapor-liquid equilibrium 

The vapor-liquid equilibrium mechanism is 
responsible for the change in tar yield observed as the 
total pressure is changed in devolatilization [1]. 
 
2.4 Crosslingking mechanism 

The crosslinking mechanism permits reattachment of 
metaplast(detached finite fragments) to the infinite char 
matrix. The coal independent crosslinking rate was 
determined by comparison with several sets of data [5]. 

3. CPD model input parameters 

3.1 Chemical structural parameters  
Chemical structural parameters are usually obtained 

from measured 13-C NMR data. They are calculated 
from the correlation of 13-C NMR data which developed 
by D. B. Genetti to save expansive and time. It produces 
equivalent results of measured 13-C NMR data and have 
implemented on CPD model. The parameters correlated 
include clM , delM , 1σ +  and . The correlation is 
based on ultimate and proximate analysis. 13-C NMR 
data from 30 coal samples were used to develop the 
correlation [7].  
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3.2 Kinetic rate parameters 
CPD model requires three rates: the rate of labile 

bridge scission, the rate of light gas release and the   
rate of crosslinking as in Table 1. These kinetic rates are 
assumed  to be coal-independent. The chemical 
structure determines differences in devolatilization 
behavior due to coal type [4]. 



Table 1 Rate parameter used in the CPD model 

   
 

parameter Value Description 
Eb  
 

Ab  
 
σb
 

Eg  
 

Ag  
 
σg
 
ρ 

55.4kcal/mol
 

2.6x1015s-1
 

1.8kcal/mol 
 

69kcal/mol 
 

3 x1015s-1 
 

8.1kcal/mol 
 

0.9 

Bridge scission 
activation energy 
Bridge scission  
frequency factor 
Standard deviation  
for distributed Eb
Gas release activation
energy 
Gas release frequency 
factor 
Standard deviation  
for distributed Eg
Composite rate 
constant kd /kc

 
3.3 Crosslinking Rate parameters 

The crosslinking mechanism requires two rate 
parameters: Ecross = 65 kcal/mol, Across = 3 x1015s-1   

4. Result and analysis 

4.1 Input parameter  

Table 2 l proximate and ultimate analysis of coal 

Coal I.D. rank Shenhua 
Bituminous 

Proximate(%) 

Volatiles 33.55 

Fixed carbon 56.68 

Ash 5.59 

Moisture 4.18 

Ultimate(%) 

Carbon 79.17 

Hydrogen 4.09 

Nitrogen 1.38 

Sulfur 0.24 

Oxygen 9.26 

Ash 5.83 

 

Table 3 Chemical structural parameters from 13-C NMR 
calculation  

Calculated 
13-C NMR data 

Shenhua 
Bituminous 

clM  352 

delM  31.5 

1σ +  5.75 

0P  0.602 

Table 2 shows the proximate and ultimate analysis of 
Shenhua coal(bituminous). It is classified a based on a 
fixed carbon and volatiles. Table 3 shows the chemical 
structure parameters in data base on 13-C NMR 
calculated from the correlation. It is a possibility of 
getting from proximate and ultimate analysis of coals.  
 
4.2 The amount of nitrogen release  

CPD model is used to describe the amount and form of 
nitrogen released during coal pyrolysis in this paper. The 
analysis of the CPD model is able to improve the 
accuracy of the NOx concentration predictions and to 
design efficient low-NOx burner.  

Fig. 4 shows the calculations of the char, light gas, tar 
and metaplast fraction of dry ash free coal as a function 
of the particle temperature and residence time. Fig. 5 
shows the results of calculation of fraction N. Comparing 
both Fig. 4 and Fig. 5 it is shown that the curves of char 
N affect gas HCN. When the char(N) decreases, the light 
gas(HCN) increases. It means that light gas(HCN) 
product is released with char(N) product.  
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Fig. 4 CPD calculation fraction of char, tar, metaplast 
and light gases versus time for Shenhua 
coal(bituminous) 
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Fig. 5 CPD calculation fraction of N versus time for 

Shenhua coal(bituminous) 
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Fig. 6 CPD calculation fraction of volatile matter 
versus time for Shenhua coal(bituminous) 
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Fig. 7 CPD calculation fraction of volatile matter N 

versus time for Shenhua coal(bituminous) 
 
Fig. 6 shows total volatile matter, light gas, tar and 

metaplast fraction of volatile matter as a function of 
temperature and residence time. Fig. 7 shows total 
volatile matter, light gas and tar fraction of only volatile 
matter N as a function of temperature and residence time. 
Comparing both Fig. 6 and Fig. 7 it is shown clearly that 
tar release occurred at 800 ~ 1050K, after then followed 
by HCN (which is intermediate product into NOx) 
release at temperatures above 1050K.  

 
4.3 The form and mechanism of nitrogen release  

Fig. 8 is a diagram illustrating primary pyrolysis and 
secondary pyrolysis volatile nitrogen. Light gas nitrogen 
release is described to come from two processes: (ⅰ) 
aromatic ring opening reactions in the tar, (ⅱ) aromatic 
ring opening reactions in the char. During pyrolysis, 
some of the nitrogen is released with the tar at low 
temperature less than 1050K and additional nitrogen is 
released in HCN due to aromatic ring rupture in char ant 
high temperature above 1050K. So the volatile N is 
released with the tar during primary pyrolysis. The 
volatile N is released with char and a little amount of tar 

into HCN during secondary pyrolysis.  
 

Coal N

Tar N

Char N

HCN

Tar N

Coal N

Primary < 1050K Secondary > 1050K

Char N

HCN

Primary < 1050K Secondary > 1050K  
Fig. 8 Diagram of primary and secondary volatile 

nitrogen release steps 
 

5. Conclusion 

In order to improve the accuracy of the NOx 
concentration predictions and to design efficient low-
NOx burner, The CPD model is employed in this paper, 
as depicted below:  
(1) The CPD model can describe the amount of nitrogen 
released during coal pyrolysis. The curves of char N and 
affect light gas HCN. It means that light gas(HCN) 
product is released with char(N) product. Tar release 
occurred at 800 ~ 1050K, after then followed by HCN 
(which is intermediate product into NOx) release at 
temperatures above 1050K. 
(2) CPD model describe the form and mechanism of 
nitrogen released during coal pyrolysis. Some volatile N 
is released with the tar during primary pyrolysis(at low 
temperature less than 1050K) and HCN which is 
intermediate product into NOx is released with the char, 
a little amount of tar during secondary pyrolysis(at high 
temperature above 1050K). 
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