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a b s t r a c t

Research interest in the conversion of lignocellulosic biomass into energy and fuels through the pyrolysis
process has increased significantly in the last decade as the necessity for a renewable source of carbon
has become more evident. For optimal design of pyrolysis reactors, an understanding of the pyrolysis
kinetics of lignocellulosic biomass is of fundamental importance. The distributed activation energy
model (DAEM) has been usually used to describe the pyrolysis kinetics of lignocellulosic biomass. In this
review, we start with the derivation of the DAEM. After an overview of the activation energy distribution
and frequency factor in the DAEM, we focus on the numerical calculation and parameter estimation
methods of the DAEM. Finally, this review summarizes recent results published in the literature for the
application of the DAEM to the pyrolysis kinetics of lignocellulosic biomass.

& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The pyrolysis of lignocellulosic biomass has attracted considerable
attention because it is the thermochemical process that converts

lignocellulosic biomass into liquid fuel (bio-oil), which is easy to store
and transport when compared to raw biomass [1,2]. Knowledge of the
kinetics is important in the computational fluid dynamics modeling of
biomass pyrolysis process [3]. And in the pyrolysis process of
lignocellulosic biomass, the relative rates of decomposition, cracking,
and repolymerization/condensation reactions influence the quantity
and quality of bio-oil produced as well as the long-term storage
stability of the bio-oil [4].

The distributed activation energy model (DAEM) is a multiple
reaction model, which is widely used in the pyrolysis of
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lignocellulosic biomass [5]. The model assumes the decomposition
mechanism take a large number of independent, parallel, first-
order or nth-order reactions with different activation energies
reflecting variations in the bond strengths of species. The differ-
ence in activation energies can be represented by a continuous
distribution function [6]. The DAEM is not only used to describe
the pyrolysis kinetics of lignocellulosic biomass and its main
components, but also to describe the pyrolysis kinetics of coal
[7–9] and other thermally degradable materials [10–13].

In order to better understand the DAEM and its application in
the pyrolysis of lignocellulosic biomass, an overview of the
research and development in the DAEM for the pyrolysis of
lignocellulosic biomass is conducted. The derivation of the DAEM
was first presented. Then, the activation energy distribution and
frequency factor in the DAEM are overviewed and the numerical
calculation of the DAEM is discussed. In Section 5, the methods for
the estimation of the DAEM kinetic parameters are critically
studied. Finally, the up-to-date research efforts in the DAEM for
the pyrolysis of lignocellulosic biomass are summarized.

2. Derivation of DAEM

The concept of an activation energy distribution was originally
proposed by Vand [14] and later used by Pitt [15] and Anthony [16].
The DAEM for lignocellulosic biomass pyrolysis may be applied to
either the total amount of volatiles released, or to the amount of an
individual volatile constituent. The description in this work follows
the total amount volatiles released. It is assumed that lignocellulosic
biomass has many chemical groups which are numbered i¼1,…,s,
and the released mass fraction for the ith group is Vi(t). The
contribution of the decomposition of the ith group is assumed to
be described by the pseudo-nth-order rate equation

dðVi=Vi
nÞ

dt
¼ ki

Vi
n�Vi

Vi
n

� �n

¼ Ai exp � Ei
RT

� �
Vi

n�Vi

Vi
n

� �n

ð1Þ

where Vi
n is the total released mass fraction for the ith group, n is

the reaction order and ki is the reaction rate constant, Ai is the
frequency factor, Ei is the activation energy, R is the universal gas
constant, T is the temperature, and t is the time.

Eq. (1) can be written in its integral form

Vi

Vi
n
¼

1� 1�ð1�nÞ R t
0 Ai exp � Ei

RT

� �
dt

h i1=ð1�nÞ
na1

1�exp � R t
0 Ai exp � Ei

RT

� �
dt

h i
n¼ 1

8><
>: ð2Þ

The complexity of lignocellulosic biomass pyrolysis is such that
a continuous distribution f(E) of activation energies is assumed
where

R EþΔE
E f ðEÞdE describes the probability that chemical groups

with a sample have an activation energy in this range E to EþΔE.
The mass fraction of potential volatile material with activation
energies between E and EþdE, dVn, at a given time t is Vnf(E)dE.

dVn ¼ Vnf ðEÞdE ð3Þ

Then, Vi
n and Vi are replaced by dVn and dV, respectively. Then

Eq. (2) becomes

dV ¼
Vn 1� 1�ð1�nÞ R t

0 A exp � E
RT

� �
dt

h i1=ð1�nÞ� 	
f ðEÞdE na1

Vn 1�exp � R t
0 A exp � E

RT

� �
dt

h in o
f ðEÞdE n¼ 1

8>><
>>:

ð4Þ

The integration of Eq. (4) leads to

α¼ V
Vn

¼
1� R1

0 1�ð1�nÞ R t
0 A exp � E

RT

� �
dt

h i1=ð1�nÞ
f ðEÞdE na1

1� R1
0 exp � R t

0 A exp � E
RT

� �
dt

h i
f ðEÞdE n¼ 1

8><
>: ð5Þ

where α is the degree of conversion.
Differentiating Eq. (5) with respect to t, the expression of

dα/dt is

dα
dt

¼
R1
0 A exp � E

RT

� �
1�ð1�nÞ R t

0 A exp � E
RT
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dt
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RT�
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0 A exp � E

RT
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dt
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f ðEÞdE n¼ 1

8><
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ð6Þ
Most laboratory experiments involving the pyrolysis of ligno-

cellulosic biomass are performed at temperatures linearly varying
with time from a starting temperature, T0 [17]. Under the linear
heating program, Eqs. (5) and (6) can be rewritten as Eqs. (7) and (8)

α¼
1� R1

0 1�ð1�nÞ R T
T0

A
β exp � E

RT

� �
dT

h i1=ð1�nÞ
f ðEÞdE na1
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A
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dα
dT

¼
R1
0

A
β exp � E

RT

� �
1�ð1�nÞ R T

T0

A
βexp � E

RT

� �
dT

h in=ð1�nÞ
f ðEÞdE na1R1

0
A
β exp � E

RT�
R T
T0

A
β exp � E

RT

� �
dT

h i
f ðEÞdE n¼ 1

8><
>:

ð8Þ
where β is the heating rate.

3. f(E) and A in DAEM

A popular choice for the activation energy distribution is the
Gaussian distribution centered at E0 with standard deviation s

f ðEÞ ¼ 1
s

ffiffiffiffiffiffi
2π

p exp �ðE�E0Þ2
2s2

" #
ð9Þ

The disadvantage of the Gaussian distribution is that it is
symmetric whereas the actual reactivity distributions tend to be
asymmetric [18]. The asymmetry can be accounted for by repla-
cing the Gaussian distribution with other distributions, e.g. the
Weibull [19–21] or Logistic [22,23] distributions.

The Weibull distribution was first proposed to describe chemi-
cal reactivity distributions for the pyrolysis of petroleum source
rocks [19]. For the Weibull distribution, f(E) is given by

f Eð Þ ¼ λ

η

E�γ

η

� �λ�1

exp � E�γ

η

� �λ
" #

ð10Þ

where λ is the shape parameter, η is the width parameter, and γ is
the activation energy threshold (EZγ). The mean activation
energy E0 and the standard deviation s of the Weibull distribution
are defined by

E0 ¼ γþηΓ 1þ1
λ

� �
ð11Þ

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η2Γ2 2

λ
þ1

� �
�η2Γ2 1

λ
þ1

� �s
ð12Þ

where Γ is the Gamma function. Because of the activation energy
threshold, Eqs. (7) and (8) should be written in the following forms
if the Weibull distribution is considered
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