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The most accurate and up-to-date approach to modeling biomass pyrolysis is to
adopt the distributed activation energy model (DAEM). In this study, a pattern search
method to be used for the determination of DAEM kinetic parameters from the noniso-
thermal thermogravimetric analysis (TGA) data of biomass has been introduced. The
method has been applied to the nonisothermal TGA data of peanut shell sample, and
DAEM kinetic parameters of biomass samples have been determined. Calculated model
results from determined kinetic parameters have been compared with nonisothermal
TGA data of biomass.
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1. Introduction

The scarcity of natural fuel resources and the increase in biomass have led
to renewed interest in converting biomass into useful energetic products [1]. In
recent years, thermochemical processes have become some of the most promis-
ing ways for obtaining useful products from biomass [2]. The study of the kinetic
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behavior of thermal decomposition is fundamental for design and control of
those processes.

The models explaining the thermal decomposition of biomass may be inves-
tigated under two main headings as pseudo-mechanistic model involving one or
more reactions and distributed activation energy model (DAEM) [3]. The most
accurate and up-to-date approach to modeling the thermal decomposition of
biomass is to adopt DAEM [4].

Determination of DAEM kinetic parameters has some mathematical diffi-
culties because of the complex structure of DAEM equation. In the previous
studies, these parameters were established using methods such as (1) Marquardt
nonlinear regression method [5, 6]; (2) Flexible Simplex method [7]; (3) direction
search method based on the grid technique [8]. In their studies, the frequency
factor is assumed as constant.

In this study, a pattern search method to be used for the determination of
DAEM kinetic parameters (including the frequency factor) from the nonisother-
mal thermogravimetric analysis (TGA) data of biomass has been presented.

2. Nonisothermal DAEM equation

The DAEM for biomass pyrolysis may be applied to either the total
amount of volatiles released, or to the amount of an individual volatile constit-
uent [9]. The description here follows the total amount of volatiles released. The
biomass constituents are numbered i = 1 . . . n, and the released mass fraction for
the ith constituent is Vi (t). The contribution of the ith reaction is described by
the first-order equation:

dVi

dt
= ki

(
V ∗

i − Vi
)
, (1)

where V ∗
i denotes the total released mass fraction for the ith constituent. So that

V ∗
i − Vi is the amount of unreacted volatile remaining at time t.

The amount of volatiles released by this one constituent is obtained by inte-
gration of equation (1), giving:

Vi = V ∗
i − V ∗

i exp
[
−

∫ t

0
ki dt

]
. (2)

If i = 1, the model is referred to as the single first-order reaction model
(SFOR). In contrast the DAEM allows for a more complicated set of reactions
by considering a continuous distribution of reactions. In the DAEM the depen-
dence on volatile number i is replaced by a continuous dependence on activa-
tion energy E , so that the total amount of volatile available for release from the
biomass is taken to be a distribution satisfying

dV ∗ = V ∗ f(E) dE, (3)
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where f (E) is the distribution of activation energies and
∫ ∞

0
f(E) dE = 1. (4)

Thus the total amount of volatile material released up to time t is given by

V = V ∗ − V ∗
∫ ∞

0
exp

[
−

∫ t

0
k(E) dt

]
f(E) dE . (5)

Usually, the distribution f (E) is taken to be a Gaussian distribution with
mean activation energy E0 and standard deviation σ . Assuming that k(E) =
k0 exp(−E/RT ), expression (5) becomes

1 − V

V ∗ = 1

σ
√

2π

∫ ∞

0
exp

[

−k0

∫ t

0
exp

(
− E

RT

)
dt − (E − E0)

2

2σ 2

]

dE, (6)

where k0 is the frequency factor, R is the universal gas constant, and T is the
absolute temperature.

In the nonisothermal TGA, the sample is heated by using a linear heating
rate:

T = T0 + βt, (7)

where T0 is thermal decomposition initial temperature and β is the heating rate.
Considering equation (7), the nonisothermal DAEM equation is given

below:

1 − V

V ∗ = 1

σ
√

2π

∫ ∞

0
exp

[

−k0

β

∫ T

T0

exp
(

− E

RT

)
dT − (E − E0)

2

2σ 2

]

dE . (8)

3. Determination of DAEM kinetic parameters

The read values of certain T from TGA curve are written in their parts in
the following equation:

1 − V

V ∗ = wT − wf

w0 − wf
= x (9)

and the remaining mass fraction is determined. In the above equation, w0 is the
initial weight, wf the final weight and wT the weight at temperature T of the
sample analyzed by nonisothermal TGA.

In the calculation, the form of the objective function to optimize kinetic
parameters (including k0, E0, and σ ) of nonisothermal DAEM equation is

O.F. =
nd∑

i=1

(
xi,cal − xi,exp

)2
, (10)
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where xi,cal and xi,exp are calculated and experimental values of the remaining
mass fraction, respectively, nd is data number.

In the literature [10], obtained values for k0 are between 104 and 1030 s−1,
for E0 are between 50 and 350 kJ/mol, for σ between 5 and 70 kJ/mol. Using cer-
tain k0, E0, and σ values between these limits, equation (8) can be solved by a
computer program, which employs Simpson’s 1/3 rule for integration, and xi,cal
are obtained. Values of xi,exp can be obtained from TGA data of the sample.
Kinetic parameters searched for the sample studied on will be about k0, E0, and
σ values where O.F. has minimum value.

In order to determine the k0, E0, and σ values minimizing O.F. value,
a certain optimization technique will be used. It is difficult to obtain infor-
mation about gradient or higher derivations of the objective function without
explicit expression. Therefore, the optimization algorithm should be derivative-
free, robust with respect to local optima and should be require as least function
evaluations as possible to find the optimum.

In this study, we propose the use of a pattern search method, which is a
derivative-free, direct search method, and superior to other direct search methods
such as Powell method and Simplex method in both robustness and number of
function evaluations [11]. Pattern Search algorithm proceeds according to a series
of exploratory moves and pattern moves. The exploration starts from an initial
point using the specified step size in each coordinate direction. If the adjacent
move is accepted according to the objective function, the step is considered suc-
cessful. Otherwise, the step is retracted and replaced by a step in the opposite
direction, which in turn is retained depending upon whether it succeeds or fails.
When all coordinates (variables) have been investigated, the exploratory move is
completed. The resulting point is termed as the base point. If a pattern direc-
tion exists after the completed exploratory move, the search procedure proceeds
to the pattern move. A pattern move consists of a single step from the present
base point along the line from the previous base point to the current base point.
In the case of a successful pattern move, the line search along the pattern direc-
tion is conducted until there is no further acceptable move. On the other hand,
if the exploratory move does not produce improvement, then the pattern move is
discarded and the search returns to the exploratory search to find a new pattern
direction. In such situation, the step sizes of the variables are adjusted. The step
sizes will be increased first until the user-specified limit is reached. If this fails, the
step sizes will be decreased, and the exploratory moves are repeated. For more
details of pattern search method, readers are referred to the literature [12].

4. Results and discussion

For numerical examples, nonisothermal TGA data of peanut shell are used.
Ultimate analysis of peanut shell is given in table 1. Nonisothermal TGA data
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Table 1
Ultimate analysis of peanut shell (wt%, db).

Carbon 45.468
Hydrogen 5.578
Oxygen 40.517
Others 8.437
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Figure 1. Function value and mesh size versus iterative.

of peanut shell sample have been obtained with a heating rate of 10 K/min and
a nitrogen flow rate of 25 ml/min.

In this study, we use the pattern search tool of the software MATLAB
to compute the values of DAEM kinetic parameters. The MATLAB Genetic
Algorithm and Direct Search Toolbox contains the generalized pattern search
method developed by Torczon [13]. The pattern search algorithm can handles
those optimization problems that are difficult to solve with traditional optimiza-
tion techniques, including problems that computation of the objective function
is discontinuous, highly nonlinear, stochastic, has unreliable or undefined deriv-
atives.

Figure 1 plots function value and mesh size versus iterative for calculation
of the pattern search method with the initial values given in table 2. It can be
seen that the iterative computation is convergent. k0, E0, and σ values where
O.F. has minimum value 0.06625 are given in table 2.

Calculated remaining mass fraction curves are compared with noniso-
thermal TGA data in figure 2. The correlation coefficient between calculated
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Table 2
DAEM kinetic parameters for the biomass sample.

A(1/s) E0(kJ/mol) σ (kJ/mol) Function value

Initial value 1.0 × 1010 150 10 7.498
Final value 6.0218 × 1013 183.3 15.06 0.06625
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Figure 2. Comparison of remaining mass fraction curves calculated from the distributed activation
energy model with nonisothermal TGA data.

remaining mass fraction and experimental data is up to 0.99968. It can be seen
that DAEM fits the experimental data very well.

5. Conclusion

DAEM kinetic parameters used in the explanation of thermal decomposi-
tion process can be determined easily from nonisothermal TGA data of sam-
ple and through a pattern search method. Determined kinetic parameters can be
used for design and control of thermal decomposition process.
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[8] M. Günes and S. Günes, A direct search method for determination of DAEM kinetic param-
eters from nonisothermal TGA data (note), Appl. Math. Computation 130 (2002) 619–628.

[9] M.J. McGuinness, E. Donskoi and D.L.S McElwain. Asymptotic approximations to the dis-
tributed activation energy model, Appl. Math. Lett. 12 (1999) 27–34.

[10] G. Varhegyi, M.J. Antal and Jakab, E. Szabo. Kinetic modeling of biomass pyrolysis, J. Anal.
Appl. Pyrolysis 42 1997 73–87.

[11] R.M. Lewis, V. Torczon and M.W. Trosst, Direct search methods: then and now, J. Comp.
Appl. Math. 124 (2000) 191–207.

[12] R.M. Lewis and V. Torczon, Pattern search algorithms for bound constrained minimization,
SIAM J. Optim. 9 (1999) 1082–1099.

[13] V. Torczon, On the convergence of pattern search algorithms, SIAM J. Optim. 7 (1997) 1–25.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


