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Abstract−We evaluated the correlation between the biomass constituents and their kinetic values. To simplify the
models and indicate the effect of each constituent, pure biomass components and their mixtures were used as biomass
model. The experiments were set up based on simplex-lattice design. The pyrolysis of synthesized biomass was per-
formed by non-isothermal thermogravimetric analyzer. Several kinetic models in the literature, including Kissinger-
Akahira-Sunose, Ozawa-Flynn-Wall and analytical method were used to determine kinetic values for each experiment.
The generated regression models and predicted kinetic values from those methods were compared. The results obtained
from analytical model (for n≠1) showed a good agreement (R2>0.95) with those obtained from experiments. This
study also provide contour plots for all cases in order to observe the behavior of biomass pyrolysis at different compo-
nent ratio.
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INTRODUCTION

Biomass is an interesting resource that can potentially replace
fossil fuel since it can be used in short cycle. It has the potential to
contribute to the future energy and it is suitable for agricultural
countries. Thermal decomposition such as pyrolysis, combustion
and gasification is a conversion process for transformation of bio-
mass into biofuel [1]. Pyrolysis is the well-known process for bio-
mass conversion to energy under an absence of oxygen. It is the
initial step of all thermochemical conversion processes [2,3]. In addi-
tion, pyrolysis is the simplest and easiest to set up compared to gasifi-
cation [4,5].

The kinetics of biomass decomposition is the key to understand-
ing the mechanism and designing a suitable conversion process.
Non-isothermal thermogravimetric analysis (TGA) is one of the
best methods for the study of the kinetics of pyrolysis. Several kinetic
methods were used to calculate kinetic parameters including the
activation energy, frequency factor and reaction order from TGA
data with various factor effects [3,6-12]. Among several kinetic mod-
els, the iso-conversional methods such as The Kissinger - Akahira -
Sunose (KAS) method and Ozawa-Flynn-Wall (OFW) method are
the most commonly accepted for computational calculation based
on TGA and successfully used to simulate the pyrolysis behavior
of biomass [3,13-15]. These kinetic models were developed from
single-step pyrolysis. They calculate the kinetic parameters with a

progress of conversion and temperature without considering the
reaction mechanism [16]. The previous literature study reported
that KAS and OFW methods are reliable enough for calculating
activation energy of cardoon pyrolysis from TGA data [3]. Besides
these two kinetic models, the analytical model, which is derived
from single-step decomposition kinetics, was also selected [7,10,11].
The analytical model derived by an assumption of nth-order kinet-
ics is reported to be acquirable, representative, and reliable for bio-
mass pyrolysis [7]. The calculated kinetic values obtained from all
models revealed that pyrolysis of biomass were complex and multi-
step kinetics. 

To simplify the calculation of kinetic parameters, the prediction
of kinetic parameters from biomass composition has been explored
[17-21]. The correlations between main biomass components and
each kinetic parameter were proposed instead of a calculation from
TGA data. The previous study described the thermal degradation
of pistachio shells by a detailed reaction mechanism [20]. The re-
sults indicated that the expected mass loss during pistachio shell
pyrolysis derived from reaction mechanisms and discrete particle
method agreed well with experimental data. However, the major
advantage of the developed model is that it could employ the pyroly-
sis mechanism, but the model is very complex. Moreover, some
studies detected the differences between predicted values and experi-
mental data which were probably due to the interactions between
compounds and extractives [19,21]. Therefore, the development of
simply and accurate models which can potentially predict the ther-
mal behavior and kinetic values is still attractive.

Besides the development of models from reaction mechanisms,
many studies attempted to use the mathematical and statistical meth-
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ods for finding the correlation between biomass main components
and kinetic parameters. Response surface methodology (RSM), based
on simplex-lattice design, was chosen and demonstrated as a suit-
able method for examining the effect of correlated three input com-
ponents on the output data [22,23]. It is suitable for investigating
the biomass system since biomass’ three main components and sum-
mation of three proportions might be assumed to one. The previ-
ous study used simplex-lattice design (SLD) to determine the interac-
tion between the biomass components during synthesized biomass
pyrolysis [23]. The effect of each component and its interactions
on mass loss rate could be observed. However, this study did not
provide the other kinetic values.

However, there is a lack of applying this kind of model to this
research field. Therefore, the aim of this study was to develop a sim-
plified model for predicting kinetic values for biomass pyrolysis
from its main components. The correlations between mass fractions
of cellulose, hemicellulose and lignin were the input data, while
output data were activation energy, pre-exponential factor and reac-
tion order. The RSM based on SLD was chosen as a tool for this
purpose. For each point of experimental design, the synthesized
biomass was prepared at the desired ratio. The kinetic values were
evaluated from TGA data using the isoconversional methods, in-
cluding KAS and OFW methods, and also analytical method (in
cases of first-order kinetics and nth-order kinetics). The calculated
kinetic parameters obtained from three kinetic models (six cases)
were compared. The statistical analyses were also provided for all
six cases. The effect of pure biomass components and their inter-
actions were identified for each case and discussed. The regression
models and contour plots for predicted kinetic parameters were
also provided in this study to observe the interactions of biomass
components.

MATERIALS AND METHODS

1. Materials
Pure a-cellulose, xylan (a model of hemicellulose), and organo-

solv lignin were purchased from Sigma Aldrich. The real biomass,
Leucaena Leucocephala, was used to check the accuracy of
the model. The lignin content was analyzed by Tappi T222om-98
[24]. The holocellulose content (cellulose and hemicellulose) was
analyzed by the Browning method of wood chemistry [25], whilst
the a-cellulose content was analyzed by Tappi T203om-88 [26]. The
Leucaena Leucocephala was ground by biomass grinder and filtered
into particle sizes of 150-250 micron. The synthesized biomass and
real biomass were dried at 110 oC for 24 h before use.
2. Experimental Design

The simplex-lattice design (SLD) was used to determine the num-
ber of experiments and evaluate the effect of mass fraction of cel-
lulose (X1), mass fraction of hemicellulose (X2) and mass fraction
of lignin (X3) on kinetic parameters including activation energy
(Ea), frequency factor (A) and reaction order (n). The samples were
prepared by physical mixing of the three pure components at dif-
ferent ratios. Based on SLD, summation of mass fractions (X1+X2+
X3) is unity. The sample codes for total 13 combinations and the
mass fraction of each experimental design point are presented in
Table 1. The 13 experimental points were three single-component

treatments (Nos. 1, 2 and 3), six two-component mixtures (Nos. 4,
5, 8, 10, 11 and 13) and four three-component mixtures (Nos. 6, 7,
9 and 12). For each mixture, the experiments were performed at
four linear heating rates (5, 10, 20 and 40 oC min−1) with replicates.
3. Thermogravimetric Analysis (TGA)

At each experimental run based on SLD, the weight loss and dif-
ferential weight loss of synthesized and real biomass pyrolysis were
observed by thermogravimetric/differential thermal analyzer (Met-
tler Toledo TG Analyzer) under nitrogen atmosphere. The flow
rate of nitrogen gas was 50 mL min−1. Approximately 3.0 mg of sam-
ple was placed into an aluminum pan. The sample was heated from
30 to 1,000 oC at four linear heating rates.
4. Kinetic Models

The values of kinetic parameters were calculated by data interpre-
tation of thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) curves, since they present the overall weight loss
rate of biomass pyrolysis. The biomass pyrolysis can be described
by three kinetic models, including Kissinger-Akahira-Sunose (KAS),
Ozawa-Flynn-Wall (OFW) and analytical model. These methods
are based on the assumptions that the reaction rate at constant
extent of conversion is only a function of temperature [27], and
they take into consideration the one-step process decomposition
[3]. This study’s apparent kinetic ignores the effect of particle size
(heat and mass transfers) since the real pyrolysis process might be
operated by using different particle sizes of biomass.

The general reaction rate is expressed as

(1)

where α is the conversion of convertible part of biomass and cal-
culated from α=(Wo−W)/(Wo−Wash); W0 is the original weight,
W is the weight at any time t and Wash is the ash content in the sam-
ple. The function k(T) is the rate constant given by Arrhenius equa-
tion, while the function f(α) depends on the decomposition mech-
anism.

By combining the constant heating rate (β=dT/dt) and Arrhe-

dα
dt
------- = k T( )f α( )

Table 1. Sample code and mass fractions of cellulose, hemicellulose
and lignin

Sample code
Mass fraction

Cellulose Hemicellulose Lignin
01 1.00 0.00 0.00
02 0.00 1.00 0.00
03 0.00 0.00 1.00
04 0.00 0.33 0.67
05 0.00 0.67 0.33
06 0.17 0.17 0.67
07 0.17 0.67 0.17
08 0.33 0.00 0.67
09 0.33 0.33 0.33
10 0.33 0.67 0.00
11 0.67 0.00 0.33
12 0.67 0.17 0.17
13 0.67 0.33 0.00
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nius equation, Eq. (1) can be shown as Eq. (2).

(2)

Gives:

(3)

where Ea is the activation energy (kJ/kmol), R is a gas constant
(8.314 kJ/kmol·K) and T is the reaction temperature (K). The term
p(Ea/RT) is the temperature integral. The difference of iso-conven-
tional methods is due to the approximation for solving the equation.
4-1. Kissinger-Akahira-Sunose Model (KAS) [27-29]

The approximation is proposed to be:

(4)

Substitutes Eq. (4) into Eq. (3) and takes logarithm. Then, Eq.
(3) becomes:

(5)

Ea and A can be calculated by plotting curve of ln(β/T2) versus
1/T. In this study, the g(α) is equal to −ln(1−α) for first-order kinet-
ics and (n−1)−1(1−α)(1−n) for any order n.
4-2. Ozawa-Flynn-Wall (OFW) [27,30,31]

The approximation of this model is based on Doyle’s approxi-
mation [32]. Therefore, Eq. (3) becomes:

(6)

Ea and A can be calculated by plotting curve of log(β) versus 1/
T. The function g(α) is the same as indicating in Section 2.4.1.
4-3. Analytical Model

This model is derived based on single step decomposition pro-
cess. Therefore, the function f(α) in Eq. (2) is equal to (1−α)n. Then,
Eq. (2) becomes:

(7)

After solving the equation, the equations for analytical method
are given below:

for first-order kinetics:

(8)

for nth-order kinetics:

(9)

To calculate the kinetic parameters including Ea and A, the TGA
curves were fitted with analytical models (Eqs. (8) and (9)) by means
of maximizing the regression coefficient (R2). In case of any order
n of all methods, n was calculated by Kissinger index of shape equa-
tion. The shape index is defined as the absolute value of the ratio

of the slope of tangents to the curve at inflection points of differ-
ential thermal analysis (DTA) curves [28,33].

The pyrolysis of real example biomass, Leucaena Leucocephala,
was also performed. The kinetic parameters were calculated from
the proposed models. Then, the conversion curves obtained from
kinetic values of different methods were compared to that obtained
from experiment.
5. Statistical Analysis and Modeling

An analysis of variance (ANOVA) and response surface meth-
odology (RSM) were used to evaluate the effect of each biomass
constituent, determine the most significant factor on the desired
response and also generate the statistical models for predicting the
kinetic parameters. The model is expressed in terms of cubic equa-
tion (Eq. (10)) [22,34].

Y=a1X1+a2X2+a3X3+a12X1 X2+a13X1 X3+a23X2 X3 (10)
Y=+a1−2X1X2 (X1−X2)+a1−3X1X3 (X1−X3)+a2−3X2X3 (X2−X3)

where Y is an estimated response (Ea, A or n). The a1, a2, a3, a12,
a13, a23, a1−2, a1−3 and a2−3 are constant coefficients for linear and non-
linear (interaction) terms. The direction and magnitude of coeffi-
cients can illustrate the effect of each term on the desired response.
The models were also used to generate the ternary contour plots
in order to observe the influence of biomass compositions on Ea,
A and n. The models and ternary contour plots for estimated kinetic
values obtained from different kinetic models were produced and
compared to each other.

RESULTS AND DISCUSSION

1. Evaluation of Kinetic Values from Different Kinetic Models
Table 2 presents the Ea and A calculated from different kinetic

models based on first-order kinetics. The results were averaged
from eight replicates (four heating rates with two replicates per each).
Both values calculated from KAS and OFW have the same trend
and comparable values, because both methods are developed from
the same assumption with different approximations of p(Ea/RT).
The results obtained from both methods indicated that pure lignin
gave the highest Ea (~200 kJ/mol), while pure hemicellulose and
hemicellulose: lignin mixture at 0.33 : 0.67 wt : wt gave the lowest
Ea (~120-130kJ/mol). However, in case of mixtures, a different trend
was observed. Mixtures with high cellulose and hemicellulose pro-
portion gave higher Ea compared to those with high lignin pro-
portion. Moreover, the values of Ea and A in cases of mixtures cannot
be calculated from the arithmetic method (e.g., summation of mass
fractions multiplied by Ea and A of pure components). It might be
due to the interaction between each component.

Considering the case of analytical method, some differences oc-
curred. The calculated Ea and A values were much lower than those
obtained from KAS and OFW methods in many cases. The large
differences were probably because the analytical method attempts
to fit the model with experimental data without considering the
pyrolysis behavior, while the isoconversional method approximates
the reaction order from DTA data and calculates other kinetic val-
ues from larger information (simultaneously calculated from differ-
ent heating rates and progress of conversion). Anyway, the accuracy
of models was tested and is discussed further down.

dα
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-------

⎝ ⎠
⎛ ⎞exp dT

g α( ) = 
dα

f α( )
---------- = 

A
β
---- − 

Ea

RT
-------

⎝ ⎠
⎛ ⎞dT = 

AEa

βR
---------p

Ea

RT
-------

⎝ ⎠
⎛ ⎞exp

0

α

∫0

α

∫

p
Ea

RT
-------⎝ ⎠
⎛ ⎞  = − 

Ea

RT
-------⎝ ⎠

⎛ ⎞exp
Ea

RT
-------⎝ ⎠
⎛ ⎞

−2
×

β

T2
-----

⎝ ⎠
⎛ ⎞  = 

AEa

Rg α( )
--------------

⎝ ⎠
⎛ ⎞  − 

Ea

RT
-------lnln

β = A
Ea

Rg α( )
--------------

⎝ ⎠
⎛ ⎞  − 2.315 − 0.457

Ea

RT
-------

⎝ ⎠
⎛ ⎞loglog

dα
dT
------- = 

A
β
---- − 

Ea

RT
-------

⎝ ⎠
⎛ ⎞exp 1− α( )n

α =1− − 
ART2

βEa
------------- 1− 

2RT
Ea
----------

⎝ ⎠
⎛ ⎞ − 

Ea

RT
-------

⎝ ⎠
⎛ ⎞exp

⎩ ⎭
⎨ ⎬
⎧ ⎫

exp

α =1− 1− n −1( ) − 
ART2

βEa
-------------

⎝ ⎠
⎛ ⎞ 1− 

2RT
Ea
----------

⎝ ⎠
⎛ ⎞ − 

Ea

RT
-------

⎝ ⎠
⎛ ⎞exp

⎩ ⎭
⎨ ⎬
⎧ ⎫

1
1−n
---------



1084 S. Chayaporn et al.

June, 2015

The highest Ea and A values, in this case, were obtained from a
case of pure cellulose while the lowest Ea was obtained from a case
of hemicellulose: lignin mixture at 0.67 : 0.33 wt : wt (Sample no.
5). In addition, the mixtures with high cellulose proportion gave
lower Ea, while the mixtures with higher lignin proportion gave
higher Ea, excepting sample 5. This phenomenon was also reported
in the literature [21]. The previous study demonstrated that higher
Ea is required to decompose woody biomass, which has higher lig-
nin content. It is because the complex aromatic structure of lignin.
The interactions were also observed in this case. The differences of
results obtained from the former methods and those obtained from
analytical method were probably due to different assumptions of
reaction mechanism in forms of function f(α) as mentioned in Sec-
tion 2.4.

Table 3 provides the values of Ea, A and n calculated from dif-
ferent kinetic models based on nth-order kinetics. The results were

also averaged from eight replicates. It should be noted that the Ea

calculated from cases of first-order (Table 2) and nth-order kinetics
(Table 3) for both KAS and OFW had the same values, because they
were calculated from the slope of linear plots which do not involve
the calculation of n. The A and n were calculated from the inter-
cept of linear plots. However, even though the calculated A obtained
from cases of first-order and nth-order kinetics were different, the
trend was still the same.

Considering the calculated n, Table 3 shows that the apparent
reaction orders of biomass pyrolysis are larger than one, especially
in the case of using the analytical method. KAS and OFW gave
the same n values since they were calculated from the same DTA
curve. It can be seen that reaction order obtained from pure com-
ponents was lower than those obtained from mixtures. When the
different compound was added to other compounds, the several
decomposition reactions were parallel occurring due to the decom-

Table 2. Predicted kinetic values obtained from different decomposition models

Sample
code

KAS OFW Analytical method
Ea (kJ/mol) A (min−1) Ea (kJ/mol) A (min−1) Ea (kJ/mol) A (min−1)

01 145.0 1.0E+12 147.6 2.0E+12 143.2 3.7E+12
02 123.0 9.7E+10 126.0 2.2E+11 090.0 1.8E+06
03 199.8 2.3E+16 199.9 2.4E+16 103.4 4.4E+05
04 120.8 4.0E+10 124.0 8.2E+10 103.9 2.8E+06
05 164.5 2.7E+14 165.5 7.1E+10 069.3 6.7E+05
06 142.0 2.6E+11 145.0 5.3E+11 104.8 1.7E+06
07 165.8 8.8E+14 166.6 1.2E+15 095.5 1.8E+06
08 179.9 1.0E+15 181.0 1.2E+15 108.2 1.6E+07
09 141.2 1.8E+11 144.3 3.7E+11 103.9 2.1E+06
10 164.4 6.2E+14 165.3 8.0E+14 104.5 1.8E+07
11 142.0 2.6E+11 134.9 4.9E+11 093.9 2.5E+07
12 169.7 3.5E+15 171.5 3.9E+15 086.1 6.0E+04
13 183.6 6.3E+13 184.7 2.5E+15 090.7 6.4E+05

Biomass 178.6 1.0E+15 179.5 1.3E+15 100.4 1.7E+06

Table 3. Predicted kinetic values obtained from different decomposition models for n≠1

Sample
code

KAS OFW Analytical method
Ea (kJ/mol) A (min−1) n (-) Ea (kJ/mol) A (min−1) n (-) Ea (kJ/mol) A (min−1) n (-)

01 145.0 1.50E+12 1.4 147.6 2.80E+12 1.4 178.1 9.38E+13 1.6
02 123.0 1.60E+11 1.5 126.0 5.00E+12 1.5 083.6 7.60E+07 1.1
03 199.8 2.50E+16 1.2 199.9 2.20E+12 1.2 068.3 1.82E+05 1.1
04 120.8 5.00E+10 1.3 124.0 1.20E+11 1.3 074.3 4.00E+04 6.2
05 164.5 4.80E+14 1.6 165.5 7.80E+14 1.6 72. 1.10E+05 6.5
06 142.0 5.20E+11 1.8 145.0 1.10E+12 1.8 074.5 3.60E+04 5.9
07 165.8 1.40E+15 1.5 166.6 3.50E+12 1.5 082.1 3.80E+07 6.4
08 179.9 1.70E+15 1.6 181.0 2.10E+15 1.6 117.6 6.40E+08 7.1
09 141.2 3.10E+11 1.6 144.3 4.90E+12 1.6 89. 2.10E+06 6.5
10 164.4 1.20E+15 1.6 165.3 1.50E+15 1.6 084.7 6.80E+07 5.8
11 142.0 3.90E+11 1.5 134.9 8.60E+11 1.5 127.6 1.10E+09 5.9
12 169.7 5.20E+15 1.5 171.5 3.10E+12 1.5 118.9 6.40E+08 5.6
13 183.6 4.40E+15 1.7 184.7 5.10E+15 1.7 081.3 9.80E+05 4.8

Biomass 178.6 3.10E+15 2.0 179.5 3.80E+15 2.0 125.1 9.70E+09 1.4
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position of the added compounds and also interactions between
all components. Multiple reactions including several parallel first-
order reactions can be expressed by an apparent nth-order reaction
[35]. The calculated n was thus increased in case of mixture.

In case of using analytical method, n values for pyrolysis of the
mixtures were much higher than those obtained from KAS and
OFW. Higher lignin content gave higher n values. Besides the n,
the trends of Ea and A were different from those obtained from
other isoconversional methods. The highest Ea was obtained in a case
of pure cellulose, higher than a case of pure lignin. Higher cellulose
content needed higher Ea during pyrolysis based on these results.

Besides the pyrolysis of synthesized biomass, real biomass pyrol-
ysis, Leucaena Leucocephala, was performed. The kinetic values of
biomass pyrolysis are presented in Tables 2 and 3 as well. The n ob-
tained from this method was very large compared to that obtained
from other models, indicating very complex reactions occurred.
Fig. 1(a) and (b) show the conversion curves obtained from calcu-
lated kinetic values. Fig. 1(a) presents the conversion curves for case
of first-order kinetics, and Fig. 1(b) presents the curves for nth-order
kinetics. The regression coefficients (R2) for each case are shown
in Table 4. The conversion rate of Fig. 1(a) and 1(b) was calculated
by Eq. (1) with the initial and final temperatures of 100 oC and 700 oC,
respectively. This temperature range ignores the weight change due
to the evaporation of moisture and focuses mainly on the decom-
position or pyrolysis step of biomass. The pyrolysis of biomass com-

monly occurs in this temperature range [3,8,10,11,37]. Conversion
curves obtained from the analytical model showed the best fit to
experimental data, possibly because the analytical method was fit-
ted to experimental data directly to calculate the kinetic parameters,
resulting in the highest R2. However, differences were observed be-
tween experimental and predicted data at relatively low temperature
and high temperature. It was due to the assumption of the kinetic
model since the kinetic model was developed based on single-step
decomposition. In fact, the biomass pyrolysis involves multi-step
degradation. At low temperature, the conversion is due to the mois-
ture evaporation, while the conversion at high temperature is due
to lignin degradation. Therefore, the deviation of predicted values
from experimental values was sometimes observed at these steps.
However, the predicted conversion rate was highly accurate at the
session in which mostly decomposition occurred.

In case of isoconversional methods, they also simulate the bio-
mass pyrolysis as a one-step process and neglect the physical and
chemical nature of the pyrolysis process. The details in diffusion,
adsorption, desorption and other occurring phenomena as well as
the whole reaction scheme are not considered [3]. The errors in
the calculated values obtained from KAS and OFW were probably
due to the assumption of f(a) and g(α). The other reaction models
including nucleation or diffusional model might be applied instead.
2. Statistical Analysis and Modeling
2-1. Analysis of Variance for First-order Kinetics

To evaluate the effect of cellulose, hemicellulose and lignin on
the kinetic parameters and understand the interaction between them,
the simplex-lattice design was used. Based on this experimental
design, the synthesized biomass was prepared as described in Sec-
tion 2.2. Then ANOVA was applied to analyze the effect of response
as described in Section 2.5. The p-value indicates the probability of
kinetic parameters affected from each term of model. The terms
which have p-value less than 0.05 have an important effect on the
kinetic parameters during biomass pyrolysis. All analysis results
are shown in Appendix A (Table A.1). For the case of using the
KAS model, the results demonstrated that the interaction terms
including quadratic term between cellulose and hemicellulose (X1X2)
and cubic term between hemicellulose and lignin (X2X3(X2−X3))
had a statistically significant effect on Ea. By the same way, the results
indicated that the linear terms, interaction terms including X1X3,
X2X3, X1X3(X1−X3) and X2X3(X2−X3), had a statistically significant
effect on A. In case of using OFW, the important factors which have
significant effect on both parameters were almost the same as the
case of using KAS, excepting the X1X2X3 term. As mentioned above,
both KAS and OFW were developed by the same way excepting

Fig. 1. Relation between temperature and conversion (wt/wt) of bio-
mass pyrolysis obtained from different methods for first-order
kinetics (a) and any-order kinetics (b).

Table 4. Regression coefficients of the decomposition curves gener-
ated from KAS, OFW and analytical method for biomass
pyrolysis

Method
Regression coefficients (R2)

n=1 n≠1
KAS 0.77 0.73
OFW 0.76 0.73
Analytical method 0.98 1.00
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an approximation of g(α). Therefore, the calculated kinetic values
and also ANOVA for both cases were comparable.

For the analytical method, the analysis results were different. The
statistical analysis results presented that the linear terms and inter-
action including X1X3 and X1X2(X1−X2) had a significant effect on
Ea while all terms excluding X2X3 and X2X3(X2−X3) had significant
effect on A. The effect of each component was unclear in case of
Ea. However, in case of A, it seems that the cellulose proportion
was the dominant factor since all terms containing X1 had a signif-
icant effect on A. This result differs from other models. Considering
the trend of conversion curves in Fig. 1 and R2 values in Table 4,
the calculated kinetic parameters obtained from analytical method
provided higher R2. Therefore, the analysis results obtained from
this model must be concerned. The cellulose pyrolysis has higher
decomposition rate due to its simple ordered repeating unit, cello-
biose. The TGA data (not shown here) indicated that cellulose de-
composes rapidly in a narrow temperature range, resulting in high
reaction rate, while lignin decomposes at wider temperature range.
This observation was consistent with other previous studies [36,37].
The cellulose pyrolysis thus influenced the decomposition rate for all
synthesized biomass which contain cellulose in their composition.
2-2. Analysis of Variance for nth-order Kinetics

The statistical analysis results are shown in Appendix A (Table
A.2). In this section, only the analysis results for case of using ana-
lytical method (Table A.2(g)-(i)) are discussed. The results indicated
that linear terms and interaction between cellulose and hemicellu-
lose (X1X2) had a significant effect on Ea. No interaction effect was
observed. In case of A, the effluent factors were the same as the
case of first-order kinetics, which confirmed that cellulose acts as
the dominant factor on decomposition rate of biomass pyrolysis.
For n, the two quadratic terms and interactions between all pure
components (X1X2X3) were indicated as the important factors. The
interactions between all pure components were obviously seen since
the n values of pure components were below two (Table 3) and dra-
matically increased by mixing together. The several components
contain in hemicellulose and lignin provided parallel nth-order reac-
tion, leading to higher n.

The ANOVA analysis for KAS and OFW methods is also pro-
vided in Table A.2. As expected, the results for Ea and n obtained
from both methods are similar. However, the case of A was differ-
ent. It is difficult to determine what makes the large difference on
statistical analysis between these methods. Table 3 shows that the
calculated values of A were almost equal and comparable. In addi-
tion, the only one thing which is different from each other is the
approximation of g(α) term. 
2-3. Modeling and Ternary Contour Plot

To predict and observe the variation of Ea, A and n at different
biomass compositions, the regression models and contour plots
were also generated. The regression models for predicting kinetic
parameters based on analytical method are shown in Appendix B
(Eqs. (B.1)-(B.5)). Considering the coefficient of each term, it pro-
vided an insight into ranking the importance of each term corre-
spondence with the ANOVA analysis. The positive coefficient in-
dicated that an increase in term magnitude increased the kinetic
values, while the negative coefficient indicated the opposite effect.
The R2 values of all models were above 0.95, which revealed very

good agreement of predicted values from regression models and
experiments.

The response of each kinetic parameter was graphically repre-
sented as ternary contour plot (Figs. 2 and 3). Based on SLD, all
13 points of experiments are located inside the triangle. It means
that the sum of proportions of cellulose, hemicellulose and lignin
was always unity. Fig. 2 shows the contour plots of Ea and A for
first-order kinetics and Fig. 3 shows the plots for nth-order kinet-
ics, with respect to the regression models. The interactions between
biomass components were obviously seen. The variation in bio-
mass composition was the important key to predict the kinetic of
its pyrolysis and observe the thermal behavior as well.

Regression models and ternary contour plots for predicting kinetic
parameters based on KAS and OFW methods were also provided
in Appendices B and C, respectively. All regression models, exclud-

Fig. 2. Ternary contour plots of predicted activation energy (a) and
pre-exponential factor (b) obtained from analytical method
for first-order kinetics.
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ing the case of n, had high R2. The relatively low R2 of regression
model for n revealed that the model could not be used to predict
the accurate values for those kinetic models. On the other hand,
the model generated from SLD might not do enough to predict
the values of n obtained from Kissinger index of shape equation.

CONCLUSIONS

The variation of biomass composition plays an important role
in its thermal behavior. The calculated kinetic values from three
kinetic models showed the different results and trend. Compared
to the conversion curve of real biomass, the conversion curve gen-
erated from analytical method showed the best fit compared to that
obtained from other kinetic models. Based on SLD and analytical
model, cellulose proportion was the most important factor influ-
encing the A and n. The proposed regression models showed very
high R2 values, almost equal to unity. The generated contour plots
could be used to observe the variation of kinetic parameters at dif-
ferent biomass composition.
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APPENDIX A

ANOVA analysis of kinetic parameters from KAS, OFW and
analytical method (first-order kinetics)

Table A.1. The analysis of variance (ANOVA) for first-order kinetic
values of biomass pyrolysis

(a) Activation energy obtained from KAS method

Source Sum of
squares DF Mean

square F value P-value>F

Model 6,494.30 9 721.59 9.22 0.05
Linear mixture 618.21 2 309.10 3.95 0.14
X1X2 1,716.32 1 1,716.32 21.93 0.02a

Table A.1. Continued
(a) Activation energy obtained from KAS method

Source Sum of
squares DF Mean

square F value P-value>F

X1X3 116.37 1 116.37 1.49 0.31
X2X3 393.69 1 393.69 5.03 0.11
X1X2X3 147.75 1 147.75 1.89 0.26
X1X2(X1−X2) 198.97 1 198.97 2.54 0.21
X1X3(X1−X3) 100.62 1 100.62 1.29 0.34
X2X3(X2−X3) 3,096.39 1 3,096.39 39.56 0.01a

Residual 234.82 3 78.27
Total 6,729.13 12

(b) Pre-exponential factor obtained from KAS method

Source Sum of
squares DF Mean

]square F value P-value>F

Model 4.61E+32 9 5.12E+31 42.45 >0.01a

Linear mixture 1.65E+32 2 8.26E+31 68.46 >0.00a

X1X2 1.98E+29 1 1.98E+29 0.16 >0.71
X1X3 1.16E+32 1 1.16E+32 96.34 >0.00a

X2X3 1.33E+32 1 1.33E+32 110.28 >0.00a

X1X2X3 1.09E+31 1 1.09E+31 9.06 >0.06
X1X2(X1−X2) 3.89E+29 1 3.89E+29 0.32 >0.61
X1X3(X1−X3) 3.70E+31 1 3.70E+31 30.68 >0.01a

X2X3(X2−X3) 3.63E+31 1 3.63E+31 30.07 >0.01a

Residual 3.62E+30 3 1.21E+30
Total 4.65E+32 12

(c) Activation energy obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

Model 6,230.46 9 692.27 6.68 0.07
Linear mixture 505.64 2 252.82 2.44 0.24
X1X2 1,591.80 1 1,591.80 15.35 0.03a

X1X3 225.60 1 225.60 2.18 0.24
X2X3 389.62 1 389.62 3.76 0.15
X1X2X3 70.14 1 70.14 0.68 0.47
X1X2(X1−X2) 251.16 1 251.16 2.42 0.22
X1X3(X1−X3) 230.81 1 230.81 2.23 0.23
X2X3(X2−X3) 2,863.61 1 2,863.61 27.61 0.01a

Residual 311.13 3 103.71
Total 6,541.59 12

(d) Pre-exponential factor obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

Model 5.13E+32 9 5.70E+31 112.31 >0.00a

Linear mixture 1.65E+32 2 8.25E+31 162.65 >0.00a

X1X2 3.16E+30 1 3.16E+30 6.23 >0.09
X1X3 1.31E+32 1 1.31E+32 257.40 >0.00a

X2X3 1.50E+32 1 1.50E+32 295.12 >0.00a

X1X2X3 8.55E+30 1 8.55E+30 16.86 >0.03a

X1X2(X1−X2) 3.60E+30 1 3.60E+30 7.09 >0.08
X1X3(X1−X3) 3.61E+31 1 3.61E+31 71.17 >0.00a
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ANOVA analysis of kinetic parameters from KAS, OFW and
analytical method (nth-order kinetics)

Table A.1. Continued
(d) Pre-exponential factor obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

X2X3(X2−X3) 4.14E+31 1 4.14E+31 81.69 >0.00a

Residual 1.52E+30 3 5.07E+29
Total 5.14E+32 12

(e) Activation energy obtained from analytical method

Source Sum of
squares DF Mean

square F value P-value>F

Model 3,255.28 9 361.70 7.69 0.06
Linear mixture 995.56 2 497.78 10.58 0.04a

X1X2 336.96 1 336.96 7.16 0.08
X1X3 559.88 1 559.88 11.90 0.04a

X2X3 107.86 1 107.86 2.29 0.23
X1X2X3 146.81 1 146.81 3.12 0.18
X1X2(X1−X2) 766.25 1 766.25 16.28 0.03a

X1X3(X1−X3) 364.69 1 364.69 7.75 0.07
X2X3(X2−X3) 332.46 1 332.46 7.06 0.08
Residual 141.19 3 47.06
Total 3,396.47 12

(f) Pre-exponential factor obtained from analytical method

Source Sum of
squares DF Mean

square F value P-value>F

Model 1.24E+25 9 1.38E+24 73.02 >0.00a

Linear mixture 4.68E+24 2 2.34E+24 124.38 >0.00a

X1X2 3.41E+24 1 3.41E+24 181.25 >0.00a

X1X3 3.41E+24 1 3.41E+24 181.25 >0.00a

X2X3 5.22E+20 1 5.22E+20 0.03 >0.88
X1X2X3 2.20E+23 1 2.20E+23 11.67 >0.04a

X1X2(X1−X2) 7.98E+23 1 7.98E+23 42.39 >0.01a

X1X3(X1−X3) 7.98E+23 1 7.98E+23 42.39 >0.01a

X2X3(X2−X3) 0.00E+00 1 0.00E+00 0.00 >1.00
Residual 5.65E+22 3 1.88E+22
Total 1.24E+25 12

aSignificant F-values at the 95% confidence level (p-value≤0.05)
DF=Degrees of freedom

Table A.2. The analysis of variance (ANOVA) for nth-order kinetic
values of biomass pyrolysis

(a) Activation energy obtained from KAS method

Source Sum of
squares DF Mean

square F value P-value>F

Model 6,494.30 9 721.59 9.22 0.05
Linear mixture 618.21 2 309.10 3.95 0.14
X1X2 1,716.32 1 1,716.32 21.93 0.02a

X1X3 116.37 1 116.37 1.49 0.31

Table A.2. Continued
(a) Activation energy obtained from KAS method

Source Sum of
squares DF Mean

square F value P-value>F

X2X3 393.69 1 393.69 5.03 0.11
X1X2X3 147.75 1 147.75 1.89 0.26
X1X2(X1−X2) 198.97 1 198.97 2.54 0.21
X1X3(X1−X3) 100.62 1 100.62 1.29 0.34
X2X3(X2−X3) 3,096.39 1 3,096.39 39.56 0.01a

Residual 234.82 3 78.27
Total 6,729.13 12

(b) Pre-exponential factor obtained from KAS method

Source Sum of
squares DF Mean

square F value P-value>F

Model 5.74E+32 9 6.38E+31 76.91 >0.00a

Linear mixture 1.68E+32 2 8.42E+31 101.54 >0.00a

X1X2 8.70E+30 1 8.70E+30 10.49 >0.05
X1X3 1.41E+32 1 1.41E+32 170.22 >0.00a

X2X3 1.62E+32 1 1.62E+32 195.14 >0.00a

X1X2X3 6.50E+30 1 6.50E+30 7.84 >0.07
X1X2(X1−X2) 1.00E+31 1 1.00E+31 12.11 >0.04a

X1X3(X1−X3) 3.77E+31 1 3.77E+31 45.51 >0.01a

X2X3(X2−X3) 5.25E+31 1 5.25E+31 63.31 >0.00a

Residual 2.49E+30 3 8.29E+29
Total 5.76E+32 12

(c) Reaction order obtained from KAS method

Source Sum of
squares DF Mean

square F value P-value>F

Model 0.27 9 0.03 1.23 0.48
Linear mixture 0.06 2 0.03 1.29 0.39
X1X2 0.03 1 0.03 1.33 0.33
X1X3 0.07 1 0.07 2.98 0.18
X2X3 0.01 1 0.01 0.34 0.60
X1X2X3 0.00 1 0.00 0.00 0.98
X1X2(X1−X2) 0.01 1 0.01 0.55 0.51
X1X3(X1−X3) 0.08 1 0.08 3.19 0.17
X2X3(X2−X3) 0.00 1 0.00 0.01 0.94
Residual 0.07 3 0.02
Total 0.34 12

(d) Activation energy obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

Model 6,230.46 9 692.27 6.68 0.07
Linear mixture 505.64 2 252.82 2.44 0.24
X1X2 1,591.80 1 1,591.80 15.35 0.03a

X1X3 225.60 1 225.60 2.18 0.24
X2X3 389.62 1 389.62 3.76 0.15
X1X2X3 70.14 1 70.14 0.68 0.47
X1X2(X1−X2) 251.16 1 251.16 2.42 0.22
X1X3(X1−X3) 230.81 1 230.81 2.23 0.23
X2X3(X2−X3) 2,863.61 1 2,863.61 27.61 0.01a
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APPENDIX B

Regression models of predicted kinetic parameters from analyt-
ical method 

For first-order kinetics
Activation
energy:

142.8X1+89.3 X2+103.3 X3−81.9 X1 
X2−105.6 X1 X3−46.3 X2 X3+352.43 
X1 X2 X3−236.5X1X2(X1-X2)−163.2 
X1X3(X1-X3)−155.8X2X3(X2-X3)

R2=0.96 (B.1)

Pre-exponential
factor:

(3.7E+12)X1− (7.9E+09) X2−
(7.9E+09) X3− (8.2E+12) X1 X2−
(8.2E+12) X1 X3−(1.0E+11) X2 
X3+(1.4E+13) X1 X2 X3− (7.6E+12) 
X1X2(X1-X2)− (7.6E+12) X1X3(X1-
X3)−(2.9E+07) X2X3(X2-X3)

R2=>0.99 (B.2)

For nth-order kinetics
Activation
energy:

177.3X1+83.5 X2+68.9 X3−204.9 X1 
X2−2.7 X1 X3−23.9 X2 X3+101.9X1 
X2 X3−175.4X1X2(X1-X2)−65.1 
X1X3(X1-X3)+4.7 X2X3(X2-X3)

R2=0.96 (B.3)

Table A.2. Continued
(d) Activation energy obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

Residual 311.13 3 103.71
Total 6,541.59 12

(e) Pre-exponential factor obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

Model 2.48E+31 9 2.76E+30 5.46 0.09
Linear mixture 2.29E+30 2 1.14E+30 2.26 0.25
X1X2 1.08E+31 1 1.08E+31 21.45 0.02a

X1X3 8.52E+29 1 8.52E+29 1.69 0.28
X2X3 2.39E+29 1 2.39E+29 0.47 0.54
X1X2X3 6.62E+30 1 6.62E+30 13.12 0.04a

X1X2(X1−X2) 5.09E+30 1 5.09E+30 10.07 0.05
X1X3(X1−X3) 4.04E+30 1 4.04E+30 8.01 0.07
X2X3(X2−X3) 7.02E+29 1 7.02E+29 1.39 0.32
Residual 1.51E+30 3 5.05E+29
Total 2.63E+31 12

(f) Reaction order obtained from OFW method

Source Sum of
squares DF Mean

square F value P-value>F

Model 0.27 9 0.03 1.23 0.48
Linear mixture 0.06 2 0.03 1.29 0.39
X1X2 0.03 1 0.03 1.33 0.33
X1X3 0.07 1 0.07 2.98 0.18
X2X3 0.01 1 0.01 0.34 0.60
X1X2X3 0.00 1 0.00 0.00 0.98
X1X2(X1−X2) 0.01 1 0.01 0.55 0.51
X1X3(X1−X3) 0.08 1 0.08 3.19 0.17
X2X3(X2−X3) 0.00 1 0.00 0.01 0.94
Residual 0.07 3 0.02
Total 0.34 12

(g) Activation energy obtained from analytical method

Source Sum of
squares DF Mean

square F value P-value>F

Model 11,277.52 9 1253.06 8.05 0.07
Linear mixture 8,318.79 2 4159.39 26.71 0.01a

X1X2 2,109.19 1 2109.19 13.54 0.03a

X1X3 0.36 1 0.36 0.00 0.96
X2X3 28.79 1 28.79 0.18 0.70
X1X2X3 12.28 1 12.28 0.08 0.80
X1X2(X1−X2) 421.30 1 421.30 2.71 0.20
X1X3(X1−X3) 58.00 1 58.00 0.37 0.58
X2X3(X2−X3) 0.31 1 0.31 0.00 0.97
Residual 467.23 3 155.74
Total 11,744.76 12

Table A.2. Continued
(h) Pre-exponential factor obtained from analytical method

Source Sum of
squares DF Mean

square F value P-value>F

Model 8.1E+27 9 9.0E+26 73.0 >0.00a

Linear mixture 3.1E+27 2 1.5E+27 124.4 >0.00a

X1X2 2.2E+27 1 2.2E+27 181.3 >0.00a

X1X3 2.2E+27 1 2.2E+27 181.3 >0.00a

X2X3 3.4E+23 1 3.4E+23 0.0 >0.88
X1X2X3 1.4E+26 1 1.4E+26 11.7 >0.04a

X1X2(X1−X2) 5.2E+26 1 5.2E+26 42.4 >0.01a

X1X3(X1−X3) 5.2E+26 1 5.2E+26 42.4 >0.01a

X2X3(X2−X3) 0.0E+00 1 0.0E+00 0.0 >1.00
Residual 3.7E+25 3 1.2E+25
Total 8.1E+27 12

(i) Reaction order obtained from analytical method

Source Sum of
squares DF Mean

square F value P-value>F

Model 56.22 9 6.25 34.53 >0.01a

Linear mixture 0.42 2 0.21 1.16 >0.42
X1X2 16.67 1 16.67 92.17 >0.00a

X1X3 27.05 1 27.05 149.51 >0.00a

X2X3 27.42 1 27.42 151.56 >0.00a

X1X2X3 2.72 1 2.72 15.02 >0.03a

X1X2(X1−X2) 0.66 1 0.66 3.67 >0.15
X1X3(X1−X3) 0.41 1 0.41 2.24 >0.23
X2X3(X2−X3) 0.18 1 0.18 0.99 >0.39
Residual 0.54 3 0.18
Total 56.76 12

aSignificant F-values at the 95% confidence level (p-value≤0.05)
DF=Degrees of freedom
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Regression models of predicted kinetic parameters from KAS

Regression models of predicted kinetic parameters from OFW

APPENDIX C

Contour plots of predicted kinetic parameters from KAS and
OFW

Pre-exponential
factor:

(9.3E+13)X1− (2.0E+11) X2−
(2.0E+11) X3−(2.1E+14) X1 X2−
(2.1E+14) X1 X3−(2.6E+12) X2 
X3+(3.5E+14) X1 X2 X3−
(2.0E+14)X1X2(X1-X2)− (2.0E+14) 
X1X3(X1-X3)+(2.6E+08) X2X3(X2-X3)

R2=>0.99 (B.4)

Reaction order: 1.6X1+1.1 X2+1.4 X3+18.2 X1 
X2+23.2 X1 X3+23.4 X2 X3−47.9 X1 
X2 X3−7.0 X1X2(X1-X2)−5.4 
X1X3(X1-X3)+3.6 X2X3(X2-X3)

R2=0.99 (B.5)

For first-order kinetics
Activation
energy:

145.3X1+123.8 X2+200.7 X3+184.8 
X1 X2−48.1 X1 X3−88.5 X2 X3−353.5 
X1 X2 X3+120.5X1X2(X1-X2)−85.7 
X1X3(X1-X3)+475.5 X2X3(X2-X3)

R2=0.97 (B.6)

Pre-exponential
factor:

− (4.0E+13)X1+(6.8E+13) 
X2+(2.3E+16)X3+(2.0E+15)X1 X2−
(4.8E+16) X1 X3− (5.1E+16) X2 
X3+(9.6E+16) X1 X2 X3+(5.3E+15) 
X1X2(X1-X2)+(5.2E+16) X1X3(X1-
X3)+(5.1E+16) X2X3(X2-X3)

R2=0.99 (B.7)

For nth-order kinetics
Activation
energy:

145.3X1+123.8 X2+200.7 X3+184.8 
X1 X2−48.1 X1 X3−88.5 X2 X3−353.5 
X1 X2 X3+120.5X1X2(X1-X2)−85.7 
X1X3(X1-X3)+475.5 X2X3(X2-X3)

R2=0.97 (B.8)

Pre-exponential
factor:

− (3.1E+12)X1+(5.9E+13) 
X2+(2.5E+16) X3+(1.3E+16) X1 X2−
(5.3E+16) X1 X3− (5.7E+16) X2 
X3+(7.4E+16) X1 X2 X3+(2.7E+16) 
X1X2(X1-X2)+(5.2E+16) X1X3(X1-
X3)+(6.2E+16) X2X3(X2-X3)

R2=>0.99 (B.9)

Reaction order: 1.4X1+1.5 X2+1.1 X3+0.8 X1 X2+1.2 
X1 X3+0.4 X2 X3+0.1 X1 X2 X3+1.0 
X1X2(X1-X2)−2.4 X1X3(X1-X3)−0.1 
X2X3(X2-X3)

R2=0.79 (B.10)

For first-order kinetics
Activation
energy:

147.8X1+126.8 X2+200.8 X3+178.0 
X1 X2−67.0 X1 X3−88.1 X2 X3−243.6 
X1 X2 X3+135.4X1X2(X1-X2)−129.8 
X1X3(X1-X3)+457.3 X2X3(X2-X3)

R2=0.95 (B.11)

Pre-exponential
factor:

− (1.1E+13)X1+(4.2E+13) 
X2+(2.4E+16) X3+(7.9E+15) X1 X2−
(5.1E+16) X1 X3− (5.5E+16) X2 
X3+(8.5E+16) X1 X2 
X3+(1.6E+16)X1X2(X1-
X2)+(5.1E+16) X1X3(X1-
X3)+(5.5E+16) X2X3(X2-X3)

R2=>0.99 (B.12)

For nth-order kinetics

Activation
energy:

147.8X1+126.8 X2+200.8 X3+178.0 
X1 X2−67.0 X1 X3−88.1 X2 X3−243.6 
X1 X2 X3+135.4X1X2(X1-X2)−129.8 
X1X3(X1-X3)+457.3 X2X3(X2-X3)

R2 = 0.95 (B.13)

Pre-exponential
factor:

-(4.2E+12)X1–(6.3E+13) X2– 
(4.3E+13) X3+(1.5E+16) X1 
X2+(4.1E+15) X1 X3+(2.2E+15) X2 
X3–(7.5E+16) X1 X2 
X3+(1.9E+16)X1X2(X1-X2)–
(1.7E+16) X1X3(X1-X3)+(7.2E+15) 
X2X3(X2-X3)

R2 = 0.94 (B.14)

Reaction order: 1.4X1+1.5 X2+1.1 X3+0.8 X1 X2+1.2 
X1 X3+0.4 X2 X3+0.1 X1 X2 
X3+1.0X1X2(X1-X2)−2.4 X1X3(X1-
X3)−0.1 X2X3(X2-X3)

R2 = 0.79 (B.15)

Fig. C.1. Ternary contour plots of predicted activation energy (for
first-order kinetics) obtained from KAS (a) and OFW (b).



1092 S. Chayaporn et al.

June, 2015

Fig. C.2. Ternary contour plots of predicted frequency factor (for
first-order kinetics) obtained from KAS (a) and OFW (b).

Fig. C.3. Ternary contour plots of predicted activation energy (for
any-order kinetics) obtained from KAS (a) and OFW (b).
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Fig. C.4. Ternary contour plots of predicted frequency factor (for
any-order kinetics) obtained from KAS (a) and OFW (b).

Fig. C.5. Ternary contour plots of predicted reaction order (for any-
order kinetics) obtained from KAS (a) and OFW (b).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


