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Nonisothermal nth-order distributed activation energy model (DAEM) was derived.
Numerical solutions of the nonisothermal nth-order DAEM equation were performed.
The influences of various parameters relevant to biomass pyrolysis on numerical results
of the nonisothermal nth-order DAEM equation were also studied. Investigated param-
eters are heating rate, the mean of activation energy distribution, standard deviation of
activation energy distribution, frequency factor and reaction order. The study results
can be further responsible for determination of nth-order DAEM kinetic parameters
from thermogravimetric analysis data of biomass.
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1. Introduction

The distributed activation energy model (DAEM) has been proved very suc-
cessful in kinetic analysis of complex material [1]. While our focus here is pri-
marily on values of parameters relevant to biomass, the DAEM also applies to
the pyrolysis of other materials, including coals [2–4], petroleum residues [5],
resin chars [6] and oil shales [7].
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Numerical solutions of the reaction kinetic models are used to determine
the kinetic parameters. To obtain realistic results, parameters affecting kinetic
equations must be known. A detailed review of the influences of various param-
eters on the single-reaction model can be found in the literature [8]. Günes and
Günes [9] investigated the influences of various parameters on the first-order
DAEM. In this work, the nth-order DAEM equation has been derived and the
influences of various parameters relevant to biomass pyrolysis on numerical solu-
tions of nth-order DAEM have been performed.

2. Nonisothermal nth-order 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 constitu-
ent [10]. The description here follows the total amount of volatiles released. The
biomass constituents are numbered i = 1, . . . , m, and the released mass fraction
for the ith constituent is Vi (t). The contribution of ith reaction is described by
the pseudo-nth-order equation:

d
(
Vi/V ∗

i

)

dt
= ki

(
V ∗

i − Vi

V ∗
i

)n

, (1)

where V ∗
i denotes the total released mass fraction for the ith constituent, n the

ith reaction order and ki is the ith reaction rate.
It is assumed that ki ’s are given by Arrhenius expression [8]:

ki = Ai e−Ei /RT , (2)

where Ai is the frequency or pre-exponential factor of the ith reaction process,
Ei the activation energy of the ith reaction process, R the universal gas constant
and T is the absolute temperature.

Substituting equation (2)–(1), after simple transformations and integrations
of both sides gives
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i − Vi

V ∗
i

=
[
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0
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] 1
1−n
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i

⎧
⎨

⎩
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⎫
⎬

⎭
. (4)
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If i = 1, the model is referred to as the single nth-order reaction model. In
contrast the DAEM allows for a more complicated set of reactions by consider-
ing a continuous distribution of reactions. In the DAEM it is assumed that all
ki differ only in activation energy and the number of reactions is larger enough
to permit the distribution of the activation energy to be expressed as a function
f (E). The dependence on volatile number i is replaced by a continuous depen-
dence on activation 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, (5)

where f(E) is the distribution of activation energies and

∫ ∞

0
f (E)dE = 1. (6)

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

x = V

V ∗ =
∫ ∞

0

⎧
⎨

⎩
1 −

[
1 − (1 − n)

∫ t

0
Ae−E/RT dt

] 1
1−n

⎫
⎬

⎭
f (E)dE (7)

or

1 − x = V ∗ − V

V ∗ =
∫ ∞

0

[
1 − (1 − n)

∫ t

0
Ae−E/RT dt

] 1
1−n

f (E)dE, (8)

where x is the mass fraction of releasing volatiles and (1 − x) is the remaining
mass proportion.

Usually f (E) is taken to be Gaussian distribution with a mean activation
energy E0 and standard deviation σ , so

f (E) = 1

σ
√

2π
e(E−E0)

2/2σ 2
(9)

Substituting equation (9)–(8), rearranging equation (8), one gets the nth-
order DAEM model equation:

1 − x =
∫ ∞

0

1

σ
√

2π

[
1 − (1 − n)

∫ t

0
Ae−E/RT dt

] 1
1−n

e− (E−E0)
2

2σ2 dE (10)

The thermogravimetric analysis (TGA) technique is extensively used to
determine the relation between temperature and time in equation (10). Detailed
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information about TGA can be found in the literature [11]. In this study, the
T = T0 + βt equation is used, where T0 is the pyrolysis initial temperature and
β is heating rate.

Considering the T = T0 +βt equation, the nonisothermal nth-order DAEM
equation is given below:

1 − x =
∫ ∞

0

1

σ
√

2π

[
1 − (1 − n)

∫ T

T0

A

β
e−E/RT dT

] 1
1−n

e− (E−E0)
2

2σ2 dE . (11)

It is noted that equations (3), (4), (7), (8), (10) and (11) subject to (n �= 1).
Assumptions and restrictions of the first-order DAEM, its equation for the

nonisothermal processes is given for comparison [12]:

1 − x =
∫ ∞

0

1

σ
√

2π
e
− ∫ T

T0
A
β

e−E/RT dT − (E−E0)
2

2σ2 dE . (12)

3. Numerical solution of nonisothermal DAEM equation

Equation (11) involves a double integration, which is difficult to deal with.
The inner dT integration is the temperature integral or Arrhenius integral, which
has no exact analytical solution [13]. A large number of temperature integral
approximations, with varying complexity and accuracy, have been presented [14].
In this study, the modified Junmeng–Fusheng approximation is used to replace
the temperature integral, which is simple, accurate and reliable [15, 16].

∫ T

T0

e−E/RT dT = E

R
[ p (u) − p (u0)] , (13)

where

u = E

RT
, u0 = E

RT0
, (14)

p (u) = e−u

u2

0.99962u + 0.60642
u + 2.56879

. (15)

To deal with the outer dE integration of equation (11), Simpson’s 1/3 rule
is employed. For this purpose, a computer program developed in MATLAB lan-
guage is used. Thus, the nonisothermal nth-order DAEM equation can be solved
by using numerical techniques for certain T0, β, E0, σ, A and n values.
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4. Results and discussion

The objective of this analysis is to present the influences of various param-
eters relevant to biomass pyrolysis on the numerical results of the nonisothermal
nth-order DAEM equation.

The effect of heating rate on numerical results is illustrated in figure 1,
where it is seen that remaining mass fraction curves is shifted up the tempera-
ture scale by an increase in the heating rate.
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Figure 1. The effect of heating rate (β) on the numerical results (T0 = 393 K, E0 = 125 kJ/mol,
σ = 10 kJ/mol, A = 1.5 × 109 1/s, n = 2.0).
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Figure 2. The effect of the mean activation energy (E0) on the numerical results (T0 = 393 K, β =
10 K/min, σ = 10 kJ/mol, A = 1.5 × 109 1/s, n = 2.0).
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Figure 3. The effect of the standard deviation (σ ) on the numerical results (T0 = 393 K, β =
10 K/min, E0 = 125 kJ/mol, A = 1.5 × 109 1/s, n = 2.0).

The effects of the mean activation energy (E0) and standard deviation (σ )
on numerical results are given in figures 2 and 3, respectively. Increase in E0 val-
ues causes the remaining mass fraction (1−x) curves to lead towards right direc-
tion as parallel to each other. Increase in σ values causes slopes of (1−x) curves
to get less.

The effect of the frequency factor (A) values on the numerical results is
shown in figure 4. According to these curves, the increase in A values causes
(1 − x) curves to lead toward left direction.
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Figure 4. The effect of the frequency factor (A) on the numerical results (T0 = 393 K, β =
10 K/min, E0 = 125 kJ/mol, σ = 10 kJ/mol, n = 2.0).
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Figure 5. The effect of the reaction order (n) on the numerical results (T0 = 393 K, β = 10 K/min,
E0 = 125 kJ/mol, σ = 10 kJ/mol, A = 1.5 × 109 1/s).

The effect of the reaction order (n) values on the numerical results is shown
in figure 5. it is seen that increase in n values causes (1−x) curves to lead toward
right direction from figure 5.

5. Conclusion

Nonisothermal nth-order DAEM equation was derived and its parametric
study was studied. The changing of heating rate, the mean of activation energy
distribution, stand deviation of activation energy distribution, frequency factor
and reaction order affects the form of remaining mass fraction curves. Those
influences can be used to determine the kinetic parameters of nonisothermal nth-
order equation from TGA data.

Acknowledgment

This work was performed under the auspices of National Natural Science
Foundation of China under Contract 50276039.

References

[1] A.K. Burnham and R.L. Braun, Global kinetic analysis of complex materials [J]. Energy Fuels
13 (1999) 1–22.

[2] A. Björkman, Projects on coal characterization. Fuel 82 (2001) 155–166.
[3] L. Xuguang, L. Baoqing and M. Kouichi, Analysis of pyrolysis and gasification reactions of

hydrothermally and supercritically upgraded low-rank coal by using a new distributed activa-
tion energy model. Fuel Process. Technol. 69 (2001) 1–12.



956 J. Cai et al. / Nonisothermal nth-order DAEM equation and its parametric study

[4] E. Donskoi and D. L. S. McElwain, Approximate modelling of coal pyrolysis. Fuel 78 (1999)
825–835.

[5] G. Yankun, Y. Jitao, S. Junya and W. Qingquan, Determination of kinetic parameters of ther-
mal reaction for residues with activation energy distribution model (in Chinese). Acta Petrolei
Sinica (Petroleum Processing Section) 19(5) (2003) 69–73.

[6] S. Qinglei, L. Wen, C. Haokan and L. Baoqing, The CO2-gasification and kinetics of Shenmu
maceral chars with and without catalyst. Fuel 83 (2004) 1787–1793.

[7] A.S. Pepper and P.J. Corvit, Simple kinetic models of petroleum formation. Part I: oil and gas
generation from kerogen. Marine Petroleum Geol. 12 (1995) 291–319.

[8] H. Rongzu and S. Qizhen, Thermal Analysis Kinetics (in Chinese) (Science Press, Beijing, 2001)
1–18.
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