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Abstract−Maximum volatile release (MVR) methods, including single point (MVR-S) and multiple (MVR-M)
points, are proposed to extract the kinetics used to predict the fuel bean straw pyrolysis process. The simulation results
were compared to those of the distributed activation energy model (DAEM). For the TGA (thermogravimetric analy-
sis) experiments, fuels were heated from ambient temperature to 1,173 K at the heating rates of 10, 20, 40, 60, 80 K
min−1, and the corresponding maximum volatile release points were obtained. For the MVR-S method, both the activa-
tion energy (E) and pre-exponential factor (B) increased with increasing heating rates. For the pyrolysis weight loss
process, the DAEM showed best agreement with the experimental data, followed by the MVR-M, and then the MVR-S
method. However, for weight loss rate prediction, MVR-S method had the best match with the experimental data,
whereas the DAEM and MVR-M method generated more errors.
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INTRODUCTION

The strong demand for fossil fuels and the increasing fuel price
has directed significant attention to renewable fuels such as agri-
cultural biomass as alternative fuels to decrease greenhouse gas
emission. A large amount of agricultural waste, such as feedlot waste
and mesquite, has been used as feedstock for biogas and liquid
biofuel production [1,2]. Combustion, gasification, pyrolysis, and
torrefaction are the main thermochemical conversion technologies
to convert biomass fuels into more useful energy sources. Among
these thermochemical technologies, pyrolysis is the first step to
understand combustion, gasification, and torrefaction. However,
the pyrolysis of biomass is very complex with competitive and con-
current reactions, and the exact mechanism needs further detailed
investigation [3]. TGA often has been used to study fuel pyrolysis
owing to its simplicity and straightforward pyrolysis behavior [4].
By studying the coffee ground and Douglas fir mixture pyrolysis
characteristics, it was found that the synergetic effect of biomass
mixture can lower the fuel activation energy [5]. Recently, the kinet-
ics of pyrolysis was used to predict mesquite torrefaction upper
limit temperature (Tmax, corresponding to the temperature where
the maximum volatile release rate occurred) to avoid significant
weight loss [6].

The single reaction model and the distributed activation energy
model are well known and the most common methods used to
simulate biomass fuel pyrolysis [7]. In the single reaction model,
the activation energies (E) of different biomasses are predicted by
using the direct or modified Arrhenius plot method [8-10]. How-
ever, this method does not appropriately consider heterogeneous

chemical reactions and interactions during the pyrolysis and has a
restriction in the simulation [11]. Tran et al. found that the extracted
kinetics obtained by the single reaction model was not realistic and
not suitable for simulating stump biomass pyrolysis [12]. Cardoso
et al. also found that single reaction model was not good for tobacco
waste and sorghum bagasse pyrolysis [13]. Similar results were also
reported by others [14,15]. Biomass fuels consist of several com-
ponents, including hemicellulose, cellulose and lignin. Since the
activation energy is related to bond energy, which varies widely
among biomass fuels having multiple components, it can be as-
sumed that the pyrolysis process consists of an infinite number of
reactions proceeding in parallel with activation energy E ranging from
0 to infinity. The distributed activation energy model (DAEM) con-
siders a large number of reactions occurring inside the biomass
when it is heated. Thus, DAEM was considered to be more accu-
rate than other reaction models [16,17].

DAEM was first proposed by Pitt et al. in 1962 [18]. Anthony et
al. developed a more general first-order parallel reaction model for
lignite and bituminous coals in 1976 [19]. Recently, DAEM has not
only been used to study the degradation of coal [20-22], but also
to describe the pyrolysis kinetics of different biomass [23,24] and
oil shale [25]. Based on the Anthony theory, different DAEMs were
further developed to better describe the fuel pyrolysis process. Jun-
pirom et al. [26] developed two-component models (hemicellu-
lose and lignin) for longan seed biomass. Both the reactions were
assumed to proceed simultaneously. Cai et al. developed three-
parallel-reaction model (e.g., hemicellulose, cellulose, and lignin)
for describing rice straw pyrolysis and found that the model used
to describe the standard deviations of the activation energy distri-
butions exhibited was less sensitive for all the pseudocomponents
[27]. Braun et al. developed the nth-order DAEM and applied it to
the pyrolysis of sintering of hydroxyapatite [28,29]. These DAEMs
did not consider temperature dependency of frequency factor. Mani
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et al. and Cai et al. developed the DAEM model by considering
temperature dependent pre-exponential factor to improve the ac-
curacy of the model [30,31]. Later, Cai et al. further developed the
nth-order distributed activation energy model by considering the
effects of various parameters including the dependence of fre-
quency factor on temperature [31,32]. Although DAEM well pre-
dicted the biomass pyrolysis volatile release weight lost process, it
did not estimate the volatile release rate well, especially at the Tpeak

point [6]. Chen et al. first proposed a maximum volatile matter
release single point method (MVR-S) for mesquite pyrolysis [6].
In this method, kinetic parameters such as activation energy and
pro-exponential factor are extracted from the maximum volatile
release rate point, and this model predicts the volatile release rate
well. No other data is available in the literature on the maximum
volatile matter method for predicting biomass pyrolysis volatile
release rate.

Our objective was to develop a maximum volatile release method,
including a new proposed multiple-point method (MVR-M) to
predict the bean straw pyrolysis process. The simulation results on
the weight loss behavior and volatile release rate by the DAEM,
MVR-S, and MVR-M methods were compared to the experimen-
tal data, and the accuracy of each method was evaluated.

EXPERIMENTAL

Soybean (Glycine max) straw samples, species of legume native
to East Asia, were harvested from the northern part of Jiangsu
Province, China. Leaves and small twigs of the samples were re-
moved from the branches before grinding. Before the experiment,
~100 g of samples was first crushed into small-sized powder. Then,
these powders were sieved by two standard screens corresponding
to Sauter mean diameter of 200 (75µm) and 320 (45µm). The
particles of selected sizes (45-75µm) were collected for TGA study.

TGA and differential thermal analyses (DTA) were conducted
on the bean straw using a TGA-DTA instrument (LABSYS evo,
Setaram). In each experiment, ~10-12 mg samples was heated at
heating rates of 10, 20, 40, 60, and 80 K min−1 from ambient tem-
perature to 1,170 K in an inert environment using N2 as the purg-
ing gas. The mass (m) of the fuel as a function of sample temperature
(T) was recorded for the trace.

METHODS

1. First-order Global Pyrolysis Reaction Equation
The first-order one step single-reaction model offers a simple

mathematical description of the pyrolysis (or thermal decomposi-
tion) of biomass. The rate of devolatilization for a first-order pyrol-
ysis of dry ash free biomass can be expressed by the following
equation [33].

(1)

where mv is the mass of the volatiles remaining in the sample, B is
the pre-exponential rate constant (min−1), E is the activation energy
(kJ/kmol), and R is the ideal gas constant (8.314 kJ/kmol K).

Because the heating rate (dT/dt=β) is constant, Eq. (1) can be

simplified in terms of exponential integrals as represented by the
following equation:

(2)

where X=(E/RT). Approximations for E2(X) can be found in refer-
ence [33].
2. Distributed Activation Energy Model

The pyrolysis process was assumed to consist of an infinite num-
ber of complex reactions proceeding in parallel with E ranging from
0 to infinity [19]. If δmV, E is the mass change within a short period
of time dt having an activation energy between E and E+dE, the
rate of liberation of volatiles for the first-order pyrolysis can be writ-
ten according to Eq. (1) where mv is replaced by δmV. Assuming
the Gaussian distribution of the activation energy, the fraction of
the initial total volatile mass having the activation energy between
E and E+dE can be expressed as:

(3)

where (4)

and (5)

where Em is the mean activation energy, and σ is the standard
deviation of activation energy. The Gaussian distribution indicates
that 1% mass has activation energy of E<Em-2.3 σ ; these E values
refer to low activation energy components of the volatiles. The de-
tailed calculation process for Em and σ of this method was described
by Chen et al. [6].
3. Maximum Volatile Release Method (MVR)

The maximum volatile release method single point was first
applied to simulate the amount of volatile released and the volatile
release rate of mesquite pyrolysis [6]. The maximum volatile release
rate of volatiles and the corresponding temperature Tmax can also
be determined by differentiating Eq. (1) with T and setting d2mv/
dT2=0; solving for Tmax, the kinetic constants B and E were deter-
mined [6]. Setting T=Tmax in Eqs. (1) and (2), {dmv/dT}max and {mv/
mvo)T=Tmax were obtained, leading to the following three relationships.

(6)

(7)

(8)

where Xmax is (E/RTmax).
3-1. Single Point Method (MVR-S)

Knowing Tmax and (df/dT)max from the TGA data, the two un-
knowns, E and B, can be solved from Eqs. (6) and (7), and (mv/
mv0)X=Xmax can be computed from Eq. (8). In this study, Tmax and {dmv/
dT}max at different heating rates were obtained from the TGA curves,
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and E and B were calculated and compared by using Eqs. (6)-(8).
3-2. Multiple Point Method (MVR-M)

Taking logarithm of Eq. (6) leads to the following equation:

(9)

where Tmax is a function of the heating rate β. Higher heating rate
results in lower volatile loss because of the shorter residence time
and hence more volatile matter remains in the solid; thus, Tmax

occurs at higher temperature at higher heating rates. The experi-
ments were repeated at different heating rates and a series of val-
ues for Tmax, the slope in the plot of ln(β/T2

max) versus 1/Tmax, yields

E/R value. In this study, the curve of ln(β/T2
max) versus 1/Tmax for

the bean straw pyrolysis is shown in Fig. 1, and thus Ea and B can
be obtained from this linear plot.

RESULTS AND DISCUSSION

1. Fuel Properties
Proximate and ultimate analyses of bean straw are shown in

Table 1 along with calculated properties from the analyses. Vola-
tile matter content of bean straw as received is about 83% (% of
total weight as DAF basis). Since volatile matter is very sensitive to
temperature, high volatile matter content means large amount of
weight will be lost under high temperature in the torrefaction pro-
cess. So it is important to keep the torrefaction temperature below
Tmax to avoid significant mass and energy loss.
2. Results of TGA Test

Fig. 2 shows the weight loss curves of the sample pyrolysis pro-
cess, indicating that ~10% moisture existed in the fuel; pyrolysis
was started at ~510 K at low heating rates (e.g., 10 and 20 K min−1).
The rapid pyrolysis zone occurred in the temperature range 520-
700 K in which ~60% volatile matter was released; after the com-
pletion of the experiment, ~25% fixed carbon and ash were left.
Moreover, with increasing heating rate, more material remained
inside the fuel under the same temperature (e.g., <40% mass at β=
10 K min−1, whereas >60% mass at β=80 K min−1 remained in the
fuel at 673 K), more time was required to heat the samples to the
desired temperature under low heating rates, and volatile matter
had longer time to be released from the fuels. Moreover, a low heat-
ing rate resulted in less temperature gradient inside the fuel sam-
ples which helps volatile matters to be liberated from the internal
part of the fuel. The weight-loss rate curves of the bean straw at
different heating rates are shown in Fig. 3. When the heating rate
was increased from 10 to 80K min−1, Tmax shifted to higher tempera-
tures, and the maximum volatile release rate significantly increased
and reached >50% min−1 at a heating rate of 80 K min−1. Yuan et
al. also reported that the volatile release rate when pyrolyzing cat-
tle manures increased with increasing heating rates [7]. According
to Zheng et al. [34], hemicellulose was the most reactive to tempera-
ture and thermally degraded in the temperature range 500-590 K;
cellulose degraded in the temperature range 600-670K. Lignin, which
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Fig. 2. Bean straw TGA weight loss curves at different heating rates.

Table 1. Bean straw proximate and ultimate analysis
As received
Moisture 00009.5
Ash 00006.11
VM 00070.2
FC 00014.18
Carbon 00037.65
Oxygen 00039.98
Hydrogen 00005.61
Nitrogen 00000.85
Sulfur 00000.3
HHV (kJ/kg) 15408.78

Dry, Ash Free
Moisture 00000
Ash 00000
VM 00083.19
FC 00016.81
Carbon 00044.61
Oxygen 00047.38
Hydrogen 00006.65
Nitrogen 00001.01
Sulfur 00000.35
HHV (kJ/kg) 18259.25
Chemical formula CH1.7726O0.7972N0.0194S0.0029

Fig. 1. ln(β/T2
max) versus 1/Tmax at different heating rates.
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is more chemically complex, gradually degraded over a wide tem-
perature from 443 to 1,173 K [34]. At higher heating rates, fuel sam-
ples absorbed more energy from the environment within the same
period of time, triggering more reactions simultaneously, resulting
in a rapid breakdown of molecular bonds inside hemicellulose, cel-
lulose, and lignin. Thus, the release rate significantly increased. Fig.
4 gives the remaining volatile matter percentages inside the bio-
mass at Tmax, for different heating rates. It is seen that the remaining
volatile matter percentage decreased with heating rate increasing,
especially when heating rate elevated above 60 K min−1. This is be-
cause with heat rate increasing Tmax was shifted to higher tempera-
ture and larger heat flux (e.g. high heating rate) can break the fuel
molecular bonds rapidly resulting in higher releasing rate and more
volatile matter released from the fuel.
3. Chemical Kinetics 
3-1. Chemical Kinetics of MVR-S

E and B were first calculated by the MVR-S method at five dif-
ferent heating rates, as shown in Fig. 5. E and B were in the ranges
80,000-112,000 kJ/kg (average value 98,158 kJ/kg and σ=7,340 kJ/
kg) and 10 E+7-9.2 E+8, respectively. Moreover, both E and B gen-
erally increased with increasing heating rates, and the values only
fluctuated at heating rate of 20 K min−1. Similar phenomenon was

observed by Chen et al. and Mui et al. [35, 36]. Mui et al. explained
that more reactions were simultaneously triggered at higher heating
rates, causing a sharp rise in the reaction rates with more unstable
radicals/intermediates resulting in amplified activation energy [36].
3-2. Chemical Kinetics of DAEM and MVR-M

To compare the chemical kinetics predicted by different meth-
ods, the values of E and B were also calculated by DAEM, MVR-
M, and MVR-S methods (β=40 K min−1) and are listed in Table 2.
The chemical kinetics obtained from the DAEM was higher than
that from MVR-S and MVR-M, especially the B value (1.67E+13),
which is significantly higher than the values predicted by the other
two methods. E of the bean straw was around 1.58E+05, which is
very close to that of mesquite by the DAEM method (e.g., 1.57E+5
to 1.58E+5). It may be because biomass fuels have similar compo-
sitions (hemicellulose, cellulose, and lignin) and structure in the
volatile matter. Among these compositions, hemicellulose and cel-
lulose are both polymeric carbohydrate structures, while lignin is
an amorphous cross linked resin of no distinct structure, which
binds the fibrous cellulose particles [10]. Moreover, cellulose is a
polymer, consisting of linear chains of glucopyranose units; hemi-
cellulose is a complex polysaccharide mostly in cell wall structure;
lignin is highly branched, substituted, mononuclear aromatic poly-
mer in the cell walls for certain biomass [10]. These compositions
of different biomass fuels have similar pyrolysis behaviors such as
pyrolysis starting temperature although their weight percentages
varied for different fuels [6].
4. Volatile Release Curve
4-1. Volatile Release Curves of MVR-S

By applying chemical kinetics to MVR-S, the simulated MVR-S
weight loss curves at different heating rates were obtained and com-
pared to the experimental data (Fig. 6). Among these curves, the
curve at a heating rate of 40K min−1 exhibits the least error for mod-
eling the pyrolysis, especially in the range 500-660 K. At higher heat-
ing rates, the accuracy of the prediction curves decreased. For ex-

Fig. 3. TGA weight loss rate curves at various heating rates.

Fig. 5. Activation energies and pre-exponential factors.

Fig. 4. Remaining volatile matter (wt%) for different heating rates
at peak temperature.

Table 2. E and B values by different methods

Method DAEM MVR-M MVR-S
(40 K min−1)

E (kJ/kg) 1.58E+05 6.61E+04 9.73E+04
B (1/min) 1.67E+13 1.99E+05 1.25E+08
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ample, the theoretical curves at heating rates of 60 K min−1 (pur-
ple solid and dash lines) and 80 K min−1 (yellow solid and purple
lines) exhibited large error. The root mean square errors were 5.93%
and 5.95% for heating rates of 60 K min−1 and 80 K min−1, respec-
tively, while it is only 5.17% for heating rate of 40 K min−1.
4-2. Uncertainty Analysis of Weight Loss Curve of MVR-S

Table 3 lists the error analysis of the simulated curves by the
MVR-S method at different heating rates, indicating that the sim-
ulated pyrolysis curves at heating rate of 40 K min−1 exhibited least
root mean square error (5.17%), and the maximum error at a point
was only 10.49%. Therefore, the kinetics obtained at a heating rate
of 40 K min−1 was selected and compared to those obtained by the
DAEM and MVR-M method. As a result, moderate heating rate is
recommended for biomass pyrolysis studies.
4-3. Weight Loss Curves by Different Methods

Fig. 7 shows the comparison of the simulated weight loss curves
by the DAEM, MVR-S, and MVR-M methods with the experimen-
tal data. As discussed before, DAEM is considered as an infinite
number of complex reactions proceeding in parallel in the pyroly-
sis process. DAEM (the purple dash line) fitted the experimental
data best for the entire pyrolysis domain, followed by MVR-M,
and then MVR-S. MVR-S (the red dash line) agreed well with the
experimental data at temperatures <820 K, whereas more devia-
tions occurred with further increase in the temperature. Compared
to the MVR-S, the result obtained by the MVR-M method (the
green dash line) also showed a good agreement with the experi-
mental data.

5. Volatile Release Rate Curves
5-1. Volatile Release Rate Curves of Different Methods

The volatile release rate is an important parameter in torrefac-
tion process that affects the energy density of the final product. In
this study, volatile release rates were predicted by the MVR-S, MVR-
M, and DAEM methods, and the results were compared to the
experimental data (Fig. 8). The MVR-S curve (the red dash line)
shows a good agreement with the experimental volatile release rate
in the entire pyrolysis domain and the peak point (e.g., the maxi-
mum volatile release rate point) also shows a good agreement, be-
cause B and E were selected to match the peak point of the experi-
mental data in this method. The weight loss rate curves predicted
by the DAEM and MVR-M methods presented similar deviations.
DAEM and MVR-M overestimated the Tmax and the maximum
volatile release rates were under-predicted. As a result, these mod-
els were not as accurate as the MVR-S method at predicting vola-
tile release rate and Tmax. In torrefaction, temperatures <Tmax and the
volatile release rates below a certain level were recommended to
avoid too much weight and energy loss. Even though DAEM can
well predict the amount of volatile matter remaining in the fuel, it
did not predict the release rate well, especially in the rapid pyroly-

Fig. 6. Experimental data (solid line) and theoretical prediction (dash
line) at different heating rates.

Fig. 7. Comparison of the model results (VM%) with the experimen-
tal data at heating rate 40 K/min.

Fig. 8. Comparison of the experimental data for specific weight loss
rate (% per min) versus temperature with different volatile
release reaction models.

Table 3. Error analysis of the weight loss curves at different heating
rates by MVR-S method

β (K min−1) 10 20 40 60 80
σ Root mean square

error for whole
domain of pyrolysis (%)

09.30 06.20 05.17 05.95 05.93

Maximum error (%)
at a point 16.30 12.70 10.49 12.70 12.80
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sis zone. Therefore, MVR-S method can be used to predict the
upper limit temperature for the biomass torrefaction to obtain a
high quality fuel.
5-2. Error Analysis of Different Methods

The error analysis of the different models for fuel pyrolysis of
weight process is listed in Table 4. As discussed before, the DAEM
predicted the weight loss behavior well, because the root mean
square error of the entire pyrolysis domain and the maximum error
at a point were only 2.9% and 6.96%, respectively, whereas the root
mean square error and the maximum error at a point by the MVR-
S and MVR-M methods were more than 5% and 10%, respec-
tively. Therefore, DAEM can well predict the weight loss behavior,
followed by MVR-M, and then MVR-S.

In addition to the weight loss process, an error analysis of the
volatile release rate predictions of different methods was also con-
ducted (Table 5). The root mean square error for the entire pyroly-
sis domain and the maximum error at the peak point by the MVR-
S method were 5.60% and 0%, respectively, which are lower than
those obtained by the other two methods. Particularly, at the peak
point, error was zero by the MVR-S method, because the kinetics
was selected to match the maximum volatile release rate, whereas
DAEM and MVR-M methods exhibited >13% error. Thus, these
two methods did not well describe the pyrolysis characteristics of
bean straw.
6. Comparison of Different Methods

As discussed, DAEM accounts for different activation energies
of the different chemical components within the bean straw. Thus,
DAEM was more accurate in predicting the volatile matter weight
loss process. However, chemical kinetics extracted from MVR-S
and MVR-M were only based on a single point data or multiple-
point data. These two methods do not fully represent the degree
of heterogeneity of the fuel, which indicates the activation energy
distribution. Therefore, more deviations in estimating weight loss
process were observed. Similarly, MVR-S generated more errors
than MVR-M (Table 4) in predicted weight loss process since it
was simply based on a single point.

According to Yang et al., the peak mass loss rate for hemicellu-
lose occurred at 540 K, and for cellulose occurred at 638 K; lignin
was more difficult to decompose and its decomposition occurred

slowly over the whole temperature range. Lignin is full of aromatic
rings with various branches, and the activity of the chemical bonds
in lignin covered an extremely wide range [37]. The maximum mass
loss rate of bean straw (occurred at around 630 K) may be mainly
due to the decomposition of cellulose and some hemicellulose.
Different from weight loss process, MVR-S exhibited better agree-
ment with experimental data in estimating release rate, especially
around the peak point, since E and B were extracted based on the
peak point data. As noted, both DAEM and MVR-M underesti-
mate the release rate around the peak point. These chemical kinet-
ics did not well reflect thermal decomposition of cellulose and
hemicellulose in the rapid release zone (600 K-650 K); they are more
representing pyrolysis characteristics of the whole temperature do-
main. As a result, in order to better explore the mechanics of the
volatile release rate, chemical kinetics such as activation energy of
hemicellulose and cellulose as well as lignite and the weight per-
centage of each component of the bean straw need to be deter-
mined in the future.

CONCLUSIONS

Bean straw pyrolysis processes were conducted at different heat-
ing rates (10, 20, 40, 60, and 80 K min−1). Chemical kinetics was
extracted from the experimental data. The maximum volatile release
methods including MVR-S and MVR-M as well as DAEM were
developed to simulate the bean straw pyrolysis process, and the
results obtained are as follows:

1. All these three methods (DAEM, MVR-M, and MVR-S) could
be applied to study other biomass fuel pyrolysis characteristics. The
maximum volatile release multiple point method was first time
used to simulate the biomass pyrolysis process. It reasonably pre-
dicted the bean straw weight loss process and release rate.

2. In the MVR-S method, the activation energies and pre-expo-
nents factors both increased when heating rates were increased from
10 to 80 K min−1. The activation energies were in the range 80,000-
112,000 kJ/kg (average value 98,158 kJ/kg and σ=7,340 kJ/kg). The
simulated weight loss curve at a heating rate of 40 K min−1 showed
the least error and was selected to compare with other methods.

3. For the simulated weight loss curves, the DAEM fitted the
experimental data best, followed by MVR-M, and then MVR-S.
As a result, the DAEM is recommended for predicting the bio-
mass volatile pyrolysis weight loss process. For the volatile release
rate, the MVR-S method well predicted the release rate of the
entire pyrolysis domain, especially at the peak point, whereas the
DAEM and SRM-M methods exhibited more deviations for entire
domain and the peak point.

4. Chemical kinetics extracted form MVR-S method well de-
scribed characteristics of volatile matter release rate. It could be
recommended to predict fuel torrefaction volatile release rate and
upper limit temperature of torrefaction. Compared to MVR-S, both
the DAEM and MVR-M overestimated the Tmax and underesti-
mated the volatile release rate in the rapid pyrolysis zone.
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NOMENCLATURE

E : activation energy
DAEM : distributed activation energy model
MVR : maximum volatile release
MVR-S : maximum volatile release-single point
MVR-M : maximum volatile release-multiple points
B : pre-exponential factor
TGA : thermogravimetric analysis
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