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h i g h l i g h t s
 Simple coal pyrolysis models are needed that are accurate over a range of heating rates in pulverized coal-fired boilers.
6

 Seven simple forms of pyrolysis models were tested vs. the CPD model at heating rates from 5000 to 10 K/s up to 1600 K.
 Good agreement was found with two different modified forms of the two-step model for the full range of heating rates.
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a b s t r a c t
Simulations of coal combustors and gasifiers generally cannot incorporate the complexities of advanced
pyrolysis models, and hence there is interest in evaluating simpler models over ranges of temperature
and heating rate that are applicable to the furnace of interest. In this paper, six different simple model
forms are compared to predictions made by the Chemical Percolation Devolatilization (CPD) model.
The model forms included three modified one-step models, a simple two-step model, and two new modified two-step models. These simple model forms were compared over a wide range of heating rates
(5  103 to 106 K/s) at final temperatures up to 1600 K. Comparisons were made of total volatiles yield
as a function of temperature, as well as the ultimate volatiles yield. Advantages and disadvantages for
each simple model form are discussed. A modified two-step model with distributed activation energies
seems to give the best agreement with CPD model predictions (with the fewest tunable parameters).
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Simulations of coal boilers, gasifiers, and combustion processes
require adequate sub-models to represent each aspect of the simulation [1]. Coal combustion simulations must accurately describe
the devolatilization behavior of the coal particles. There are two
main ways of modeling coal devolatilization: global models and
network models. Network models, such as the chemical percolation devolatilization (CPD) model [2,3], FLASHCHAIN [4] model,
and the FG-DVC model [5], have been shown to be very accurate
in their predictions of devolatilization behavior, however, they
are computationally complex [6]. The computational complexity
of these network models directly impacts the amount of time
required to run complex simulations [7], and hence some simulations use simple global devolatilization models instead of the complex models. However, global models generally do not apply to as
broad a range of coal types, heating rates, and temperatures as
⇑ Corresponding author at: 350 CB, BYU, Provo, UT 84602, USA.
E-mail address: tom_fletcher@byu.edu (T.H. Fletcher).
http://dx.doi.org/10.1016/j.fuel.2016.07.095
0016-2361/Ó 2016 Elsevier Ltd. All rights reserved.

network models, and therefore need to be optimized using trusted
data or predictions. Physically, conditions such as heating rate and
particle temperature depend on physical parameters such as particle size. For this reason, the analysis in this paper is based on average or maximum observed conditions.
Global devolatilization kinetic models generally come in three
main categories: one-step kinetics, two-step kinetics, and distributed activation energy models. The number of steps in each
model refers to the amount of kinetic pathways that the reaction
can take. Several groups have attempted to fit a global one-step
model to a more complex network model. For example, Ko et al.
[8] developed a correlation for the activation energy and preexponential factor of a one-step model to fit results from a distributed activation energy model. Zhao et al. [9] suggested using
FG-DVC to generate coefficients for a 1-step devolatilization model
at a nominal condition for a CFD model, followed by iteratively
generating coefficients if the nominal condition does not match
the conditions in the simulation. Niksa [10,11] developed a method
for a given heating rate to determine coefficients for a 1-step
devolatilization model from PC Coal Lab using his Flashchain
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network model and other similar char chemistry models. Li et al.
[12] also developed a package to interface with computational
fluid dynamics software to develop coefficients for a 1-step
devolatilization model based on several different network models
for coal combustion, called Carbonaceous Chemistry for Computational Modeling, nicknamed C3M. Hashimoto and Shirai [13] used
an iterative technique to generate coal devolatilization rate parameters for a CFD model, taking the particle temperature history from
each previous CFD particle trajectory to determine rate parameters
for the next iteration.
While it is possible to get a 1-step model to fit predictions for
one heating rate, it is desirable to develop a simple model that
can give reasonable predictions of rate and yield over a range of
heating rates. The objective of this work is to compare the capabilities of several simple devolatilization models for a range of particle heating rates that might be encountered in a pulverized coalfired boiler. The CPD model is used here to evaluate the simple
models, although any complex model or set of data could be used
for evaluation. Simple models from the literature are reviewed and
new models are presented, followed by results of curve fits to the
CPD model predictions for a range of heating rates. Although the
analysis in this paper uses the total volatiles yield, a similar analysis can be completed on the tar yields using model parameters
optimized for tar yields.
1.1. One-step models
1.1.1. Single first-order
The single first-order model is based on simple Arrhenius kinetics. Many researchers over the years have attempted to use this
first-order model to explain coal devolatilization behavior, including Badzioch and Hawksley [14], Anthony et al. [15], Kobayashi
et al. [16], and Solomon and Colket [17]. This model form is used
as a basis to compare the modified one-step models to, in order
to observe improvement. The model form is as follows:

dðVÞ
E
¼ A  eRT  ðV 1  VÞ
dt

ð1Þ

where V is the normalized mass of volatiles on a dry ash-free basis,
A and E are Arrhenius kinetic coefficients, T is the particle temperature, R is the ideal gas constant, and V 1 is the asymptotical value
of V at long time (also known as the ultimate volatiles factor).
1.1.2. Yamamoto
Yamamoto et al. [18] proposed a modified one-step
devolatilization rate model to expand the capabilities of a simple
first order one-step model [14,15]. Yamamoto’s model uses a modification factor for the pre-exponential factor in the rate law. The
form of this model used here is taken from Pedel et al. [19,20],
which gives identical results. The normalized mass of unreacted
coal (C) on a dry, ash-free basis is calculated as follows:

dðCÞ
E
¼ F  A  eRT  C
dt

ð2Þ

where V is the normalized mass of volatiles on a dry ash-free basis,
A and E are Arrhenius kinetic coefficients, T is the particle temperature, and R is the ideal gas constant. The concept of ‘‘unreacted
coal” is used in this case as an extent of reaction parameter [20],
and is not a measurable quantity in experiments. The modification
factor F is based on the extent of the devolatilization reaction, or
X coal , as follows:
5
X

!

ci ½X coal i

F¼e

i¼0

ð3Þ

The polynomial fitting coefficients (ci) are tuned to fit devolatilization data (or predictions from a more complex model) and X coal (the
overall conversion of the unreacted coal) is defined as follows, with
V 1 as the ultimate volatiles yield factor:

X coal ¼ 1  C

ð4Þ

V ¼ V 1 X coal

ð5Þ

The number of coefficients in Eq. (3) can be expanded or decreased
based on the required accuracy. The major disadvantage of any onestep model is that a ‘‘prescribed” ultimate yield factor is used, which
generally means that calculations do not account for heating rate
effects on yield.
1.1.3. Biagini and Tognotti
Biagini and Tognotti [21] presented a modified one-step firstorder reaction model for coal devolatilization that was a modified
version of the simple one-step first-order reaction model, as shown
in Eq. (1). They proposed a modification to the yield factor to rid
this one-step model of the prescribed yield factor bias as seen in
other simple one-step models such as the Yamamoto model. Biagini and Tognotti correlated V1 as a function of temperature. This
model is referred to as the BT model, and is shown in Eq. (6):



T
V 1 ¼ 1  exp DI 
T st

ð6Þ

where DI is a coal-specific index and T st is a reference temperature
constant. They proposed this model for use in complex simulations,
and validated it against a database for several solid fuels. Biagini
and Tognotti also developed correlations for finding the optimized
model parameters based on ultimate and proximate analyses of
the solid fuel.
1.1.4. Modified Biagini and Tognotti
Many researchers have worked with the distributed activation
energy model (DAEM) both in coal pyrolysis [15] and in other types
of biomass and solid fuels [22–24]. The idea of a distributed activation energy is that the broken aliphatic bridges during pyrolysis
have a range of bond-breaking energies. The classical DAEM model
[15] assumes parallel activation energies, so that all reaction pathways are possible at every time or temperature. However, since the
lowest activation energies generally react first, a sequential pathway through distributed activation energies was proposed and
used in the CPD model [3]. The sequential method uses an inverse
error function to calculate an effective activation energy Eeff from a
Gaussian distribution function based on the extent of reaction. The
sequential method seems to work as well as the parallel method,
and is much faster computationally. Schroeder [25] proposed a
modification to the BT model that includes the sequential distributed activation energy to further exhibit the correct ultimate
volatiles yield at different temperatures and heating rates. The
modified version of the Biagini and Tognotti model is of a similar
form to the original Biagini and Tognotti model shown in Eq. (5).
This model computes the volatiles fraction as follows:

dV
¼ Ae
dt

E

0 ra Z
T


ðV 1  VÞ

ð7Þ

where V 1 is modified from Eq. (6) to include extra yield curve
parameters. These are fit using long-time predictions from the
CPD model or long-time experimental data. This modified yield factor equation is as follows:

V1 ¼




a
T ignite  T
1  tanh ðb þ c  aÞ
þ ðd þ e  aÞ
2
T

ð8Þ

where a; b; c; d; e and T ignite describe an ultimate yield curve. These
coefficients for the ultimate yield curve are found by regression of
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either the long-time CPD predictions or experimental data. The
effective activation energy, E0 , is computed from an inverse cumulative Gaussian distribution of activation energies with a specified
mean activation energy E0 and standard deviation ra:



pﬃﬃﬃﬃﬃﬃﬃ
ðV 1  VÞ
Z ¼ 2:0  erfinv 1:0  2:0 
a

ð9Þ

1.1.5. Distributed activation energy
The distributed activation energy model (DAEM) was proposed
to allow for a variable activation energy based on the extent of the
reaction, as mentioned above. For example, Anthony and Howard
[26] used a model based on a Gaussian (or normal) distribution
of activation energies. Several other researchers have used one of
the various forms of the distributed activation energy model
[22,23,27]. One strength of the DAEM is that it has been shown
to describe devolatilization rates very well. This is because the
DAEM reflects the variety of bonds present in a coal molecule,
making it a more physically accurate representation of the bondbreaking during devolatilization. The model form is a modified version of the simple one-step model, and is shown as follows:

Ea r Z
E
dðVÞ
¼ Ae RT
 ðV 1  VÞ
dt

ð10Þ

Z ¼ erfinv ð1  2  ðV 1  VÞÞ

ð11Þ
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E1
E2
dðCÞ
¼  F 1 A1 eRT þ F 2 A2 eRT C
dt

ð15Þ


E1
E2
dðVÞ 
¼ F 1 Y 1 A1 eRT þ F 2 Y 2 A2 eRT C
dt

ð16Þ

Tar yields can be calculated in a similar manner, using separate rate
coefficients and polynomial coefficients. This method requires 12
additional coefficients for the polynomial correction factors.
1.2.3. Modified two-step using distributed activation energy function
The two-step model with correction factor described above utilizes polynomial coefficients in an exponential function. The fitted
shape of these polynomial curves resembles a cumulative normal
distribution. Therefore, in an effort to reduce the number of fitting
parameters, a two-step model was developed using sequential distributed activation energies as used by Fletcher et al. [3] and in the
manner discussed above. This is similar to the one-step distributed
activation energy model, as discussed above, but with an added
second kinetic step. The rate equations become:



E1 þrE1 Z
E2 þrE2 Z
dðCÞ
C
¼  A1 e RT þ A2 e RT
dt

ð17Þ


E1 þrE1 Z
E2 þrE2 Z
dðVÞ 
¼ Y 1 A1 e RT þ Y 2 A2 e RT
C
dt

ð18Þ

where Ea is the mean activation energy, rE is the standard deviation
for the activation energy distribution, and Z is the distribution
based on coal conversion, similar to Eq. (9).

The effective activation energies are based on the fraction of raw
coal reacted (1  C) instead of the fraction of volatiles remaining
V 1 V 
used in Eq. (9). A different value of A, E, and r is used for each
a
kinetic step.

1.2. Two-step models

1.3. CPD model

1.2.1. Simple
The two-step devolatilization model [16] was proposed to allow
for final yield to vary with heating rate. The two competing kinetic
steps have widely varying activation energies so that one step prevails at low temperature and the other step prevails at high temperatures. In coal boiler simulations, Arrhenius kinetic
parameters are often taken from Ubhayaker et al. [28]. Raw coal
is assumed to react to volatiles and char, so the raw coal fraction
(C) goes to zero upon completion of devolatilization. To find the
yields, the rate functions for both unreacted coal and volatiles
are used (Eqs. (12) and (13)).

The chemical percolation devolatilization (CPD) model is based
on the chemical structure of the parent coal [2,3]. The coal macromolecular structure is approximated by aromatic clusters connected by aliphatic bridges. Attachments to clusters may also
include side chains. Quantitative measurements of coal chemical
structure were performed using solid-state 13C NMR [29] and used
directly in the CPD model. Since NMR data are only available for
specific coals, Genetti et al. [30] developed a correlation of the
NMR parameters based on ultimate and proximate analysis. The
CPD model includes rates for bridge breaking and side chain
release, percolation lattice statistics to relate the number of broken
bridges to the distribution of clusters that detach from the lattice,
vapor-liquid equilibrium to determine the sizes of detached clusters that vaporize to form tar, and crosslinking of non-vaporized
detached fragments that become part of the char. The CPD model
has been shown to agree with pyrolysis data for a wide range of
coals, heating rates, temperatures, and pressures [3,12,30–51],
and hence is used as an example reference model in this paper.



E1
E2
dðCÞ
¼  A1 eRT þ A2 eRT C
dt

ð12Þ


E1
E2
dðVÞ 
¼ Y 1 A1 eRT þ Y 2 A2 eRT C
dt

ð13Þ

Both rate equations utilize the Arrhenius rate constants, and the
volatiles rate equation utilizes two yield factors, Yi.

2. Approach
1.2.2. Modified two-step with corrective factor
A modification was made to the two-step model in an attempt
to describe devolatilization behavior with more accuracy. A corrective function (F n ) was implemented in a manner similar to the onestep Yamamoto model [18] for each step (n), as shown in Eq. (14).
The coefficients, ci, range from c0 all the way to c5, but the number
of coefficients may be changed to obtain better accuracies.
5
X

ci;n ½X coal 

Fn ¼ e

!
i

i¼0

The resulting two-step model equations become:

ð14Þ

Particle heating rates in coal combustion simulations and
experiments have been reported to be as high as 106 K/s
[1,15,16,28,52–57]. The CPD model was used to set up predictions
of devolatilization behavior of an Utah bituminous Sufco coal using
four heating rates (5  103 K/s, 1  104 K/s, 1  105 K/s, and
1  106 K/s) starting at 300 K and ending at 1600 K with no hold
time at 1600 K. Obviously the coefficients generated in this example will likely not be applicable to other heating rates and temperatures, but the procedure could be repeated for any set of
conditions. These are the particle heating rates expected in a pulverized coal boiler [58]. The CPD model requires specification of
several coal-specific chemical structure parameters found using
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3. Results and discussion
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Fig. 1. Calculated volatiles fraction by the single first order model using optimized
model parameters at four heating rates.

Ultimate Volatiles Mass Fraction

C NMR spectroscopy. A correlation was developed to find these
NMR parameters using the proximate and ultimate analysis
data of each coal type [30]. Each model optimization used predictions made at each of the four heating rates to fit the model
parameters.
Each model form was coded in MATLAB using an explicit Euler
method. The optimizer script uses the built-in optimizing function,
fmincon, to optimize all model forms. Non-linear constraints were
used for the two-step kinetic models to keep one kinetic pathway
dominant at lower temperatures and the other pathway dominant
at high temperatures. The initial guess parameters used by the
optimizer program were similar to literature and previously optimized values. Upper and lower bounds on the model parameters
were chosen based on known literature values and expected
behavior. Different initial guess values were used to ensure the
optimizer found an absolute minimum value in a least-squares
analysis.
Although this optimization focused on total volatiles, the
same procedure was used for coal tar predictions. Tar model
optimization requires coal tar yield data (or predictions from
a more complex model) as well as model parameters specific
to tar.
Experiments suggest that as heating rate increases, the temperature at which devolatilization happens increases [15,59,60]. As
the heating rate increases, the ultimate yield, or final volatiles fraction after devolatilization, also increases [61,62]. The CPD model
was used for model verification because it captures both of these
features and has been compared against many sets of coal pyrolysis data. In addition, the rate of devolatilization is very important in
making accurate coal combustion simulations, since this rate influences several aspects of coal combustion such as particle swelling
and char reactivity [63].
Coefficients for each simple model were optimized using a least
square error procedure as compared to the CDP model calculations.
Three main trends in devolatilization behavior were evaluated:
total volatiles yield as a function of temperature and heating rate,
ultimate volatiles yield at each heating rate, and rate of volatiles
formation during devolatilization.
This paper presents the comparisons of total volatiles yield for
one coal type. The same procedure may be used to fit all six model
forms to the tar yield (an output of the CPD model) as well as other
coal types (since the CPD model has coal-specific input
parameters).
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Fig. 2. Calculated ultimate volatiles yield vs. heating rate for the single first order
model.

3.2. Yamamoto model comparisons
The Yamamoto model was optimized for all four heating rates
simultaneously. Table 2 includes the optimized Yamamoto model
parameters for the Sufco coal. Fig. 3 shows the predictions for
the total volatiles yield using the optimized Yamamoto parameters. The expected trends for devolatilization rate agree well for
all heating rates. Fig. 4 shows the ultimate volatiles yield as predicted by the optimized Yamamoto model parameters. As shown,
the Yamamoto model does not exhibit the expected trends due
to a ‘‘prescribed yield” factor, which remains the same over all four
heating rates.

3.1. Single first order model comparisons

3.3. BT model comparisons

The single first-order model was optimized for all four heating
rates simultaneously. Table 1 shows the optimized parameters
for the Sufco coal, and Fig. 1 shows the comparison of the optimized results with the corresponding CPD model calculations.
Fig. 2 shows the corresponding ultimate volatiles yield at each
heating rate. The optimized first-order model shows rates that
are too steep with temperature compared to the CPD model, and
have a constant yield factor.

Table 3 shows both the optimized and literature values for the
Biagini and Tognotti model coefficients. Fig. 5 shows the BT model
predictions for total volatiles using the optimized coefficients. This
model form shows an increase in total volatiles as temperature

Table 1
Single first order model parameters.
Parameter

Value

V1
A
E=R

0.560
2.95  1013 s1
2.38  104 K

Table 2
Yamamoto model parameters.
Parameter

Value

V1
A
E=R
c0
c1
c2
c3
c4
c5

0.560
1.04  1012 s1
3.52  104 K
25.5
56.4
131
176
122
38.6
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Fig. 3. Calculated volatiles fraction by the Yamamoto model using optimized model
parameters at four heating rates.
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Fig. 4. Calculated ultimate volatiles yield vs. heating rate for the Yamamoto model.

Table 3
Biagini and Tognotti model parameters (literature and optimized).
Parameter

Literature

Optimized

A
E=R
DI

895 s1
3.87  103 K
0.690

2.95  1013 s1
2.38  104 K
0.690

Fig. 6. Calculated volatiles fraction by the BT model using parameters from Biagini
and Tognotti [21] at four heating rates.

parameters. They optimized these correlations over several coal
types at a heating rate of 1  104 K/s. The values calculated from
these correlations are the ‘‘literature” values given in Table 3. As
shown in Fig. 6, the predictions using these model parameters do
not agree with the CPD model, perhaps due to a time-step inconsistency. Any attempts at optimizing this model form using the literature values as an initial guess led to fits that were even more
inaccurate than the literature values. As this model is simply a
modified single first-order model, the values obtained from the
optimization of the original single first-order model were used as
a starting point. The kinetic parameters of A and E=R optimized
in the single first-order model and the literature values for DI
and T st are listed below in Table 3. These optimized coefficients
were then used to predict the total volatiles yield at all four heating
rates using the BT model. While the predictions are in better agreement with the CPD trends than the literature values, the suggested
model parameters do not match the CPD trends for devolatilization
rate.
Fig. 7 shows the ultimate volatiles yield at all four heating rates.
This plot shows the combined trends predicted by the CPD model,
the BT model using the published model parameters, and the BT
model using the optimized model parameters. The optimized
model parameters are closer to the CPD predictions than the optimized parameters, but neither follows the direction of the trend.

0.6
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3.4. Modified BT model comparisons

Heating Rate
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4
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Table 4 shows the optimized model parameters for the modified
BT model. The modified BT model was optimized over all four heating rates simultaneously. For the purposes of this optimization, the
following parameters were kept at fixed values: b, c, d, e and T ignite ,
since they are part of the yield curve that allows the modified BT
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Fig. 5. Calculated volatiles fraction by the BT model using optimized model
parameters at four heating rates. Optimized model parameters were obtained using
the single first-order model kinetic parameters and the BT model literature V 1
parameters.

increases, above what is predicted by the CPD model. The BT model
shows the increase in devolatilization temperature with increasing
heating rate, but does not agree with the CPD devolatilization
rates. Fig. 6 shows BT model predictions using the coal-specific
model parameters from the correlation developed by Biagini and
Tognotti [21] rather than the optimized model parameters. Biagini
and Tognotti [21] created several correlations to calculate model
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Fig. 7. Calculated ultimate volatiles yield vs. heating rate for the BT model using
parameters from the BT paper [21], and using optimized BT model parameters.
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Table 4
Modified Biagini and Tognotti model parameters (from University of Utah and
optimized).
Parameter

University of Utah Values

Optimized Values

a
b
c
d
e
T ignite
E0 =R
ra =R
A

0.550
14.3
10.6
3.19
1.23
590 K
1.11  104 K
826 K
1.97  107 s1

0.587
0.438
22.0
13.4
37.9
304 K
7.88  103 K
2.62  103 K
5.0  107 s1

Ultimate Volatiles Mass Fraction

176
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model to fit appropriately at long-time values. Fig. 8 shows the
modified BT model predictions for total volatiles using the optimized parameters. The modified BT model calculates an increase
in devolatilization temperature with increasing heating rate, but
does not match the predicted devolatilization rate and
devolatilization temperature at all four heating rates. There is an
improvement in the devolatilization temperature and the ultimate
volatiles yield, but not in the devolatilization rate. Fig. 9 is the same
plot as Fig. 8, but uses model parameters supplied by the University of Utah rather than the optimized model parameters. The predictions with the reported model parameters do not match the
expected trends for devolatilization temperature or rate.
Fig. 10 shows the ultimate volatiles yield calculated by the
modified BT model at all four heating rates using the reported
model parameters and using the optimized model parameters.
The suggested model parameters are closer to the CPD predictions
than the optimized parameters, but neither follows the direction of
the trend. The modified BT model shows some improvement of the
predicted values over the original BT model, but still does not follow the expected trend.

Total Volatiles Mass Fraction

0.6
CPD

Modified BT

Heating Rate
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5×10 K/s
4
1×10 K/s
5
1×10 K/s
6
1×10 K/s

0.5
0.4
0.3

Fig. 10. Calculated ultimate volatiles yield vs. heating by the modified BT model
using parameters from the University of Utah and using optimized parameters for
the modified BT model.

Neither BT model form matches the predictions of the CPD
model for devolatilization rate (i.e., volatiles vs. temperature in
these constant heating rate realizations). The volatiles yield for
the original BT model would approach 1.0 at higher temperatures,
which is not predicted by the CPD model and is not observed in the
literature. The ultimate yields for the modified BT model also continue to increase with temperature above those predicted by the
CPD model. This behavior is observed at significantly long hold
times, where it is expected that the particle be at steady state.

3.5. Distributed activation energy model comparisons
Table 5 shows the optimized model parameters for the one-step
distributed activation energy (DAE) model. This model was optimized over all four heating rates simultaneously. The one-step
DAE model accurately predicts the devolatilization rates, as discussed in the introduction, and effective temperature of
devolatilization as shown in Fig. 11. Fig. 12 shows that the onestep DAE model falls short of predicting the ultimate volatiles yield
as a function of heating rate, as with the other one-step models.

0.2

Table 5
Distributed activation energy model parameters.
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Fig. 8. Calculated volatiles fraction by the modified BT model using optimized
model parameters at four heating rates. The optimized parameters were found by
optimizing the modified BT model at all four heating rates simultaneously.
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Fig. 9. Calculated volatiles fraction by the modified BT model using parameters
from the University of Utah at four heating rates.
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Fig. 11. Calculated volatiles fraction by the two-step model using optimized DAEM
parameters at four heating rates.
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ing heating rate, but predicts devolatilization rates that are much
faster than those predicted by the CPD model.
Fig. 14 shows the ultimate volatiles yield predictions by the
two-step model for all four heating rates using the optimized rate
coefficients. The simple two-step model shows the trend that the
ultimate volatiles yield increases with increasing heating rate,
and comes close to matching the yields predicted by the CPD
model.
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Fig. 12. Calculated ultimate volatiles yield vs. heating rate using optimized DAEM
parameters at four heating rates.

3.6. Simple two-step model comparisons
Table 6 shows the optimized model parameters for the simple
two-step model. In Table 6, each ‘‘step” refers to the corresponding
kinetic step in the simple two-step model. The simple two-step
model was optimized at all four heating rates simultaneously.
Total volatiles yield predictions using an optimized simple twostep model are shown in Fig. 13. The optimized two-step model
accurately predicts the devolatilization temperature with increasTable 6
Optimized simple two-step model parameters.
Parameter

Step 1

Step 2

Y
E=R
A

0.5
8.37  103 K
3.0  105 s1

0.576
2.78  104 K
1.24  1015 s1

Table 7 shows the optimized model coefficients for the modified
two-step model with corrective factor (referred to as the RF
model). The optimized model parameters were found by optimizing the RF model at all four heating rates simultaneously. As with
the simple two-step model, each ‘‘step” in Table 7 refers to the corresponding kinetic step. The RF model accurately predicts both the
rate of devolatilization and the temperature of devolatilization, as
shown in Fig. 15. Fig. 16 shows the ultimate volatiles yield vs. heating rate predicted by the RF model compared to CPD model predic-

Table 7
Optimized RF model parameters.
Parameter

Step 1

Step 2

Y
E=R
A
c0
c1
c2
c3
c4
c5

0.195
1.50  104 K
4.11  105 s1
56.8
75.9
538
798
129
30.6

0.592
3.18  104 K
1.0  108 s1
29.8
48.3
88.8
67.2
6.03
3.81
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Fig. 13. Calculated volatiles fraction by the two-step model using optimized model
parameters at four heating rates.

Fig. 15. Calculated volatiles fraction by the RF two-step model using optimized
model parameters at four heating rates.
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Fig. 14. Calculated ultimate volatiles yield vs. heating rate by the two-step model
using optimized parameters.
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Fig. 16. Calculated ultimate volatiles yield vs. heating rate by the RF two-step
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tions. The RF model form accurately predicts the expected trend of
increased devolatilization temperature with increasing heating
rate as well as the values predicted by the CPD model. Of all the
simple global models tested, this model is the most accurate in
predicting the expected trends. However, with 18 parameters,
the RF model could prove too complex for some simulations.

3.8. Modified two-step model with distributed activation energies
Table 8 shows the optimized model coefficients for the modified
two-step devolatilization model with distributed activation energies (referred to as the RFE model). The RFE model was also optimized at all four heating rates simultaneously. As with both of
the other two-step models, each ‘‘step” in Table 8 refers to the corresponding kinetic step. Optimized calculations of the RFE model
are shown in Fig. 17. The optimized RFE model accurately predicts
the devolatilization rate and reaction temperature of the CPD
model. Fig. 18 shows that the optimized RFE model also calculates
the trend that ultimate volatiles yield increases with increasing
heating rate. However, this model form does not predict the
change in yield with heating rate as accurately the RF model. Overall, the RFE model cannot replicate the CPD model calculations as
well as the RF model, but only has 8 coefficients instead of 18.

Table 8
RFE model parameters.
Parameter

Step 1

Step 2

Y
E0 =R
A
r=R

0.208
1.50  104 K
2.0  107 s1
3.12  103 K

0.578
3.01  104 K
9.6  1015 s1
4.88  103 K
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Fig. 17. Calculated volatiles fraction by the RFE two-step model using optimized
model parameters at four heating rates.
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Fig. 18. Calculated ultimate volatiles yield vs. heating rate by the RFE two-step
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Table 9
Summary of performance of different devolatilization models for the range of
temperatures and heating rates in this study.
Model

No. of
coefficients
for a given coal

Heating rate
effect on yield

Heating rate effect
on effective
temperature
of devolatilization

1-Step
1-Step-Yamamoto
1-step-BT
1-Step-BT-modified
2-Step
2-Step-RF
2-Step-RFE
DAEM

3
9
4
8
6
18
8
4

None
None
Poor
Marginal
Poor
Good
Good
None

Poor
Good
Poor
Poor
Marginal
Good
Good
Good

4. Summary and conclusions
This paper has shown that a useful model form must follow two
trends to be useful in devolatilization modeling: increasing
devolatilization temperature with increasing heating rate, and
increasing ultimate volatiles yield with increasing temperature.
While each model form is accurate while modeling one heating
rate at a time, some of the model forms do not perform as expected
when optimizing multiple heating rates, as summarized in Table 9.
The Yamamoto model did not match the ultimate yield trends as
expected due to a ‘‘prescribed yield” factor. The original Biagini
and Tognotti (BT) model came closer than the Yamamoto model
to match the expected trends, but still fell short in its predictions
of the ultimate volatiles yield at elevated temperatures, and could
not match devolatilization rates for all four heating rates. The modified Biagini and Tognotti model that included a distributed activation energy function showed a slight improvement over the
original BT model, but fell short on predicting the devolatilization
rates, and still did not match the ultimate yield trend with heating
rate. As such, the one-step global kinetic models examined here
could not make accurate predictions of devolatilization rate and
yield over the entire range of heating rates.
The simple two-step model exhibited the expected trend in ultimate volatiles yield, but the rate of devolatilization changed too
rapidly as a function of temperature. A modification was made to
the simple two-step model to add corrective factors like in the
Yamamoto model. This modification allowed the modified twostep model with corrective factor (the RF model) to match the rates
and yields predicted by the CPD model, but with 18 coefficients.
The two-step model with distributed activation energies (the RFE
model) gave good agreement with CPD model predictions of rate
and yield for all four heating rates tested, but did agree quite as
well as the RF model. However, the RFE model only used 8 parameters instead of 18.
These results indicate that the form of the simple devolatilization used for coal combustion simulations is important. None of
the one-step models could match CPD model calculations over a
range of heating rates. The BT model and modified BT model had
a temperature-dependent volatiles yield function that did not stop
at elevated temperatures. The original two-step model calculated
devolatilization rates that were too high. The two model forms that
show the most promise are the modified two-step models (RF and
RFE).
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