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The aim of this work is to develop stoichiometric equilibriummodels that permit the study of parameters
effect in the gasification process of a particular feedstock. In total four models were tested in order to
determine the syngas composition. One of these four models, called M2, was based on the theoretical
equilibrium constants modified by two correction factors determined using published experimental data.
The other two models, M3 and M4 were based in correlations, while model M4 was based in correlations
to determine the equilibrium constants, model M3 was based in correlations that relate the H2, CO and
CO2 content on the synthesis gas. Model M2 proved to be the more accurate and versatile among these
four models, and also showed better results than some previously published models. Also a case study
for the gasification of a blend of hardwood chips and glycerol at 80% and 20% respectively, was performed
considering equivalence ratios form 0.3 to 0.5, moisture contents from 0%e20% and oxygen percentages
in the gasification agent of 100%, 60% and 21%.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Downdraft gasifiers have been the subject of continuous
research in last decade, due to their simple design and construction
and also due to the current necessity to explore alternative energy
sources.

In the effort to identify possible feedstock for gasification, it is
necessary to perform simulations, and the method of applying
the thermodynamic equilibrium condition to the gasification
process is a good alternative to do so. There are two approaches
to the equilibrium modeling of downdraft gasifiers. The first one
known as stoichiometric equilibrium modeling is based on the
determination of the equilibrium constants of certain reactions,
and is the subject of the present work; the second one is known
as non-stoichiometric equilibrium modeling and it involves the
minimization of the Gibbs free energy and will be subject of
future work.

There are several published works on stoichiometric equilib-
rium modeling of downdraft gasifiers, and in present work a se-
lection of them are addressed and some of the techniques and
considerations used by their authors are used here to develop
equilibrium models applying variations to improve accuracy. Also
All rights reserved.
experimental correlations were used to develop equilibrium
models, and these models were compared.

2. Brief revision on downdraft gasifiers

Gasification processes operate at sub-stoichiometric conditions
with oxygen supply controlled, generally 35% of the amount of O2
theoretically required for complete combustion [1]. Inside a gasifi-
cation unit four processes can be identified: drying, devolatilization,
gasification, and combustion. In the drying process the feedstock is
heated and its temperature increases, thus water undergoes vapor-
ization. Devolatilization occurs as the temperature of the feedstock
increases, and pyrolysis takes place converting the feedstock into
char. Gasification is the result of several chemical reactions involving
carbon, steam, hydrogen and carbon dioxide among others. The
combustion process provides the thermal energy required for the
gasification process, by consuming some of the char or dry feedstock
and in some cases the volatiles within the gasifier [1].

In downdraft gasifiers, the fuel enters at the top of the
apparatus, and a gasification agent which could be steam, oxy-
gen, air or a mixture of these, is fed into a lower section of the
gasifier. The pyrolysis and combustion products flow downward.
The hot gas moves then downward over the remaining hot char,
where gasification takes place [2]. In their downward movement
particles undergo drying, pyrolysis, gasification, and combustion.
However, there are no sharp delimitations between the
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Nomenclature

A ashmass fractionweight basis from proximate analysis
AC air to fuel ratio, kg-air/kg-fuel
C carbon mass fraction in weight basis form ultimate

analysis
CO carbon monoxide
CO2 carbon dioxide
CH4 methane
CP specific heat at constant pressure
ER equivalence ratio
H hydrogen (monoatomic) mass fraction in weight basis

form ultimate analysis
H2 hydrogen (diatomic)
H2O water
HHV high heating value, MJ/kg for biomass and MJ/Nm3 for

syngas
g0T specific Gibbs free energy of formation in molar basis,

at standard pressure, kJ/mol
h specific enthalpy in molar basis, kJ/mol
h
0
f�298 specific enthalpy of formation at standard conditions,

kJ/mol
KP equilibrium constant
LHV low heating value MJ/Nm3

MC moisture content, %
Mi molecular weight of species “i”, g/mol
N nitrogen (monoatomic)
N2 nitrogen (diatomic)
ni mol number of species “i”
nTot total mole number of synthesis gas

O oxygen (monoatomic) mass fraction in weight basis
form ultimate analysis

O2 oxygen (diatomic)
P pressure, kPa
P0 standard pressure, kPa
R universal constant of ideal gases, kJ/mol K
S sulfur mass fraction in weight basis from ultimate

analysis
SiO2 silica
SO2 sulfur dioxide
T temperature, �C for results presentation and K for

calculations
y stoichiometric coefficient
V volume, m3

WTot total weight, kg
xj mol number of composite j with respect to biomass
yi mol fraction of species “i”.

Greek symbols
l nitrogen to oxygen ratio in the gasification agent, mol-

N2/mol-O2

DG
0
T Gibbs free energy of formation variation for a certain

reaction, kJ/mol

Subscripts
daf dry ash free basis
fs feedstock
ga gasification agent
p products
r reactants
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aforementioned processes. For instance, a descending particle
may be going through devolatilization in its outer layers while it
is drying in the inner layers. In addition, a particle may be un-
dergoing devolatilization and simultaneous gasification and
combustion processes [3]. The minimum temperatures required
Fig. 1. General scheme of downdraft gasifiers: (a) Imbert
to gasify the most refractory part of almost any biomass are
about 800e900 �C [4].

There are two kinds of downdraft gasifiers, Downdraft Imbert
Gasifiers, and Stratified Downdraft Gasifiers also named Open-Top
Downdraft Gasifiers. One of the main differences between these
downdraft gasifier; (b) Stratified downdraft gasifier.
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gasifier units is that the first one has throated combustion zone and
different diameter for pyrolysis and gasification zones, while the
second one has the same diameter throughout the gasifier [5]. Fig. 1
shows the general scheme of downdraft gasifiers.

There are several processes which can use gasification as the
core sub-process: a) SNG (Synthetic natural gas) production
process; b) Methanol production process; c) FischereTropsch
process; d) Hydrogen production process; e) Heat-electricity
generation processes. The mass conversion, energetic and exer-
getic efficiencies of these five processes show that the methanol,
the SNG and hydrogen processes are, respectively, the most
efficient [6]. The integration of a gasification process into a
sugarcane mill has been studied by means of a non-
stoichiometric equilibrium model [7] showing, for values of ER
(equivalence ratio) between 0.25e0.35, an exergetic efficiency of
75%; also the ethanol production from indirect biomass gasifi-
cation have been studied and the exergetic efficiency of the
process was 43.5% for Rh-based catalyst and 44.4% for MoS2-
based catalyst [8]. Regarding the electricity production, there is
some evidence that in rural zones the levelized cost of electricity
from gasification is competitive in relation with diesel systems
[9]. However, tar formation remains the drawback for biomass
gasification to reach a commercial scale. Recent study has shown
that an increase in the relative biomass/air ratio, a decrease in
temperature, and higher steam content lead to a higher tar
production [10]. A new tar destruction technology, consisting of
in-situ catalytic gasification and a hot-gas cleaning system has
been proposed in recent published work [11].

Several experimental works on downdraft gasifiers have been
published on the last decade. Downdraft gasifiers have been build
and tested by several researchers, namely, stratified downdraft
gasifiers [12e18], Imbert downdraft gasifiers [19e23], two stage air
supply downdraft gasifiers [24e28], downdraft gasifiers with in-
ternal separate combustion chamber [29], and catalytic steam
gasification [30] among others. The experimental results obtained
in the previously cited works, especially those of works [12e23],
are of importance for the development of the present work.

The molar distribution of CO/CO2 and CO/H2 as a function of
the temperature of the synthesis gas produced by the gasification
of woody biomass materials in downdraft gasifiers can be pre-
dicted, with a reasonable approximation, by the following two
correlations [31].

CO=CO2 ¼ 2:18e�450:893=T (1)

CO=H2 ¼ 0:92e�110:11=T (2)

3. Equilibrium and quasi-equilibrium modeling of downdraft
gasifiers

3.1. Conforming a system of equations to model the gasification
process

The number of equations required to model the gasification
process depends on the number of unknowns considered. Gener-
ally in the reactants side the only unknown could be nar, while in
the products side nC, nH2

, nCO, nCO2
, nCH4

and nH2O could be the
unknowns, also the gasification temperature becomes one of the
unknowns when nar is an input parameter, otherwise the temper-
ature would be the input parameter. The results obtained for the
synthesis gas composition are generally presented in dry basis and
therefore nH2O does not appear in reported results, but it is always
determined in the simulations.
3.1.1. The global gasification reaction
All the equations that model the gasification process are devel-

opedon thebasis of a proposedglobal gasification reaction. Fromthe
study of gasification literature [1e5], and experimental works on
downdraft gasifiers [12e31], the main species on the synthesis gas
are carbon monoxide (CO), hydrogen (H2), methane (CH4), carbon
dioxide (CO2), water vapor (H2O), nitrogen (N2) and tars, while on
the residues unconverted carbon (C) and ashes can be found. Gasi-
fication occurs at such temperatures that thermodynamically, as
well as in practice, no hydrocarbons other than methane can be
present in appreciable quantity [4], evidence of this statement is
found inpreviously citedworks [13,18,19] among others. On the side
of the reactants the feedstock material can be represented by a
molecule comprising carbon (C), hydrogen (H), oxygen (O) and ni-
trogen (N) [2,32], some authors did not consider the nitrogen in the
biomass molecule in their models [32e35], also in a study done by
Melgar et al. [36] sulfur (S) was considered on the feedstock mole-
cule. Ash content can be considered as an equivalent quantity of SiO2
[3]. With the aforementioned considerations the global gasification
reaction considered in the present work is shown in Eq. (3).

ðCxCHxHOxONxNSxSÞfs þ xASiO2 þ xH2OH2Oþ narðO2 þ lN2Þ/nCC

þ nH2
H2 þ nCOCOþ nCO2

CO2 þ nCH4
CH4 þ nH2OH2Oþ xSSO2

þ
�
lnar þ xN

2

�
N2 þ xASiO2

(3)

where l represents the oxygen to nitrogen ratio in the gasification
agent, thus when atmospheric air is being used l ¼ 3.76.

l ¼ nN2�ga

nO2�ga
(4)

In order to compare with experimental results, the stoichio-
metric air/fuel ratio is determined by the following expression,
where the percentages from the ultimate analysis, in dry ash-free
basis, are used.

ACstq ¼ MO2
þ lMN2

100

�
C
MC

þ H
2MH2

þ S
MS

� O
MO2

�
(5)
3.1.2. The energy and mass balance equations
Themass conservation law applied to each element of the global

gasification reaction leads to the following equations.

xC � nCO � nCO2
� nCH4

� nC ¼ 0 (6)

xH þ 2xH2O � 2nH2
� 2nH2O � 4nCH4

¼ 0 (7)

xO þ xH2O þ 2nar � nCO � 2nCO2
� nH2O � 2xS ¼ 0 (8)

The total number of moles of the synthesis gas is needed, and it
can be expressed as a function of six known quantities and two
unknown quantities by algebraic manipulation of Eqs. (6)e(8), the
resulting expression is shown in Eq. (9).

nTot ¼ xC þ xH
2

þ xH2O þ xS þ
xN
2

þ lnar � 2nCH4
(9)

Considering an adiabatic process, without external work and
non significant variations of the potential and kinetic energies, Eq.
(10) is obtained.
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0
j¼1

1
r i¼1 p

The previous considerations were also adopted by other authors
in their respective models [32e38]. However, regarding the last
consideration, some authors developed a non-adiabatic model
[39e43].

Different heat losses values were considered in previous pub-
lished works, for instance, 1% of the feedstock’s HHV (high heating
value) [39], 5% of the total energy supply [40], 2e3% of the biomass
input energy [42], they were evaluated as the 1.83% of the fuel
thermal energy [41] and also adjusted to 3e4% of the HHV of the
feedstock [42]. Since the results presented in this work are intended
to represent the process in any downdraft gasifier and not in any
particular gasification unit, the heat losses are considered as zero.

3.1.3. The equilibrium equations
Until now, four equations have been obtained, and three

additional equations must be provided for the case when uncon-
verted carbon is considered in the products or two when it is not.
Each one of these equations is obtained by applying the equilib-
rium condition to one gasification reaction. The most important
gasification reactions that have been used by other authors are
shown below.

Boudouard reaction [40,43]

Cþ CO2 ¼ 2CO ðþ172 MJ=kmolÞ (11)

Wateregas heterogeneous reaction [34,40,43]

Cþ H2O ¼ COþ H2 ðþ131 MJ=kmolÞ (12)

Methane formation reaction [32,33,35e37,40,43]

Cþ 2H2 ¼ CH4 ð�75 MJ=kmolÞ (13)

Wateregas homogeneous reaction [32e38,40,43]

COþH2O ¼ CO2 þ H2 ð�41 MJ=kmolÞ (14)

Methane reforming reaction [32,34,38,40,43]

CH4 þH2O ¼ COþ 3H2 ðþ206 MJ=kmolÞ (15)

In order to model the gasification process the selected chemical
reactions must be independent. The concept of independence of
reactions states that if for any particular group of reactions one of
them could be written as a combination of at least two of the
others, then this group is not independent and the model may be
computing recurrent information [3]. Using this concept any
combination of two of the five gasification reactions considered
could be used to model the case without presence of unconverted
carbon in the products. In the case with presence of unconverted
carbon in the products, where three reactions are needed to
complete the equilibrium model, there are ten possible
combinations.

A mathematical criterion presented in Ref. [3] was applied to
these ten combinations in order to determine which ones were
independent, and the results obtained showed that eight were in-
dependent and two dependent, namely, combinations of Eqs. (11),
(12) and (14) and Eqs. (12), (13) and (15) are dependent. The
aforementioned results may appear obvious but it is important to
note that there is not a definitive reason to choose one of the eight
remaining combinations over another, but the validation of the
model results with experimental data.
In the present work unconverted carbon will not be considered.
However, from the revised works combination of Eqs. (11)e(13)
was used in Refs. [40,43], while combination of Eqs. (12), (14) and
(15) have been used with accurate results in Refs. [34], also in
Ref. [35] unconverted carbon was determined based on a correla-
tionwhich is a function of the equivalence ratio, while Eqs. (13) and
(14) were used as the gasification reactions; in Ref. [42] uncon-
verted carbon was considered as char, and it was fixed at a value of
5% of the biomass carbon content in weight.

It is also important to point that an equilibrium model indicates
the maximum efficiency that can possibly be attained when gasi-
fying a fuel. This is inferred by comparing the results obtained in
equilibriumwith those obtained in quasi-equilibrium conditions. In
quasi-equilibrium conditions the Boudouard and the heteroge-
neous wateregas reactions do not contribute sufficiently to the
carbon conversion [44].

The stoichiometric thermodynamic equilibrium modeling re-
quires the use of the equilibrium constants of each reaction
considered in the model. An introduction to the thermodynamic
equilibrium concepts can be found in Refs. [45], also the use of the
equilibrium constant method in combustion systems can be found
in Refs. [46e48]. The equilibrium constant as a function of the
Gibbs free energy and as a function of the number of moles of the
chemical species involved in the reaction is given by Eq. (16).

KP ¼ exp

2
4�DG

0
T

RT

3
5 ¼

 YN
i¼1

nyii

!
p

0
@YM

j¼1

n�yj
j

1
A

r

�
P

nTotP0

�Dy

(16)

where the standard-state Gibbs function change and the exponent
in the right hand side of Eq. (16) are given by Eqs. (17) and (18),
respectively.

DG
0
T ¼

 XN
i¼1

yig
o
i

!
p

�
0
@XM

j¼1

yjg
o
j

1
A

r

(17)

Dy ¼
 XN

i¼1

yi

!
p

�
0
@XM

j¼1

yj

1
A

r

(18)

For the calculations the products are considered as ideal gases,
with the exception of ash, represented by SiO2. Thermodynamic
properties of ideal gases depend only on temperature, thus for any
temperature the equilibrium constant can be determined by the
middle term of Eq. (16), thus, by equating this middle term to the
right hand side term an equilibrium equation for each reaction is
obtained. Generally the solids activities are given unitary values
[2e4]. The equilibrium equations obtained for each of the five
gasification reactions are shown below.

ðnCOÞ2
nCO2

�
P

nTotP0

�
¼ exp

2
4� DG

0
T

RT

3
5 ¼ K1 (19)

nCOnH2

nH2O

�
P

nTotP0

�
¼ exp

2
4� DG

0
T

RT

3
5 ¼ K2 (20)

nCH4�
nH2

�2
�

P
nTotP0

��1
¼ exp

2
4� DG

0
T

RT

3
5 ¼ K3 (21)
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nCO2
nH2 ¼ exp

2
4� DG

0
T

3
5 ¼ K4 (22)
nCOnH2O RT

nCO
�
nH2

�3
nCH4

nH2O

�
P

nTotP0

�2
¼ exp

2
4� DG

0
T

RT

3
5 ¼ K5 (23)

Only one of these five equations does not consider the operating
pressure effects, thus any combinations of two or three of themwill
allow the study of pressure effects on the gasification process.
3.2. Model inputs

3.2.1. Representation of the feedstock
The first step is to represent the initial mol quantities of each

species in the feedstock, in doing so a molecule of the form
CxCHxHOxONxNSxS is considered and the ultimate and proximate
analyses are required. The ultimate analyses of some biomass
materials can be found in previously cited experimental works
[12e29]. However, these analyses can be found in dry basis and
dry ash free basis in literature and in order to develop a model
that can automatically discriminate between these two bases the
mass percentages of the elements that form the considered
molecule are recalculated in dry ash free basis. If the ultimate
analysis were in dry basis, then, Xj�daf > Xj and if it were in dry
ash free basis Xj�daf ¼ Xj. Thus, the mole quantities (xj) for the
five species considered in the molecule can be easily
determined.

The previous procedure determines the mole quantities of each
element in the considered molecule, but the task of determining
the mole quantities of water and ash in the reactants still remains,
and in order to determine them, Eqs. (24) and (25) are used. In
some works results are presented for moisture content in wet basis
as is the case of works by Zainal et al. [33], Altafini et al. [39] and
Schuster et al. [40] among others. However results can also be
presented for moisture content in dry basis as is the case of works
by Sharma [14] and Azzone et al. [35] among others.

xH2O ¼ Mfs
�
1þ A

100�A

�
MH2O

�100
MC � A

100�A � 1
� (24)

xA ¼
A
�
Mfs þMH2OxH2O

�
MAð100� AÞ (25)

Determination of the enthalpy of formation of feedstock is the
second step, and knowledge of theHHVor LHV (lowheating value) of
the feedstock is necessary. Applying the HHV definition the enthalpy
of formation of the feedstock is determined as shown in Eq. (26).

�
h
0
f�298

�
fs
¼HHV

�
Mfs

�
þ
�
h
0
f�298

�
CO2

þxH
2

�
h
0
f�298

�
H2OðlÞ

(26)

Generally the HHV is available in the literature, however when
LHV is known and HHV is not, they can be related as shown in Eq.
(27), which has been used by Jarungthammachote and Dutta [37]
and also by Antonopoulos et al. [41]. Complete form of Eq. (27) is
provided by Basu [2] in his book, it includes the moisture content in
the calculation, but in the present case the HHV corresponds to the
dry feedstock.
LHV ¼ HHV� hfg

�
9H
100

�
(27)

When none of the heating values of the feedstock are known the
mass percentages are used in the correlation given by Channiwala
and Parikh [49], presented in Eq. (28).

HHV ¼ 0:3491Cþ 1:1783Hþ 0:1005S� 0:1034O� 0:0151N
� 0:0211ASH

(28)

0:00%� C � 92:25%; 0:43%� H � 25:15%; 0:00%� O

� 50:00%; 0:00%� N � 5:60%; 0:00%� S� 94:08%; 0:00%
� ASH � 71:40%; 4:745MJ=kg � HHV � 55:345MJ=kg

There is some difference in the value of the enthalpy of forma-
tion of wood presented in some works, being �118 050 kJ/kmol in
works by Zainal et al. [33] and by Altafini et al. [39], while it was
determined as�149 752 kJ/kmol byMountouris et al. [34]. It seems
that the enthalpy of formation of water vapor was used by Zainal
et al. [33], but according to the HHV definition, the enthalpy of
formation of liquid water should have been used.

3.2.2. Determining the equilibrium constants
The gases are considered ideal, while ash is considered as SiO2 in

solid state. Also if unconverted carbon is considered it would be
taken in its reference state (graphite).

An expression for any of the equilibrium constants as a func-
tion of temperature can be obtained by applying thermodynamic
relations starting from a temperature dependent polynomial for
the specific heat at constant pressure, similar expressions have
been used by some authors [32e34,38]. Another group of authors
[35,36,43] used the definition of the Gibbs free energy, as the
combination of the state variables enthalpy and entropy, they also
used a temperature dependent polynomial expression for the
specific heat at constant pressure. Also an empirical correlation
has been used to determine the value of the Gibbs free energy
[37].

In the present work sixth degree polynomials were adjusted to
the molar Gibbs free energy of formation as shown in Eq. (29). The
thermodynamic data was taken from The National Institute of
Standards and Technology (NIST) - Joint Army-Navy-Air Force
(JANAF) Thermochemical Tables, generally known as NIST-JANAF
Thermochemical Tables [50].

g0T ¼
X7
i¼1

aiT
i�1 (29)

3.2.3. Determining the enthalpies of the species considered
Sixth degree polynomials were adjusted to the molar sensible

enthalpy, as shown in Eq. (30), the thermodynamic data was taken
from the aforementioned source [50] and enthalpies of formation
were also obtained from the same source [50]. Thermodynamic
data can also be found in other references [45e47,51].

Dh
0
T ¼

X7
i¼1

biT
i�1 (30)

For all the species involved in the gasification process Eq. (31)
represents the total molar enthalpy.

h
0
T ¼ h

0
f�298 þ Dh

0
T (31)



Fig. 3. Second solution scheme for the gasification equilibrium model.
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The equivalence ratio (ER), used in the present work, is obtained
by the division of the actual oxygen present in the gasification agent
and the stoichiometric oxygen required for complete combustion.

3.3. Solution schemes

There are at least two solution schemes which have been used
by different authors; both of them use the NewtoneRaphson
method for solving systems of non-linear algebraic equations.
Theory on this numerical method can be found in numerical
methods literature by Chapra [52], Beers [53] and Yang et al. [54]
among others, the implementation of this method on Matlab
software can be found in any of the aforementioned references
[52e54].

3.3.1. First solution scheme
This scheme was used by Zainal et al. [33] and Mountouris et al.

[34]. In this scheme the NewtoneRaphson method is used to solve
the whole system, including the mass conservation equations, the
equilibrium equations and the energy conservation equation. The
solution is found by assuming a gasification temperature value, the
outputs variables are the number of moles of H2, CO, CO2, CH4, H2O
and Air on the gasification agent. This solution scheme is easily
programmed but has the drawback that the ER value is one of the
unknowns. This solution scheme is showed in Fig. 2.

3.3.2. Second solution scheme
This scheme has been used in previously published modeling

efforts [32,36,37,42]. In this scheme the NewtoneRaphson method
is used in two steps. In a first step, it is used to solve a sub-system of
equations conformed by the mass conservation equations and the
equilibrium equations, using an assumed temperature value. The
energy conservation equation is solved in a second step, by using
the same numerical method, in order to determine the gasification
temperature by using the mole quantities determined in the pre-
vious step. This scheme is programmed as an iterative procedure in
which the temperature value is corrected until the absolute value of
the difference between the assumed and calculated temperature is
less or equal than 1 K, when this difference is higher than 1 K the
average of the calculated and assumed temperatures is used as the
new assumed temperature. In this scheme the ER value is an input
parameter and thereby, the quantity of gasification agent in the
reactants is known. This solution scheme is showed in Fig. 3.

3.4. Equilibrium model modifications applied to improve accuracy

3.4.1. Modification of the equilibrium equations
There are different approximations to modify an equilibrium

model in order to obtain more accurate results. One of these
Fig. 2. First solution scheme for the gasification equilibrium model.
approaches consists of multiplying the equilibrium constants by
some number determined by comparison with experimental data.
In work by Jarungthammachote and Dutta [37] the equilibrium
constant for the methane formation reaction was multiplied by
11.28 and the equilibrium constant for the wateregas homoge-
neous reaction by 0.91. In work by Vaezi et al. [38] the model was
modified by multiplying equilibrium constant for the methane
reforming reaction by 4. Barman et al. [32] multiplied the equilib-
rium constant of the methane formation reaction by 3.5, while the
equilibrium constants of the wateregas homogeneous reaction and
the methane reforming reaction were determined by the expres-
sions shown in Eqs. (32) and (33), taken form references [55] and
[56] respectively.

K4 ¼ eð4276T �3:961Þ (32)

K5 ¼ 1:198*1013e�
26830

T (33)

Two models based in the mass conservation equation, the en-
ergy conservation equation, the methane formation reaction and
the wateregas homogeneous reaction will be tested, the first will
be called M1 and it is an equilibrium model without any modifi-
cation, the second will be called M2 and it includes two modifica-
tions which are explained below.

One of the main problems with equilibrium models is that they
underestimate the N2 and CH4 content, while at the same time,
overestimate the H2 content. In order to obtain more accurate re-
sults the following variables were multiplied to the equilibrium
constants of the methane formation reaction and the wateregas
shift reaction respectively.

a ¼ max
��

� 1:639
104

T2 þ 0:3518T � 128:7
�
;1
	

(34)

b ¼ 2:8� 0:372l (35)

The expression presented in Eq. (34) was obtained after
adjusting the model with published experimental data from Refs.
[12e14,16e19,21,22], this process consisted in assuming constant
values for a and test the model, trying to reduce the high H2 pre-
diction, and to increment the N2 and CH4 predictions. Most of the
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available experimental data correspond to gasification with air,
only Ashizawa et al. [57] presented detailed experimental results
for gasification with oxygen, these results correspond to Ori-
mulsion gasification. However when using the results presented in
Ref. [57] it was observed that the value of a should be as close to
unity as possible, otherwise the CH4 content would be over-
estimated while the H2 content would be underestimated. Tem-
perature was chosen as the independent variable of a parabolic
function that passes near the initially estimated values of a, and
that tents to unity when the temperature increments. This function
tents to negative values when the temperature continues to
increment and for that reason a takes the maximum between unity
and the parabolic function.

The expression presented in Eq. (35) was determined by a
similar process, but in this case M2 was no longer a pure equilib-
rium model because a was present. Under these conditions the
model showed less sensibility to b values, when results for gasifi-
cation with air were considered. However when tested against
results for gasificationwith oxygen [57] it was observed that higher
values of b would produce better results. Due to the described
behavior the N2/O2 ratio (l) was chosen as the independent variable
and a simple linear relation was adopted.

Another model can be developed if the equilibrium constants
for the wateregas homogeneous reaction and the methane
reforming reaction are determined using Eq. (32) and Eq. (33)
respectively. The model that implements this was called M4.
3.4.2. Substitution of the equilibrium equations for correlations
Some attempts have been made in order to model gasification

combining correlations and equilibrium thermodynamics [58]. It is
possible to develop a simple model to evaluate the syngas
composition and heating value, based on the correlations presented
in Eq. (1) and Eq. (2). Simple algebraic substitutions performed in
the two aforementioned correlations and in the mass conservation
equations, lead to the following expression, which can be used to
determine the number of moles of CO.

nCO ¼ 2xC � xH
2 þ xO þ xS þ 2nar

3þ 4
2:18

�
e�450:893

T

��1 � 1
0:92

�
e�110:11

T

��1 (36)

After determining the number of moles of CO, the number of
moles of CO2 and H2 can be determined by applying Eq. (1) and Eq.
(2) respectively. The other species are then evaluated by using the
mass conservation equations. The model that implements this was
called M3.
3.4.3. Models developed and tested in the present work
In the present work a total of four models have been developed

and tested, these models are called M1, M2, M3 andM4. All of these
five models implement the mass and energy balance equations.
Model M1 is an unmodified equilibrium model that uses the
equilibrium equations of the methane formation and wateregas
homogeneous reactions. Model M2 implements a modification of
the equilibrium equations, used in model M1, by multiplying the
equilibrium constants with the variables a and b respectively.
Model M3 implements correlations presented in Eq. (1) and Eq. (2)
as was described in the previous section. Model M4 implements a
modification of the equilibrium equations of the wateregas ho-
mogeneous reaction and the methane reforming reaction by sub-
stitution of their respective equilibrium constants with the
relations shown in Eq. (32) and Eq. (33).
The determination of the CBP (carbon boundary point) is also an
interesting theoretical discussion; a model that implements the
determination of the synthesis gas composition at the CBP must
include 3 equilibrium equations because the unconverted carbon
would appear among the unknowns. R. Karamarkovic and V. Kar-
amarkovic [43] and Ptasinski et al. [59] have discussed this matter
in their respective works.

4. Results and discussion

The parameter used for comparison of the results obtained with
eachmodel, is the RMS (root mean square) error as given in Eq. (37).

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ðexperimentali �modeliÞ2
N

s
(37)

4.1. Validation of the models M1 e M4

Comparisons with experimental data presented by Jayah et al.
[20] and with the models developed in Refs. [32,37,43] are pre-
sented in Table 1. In the aforementioned table it can be observed
that the ER values used to simulate the results were 0.41 and 0.32 in
the case of models M1 e M4, in work by Jarungthammachote and
Dutta [37] the ER value was 0.41 while in Refs. [32,43] the ER value
was 0.33. As was stated before, the N2 content is underestimated by
equilibrium models, so any ER value adopted for use in an un-
modified equilibrium model will represent better the results ob-
tained with a lower experimental ER value and this is the reason
why Jarungthammachote and Dutta [37] adopted a higher ER value
to validate their model. Barman et al. [32] assumed a value of 4.5%
of tar yield in mass basis, modified their model by multiplying the
equilibrium constant for the methane formation reaction by 3.5,
and adopted a solution scheme that, if we refer to the present work,
is equivalent to solve first the subsystem of equations formed by
Eqs. (7), (8), (21), (32) and (33) , after this Eq. (6) would be solved
and finally temperature would be determined by Eq. (10), it is not
stated if this is an iterative procedure, and there is not any speci-
fication about the usage of the tar content into the energy equation.
Model M4 proposed in the present work is somehow similar to the
model developed by Barman et al. [32] and regardless of the so-
lution scheme the obtained results are very different, thus we can
conclude that the main factor in model by Barman et al. [32] is the
assumption of a certain quantity of tar content. R. Karamarkovic
and V. Karamarkovic [43] assumed 7.4% of the feedstock’s mass as
unconverted char and heat losses of the 4.5% of the feedstock’s LHV.
They also presented results for a modified model in which the
equilibrium constants of the wateregas homogeneous reaction and
the methane reforming reaction were multiplied by 0.63 and 420
respectively. Regarding the unconverted char, Jayah et al. [20]
present values of material input of 55.6 kg/h of air and 18.6 kg/h
of biomass, while in the products side the unconverted char present
is 0.7 kg/h, which represents the 7.4% used in the reference [43],
this means that when the mass balance is calculated the propor-
tional quantity of N2 is higher than the quantity that would be
calculated by a model in which a percentage of unconverted char
was not included.

When experimental data is already available, consideration of
the unconverted char in the model is a good practice; however the
models developed in the present work attempt to predict the
synthesis gas composition when there is not experimental data
available for a certain biomass material or for different gasification
conditions. All the models presented in this work can be modified
to include the influence of unconverted material, but the authors



Table 1
Comparison of models M1 e M4 results with experimental data from Jayah et al. [20] and with previously published modeling efforts. (run 4, MC ¼ 16%).

Exp. [20] M1 M1 M2 M2 M3 M3 M4 M4 [32] [32] modified [37] [43] [43] modified

H2 17.00 18.09 24.19 16.79 17.92 21.55 22.57 17.92 24.79 18.07 16.16 16.81 20.05 17.16
CO 18.40 20.79 21.33 18.75 18.91 18.12 18.74 21.18 21.60 18.00 17.33 17.86 18.20 19.59
CO2 10.60 10.05 11.09 11.59 13.08 12.02 13.08 9.76 10.88 11.73 12.32 12.10 11.87 11.18
CH4 1.30 0.04 0.67 1.03 3.84 0.00 1.98 0.00 0.36 0.28 1.06 1.05 0.01 1.42
N2 52.70 51.03 42.71 51.85 46.25 48.30 43.62 51.14 42.37 52.15 53.13 52.18 49.88 50.64
LHV 4.63 4.59 5.55 4.55 5.70 4.41 5.52 4.61 5.54 4.33 4.32 4.45 4.47 4.84
ER 0.32 0.41 0.32 0.41 0.32 0.41 0.32 0.41 0.32 0.33 0.33 0.41 0.33 0.32
RMS 1.52 5.67 0.62 3.33 2.96 4.90 1.64 5.98 0.89 1.01 0.76 2.03 1.10

Table 2
Further comparison of models M1 e M4 results with experimental data and previous published modeling efforts.

Comparison with experimental data from Ref. [39] Comparison with experimental data from Ref. [15]

Exp. [39] M1 M2 M3 M4 Syngas [39] Cycle-T [39] [34] Exp. [15] M1 M2 M3 M4

H2 14.00 23.35 17.37 23.39 23.56 20.06 21.40 19.80 19.38 24.98 17.81 23.23 24.29
CO 20.14 25.24 22.86 19.47 25.47 19.70 23.00 23.45 20.59 24.38 21.97 19.28 24.50
CO2 12.06 9.13 11.15 13.45 8.95 10.15 9.74 9.16 11.67 9.60 11.68 13.49 9.53
CH4 2.31 0.72 3.81 2.15 0.58 0.00 0.01 0.01 4.47 1.77 5.51 3.81 2.04
N2 50.79 41.56 44.80 41.53 41.45 50.10 45.31 47.57 43.89 39.28 43.03 40.19 39.64
LHV 4.89 5.97 6.13 5.76 5.97 4.66 5.22 5.11 6.30 6.41 6.67 6.31 6.45
ER 0.30 0.30 0.30 0.30 0.30 0.32 0.32 0.34 0.27 0.27 0.27 0.27 0.27
RMS 6.48 3.40 5.94 6.63 3.05 4.55 3.71 3.96 1.11 2.61 3.69

Comparison with experimental data from Ref. [33] Comparison with experimental data from Ref. [23]

Exp. [33] M1 M2 M3 M4 [33] [34] [35] Exp. [23] M1 M2 M3 M4

H2 15.23 24.30 17.92 23.31 25.04 21.06 18.44 23.39 17.50 23.17 17.35 24.13 24.04
CO 23.04 20.34 17.93 19.27 20.63 19.61 17.46 20.80 21.30 25.06 22.67 20.04 24.08
CO2 16.42 12.85 14.92 13.70 12.61 12.01 13.13 12.31 13.30 10.27 12.37 13.98 10.96
CH4 1.58 0.66 3.86 1.33 0.29 0.64 0.00 0.75 3.10 0.61 3.62 1.47 0.50
N2 42.31 41.84 45.37 42.39 41.43 46.68 50.96 42.74 44.20 40.89 43.98 40.37 40.42
LHV 5.12 5.43 5.58 5.43 5.41 4.98 4.20 5.69 5.89 6.04 5.66 5.82
ER 0.32 0.32 0.32 0.32 0.30 0.30 0.30 0.30
RMS 4.55 3.17 4.17 4.88 4.13 5.09 4.23 3.81 0.78 3.56 3.92

Table 3
Comparison of models results, for gasification with oxygen, with experimental data
from Ashizawa et al. [57] and with previously published model by Vaezi et al. [38].

Exp. [57] M1 M2 M3 M4 [38]

H2 44.70 43.78 45.71 39.38 43.87 44.86
CO 43.90 50.98 45.72 34.49 51.86 44.92
CO2 9.84 4.77 8.09 19.34 4.08 10.04
CH4 0.09 0.29 0.30 6.59 0.00 0.01
Others 0.43 0.18 0.18 0.20 0.18 0.17
LHV 10.41 11.27 10.82 10.97 11.29 10.53
ER 0.38 0.38 0.38 0.38 0.38 0.4
P (MPa) 1.90 1.90 1.90 1.90 1.90 1.90
RMS 3.92 1.22 7.07 4.41 0.49
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believe that this should be done considering carbon conversion
efficiency, or equivalently by modeling the char residues as pure
carbon in graphite state, otherwise the thermodynamic data
needed to feed the model would represent an extra difficulty.

At this point it is important to note that, regarding the two so-
lution schemes described in the present work, if the second solu-
tion scheme is used, the temperature and mole quantities are
determined for a certain value of ER (and therefore of nar), and if
after this procedure is applied, the first solution scheme was to be
used with the obtained value of the temperature, the mole quan-
tities and the ER obtained would have the same values as those
obtained and assumed, respectively, by the second solution
scheme. Therefore the solution schemes presented in this work are
just a mean of choosing between having the air number of moles or
the temperature as one of the unknowns, but they would not
produce different results.

Further comparison with experimental results and previously
published models is presented in Table 2. It can be observed that,
among the developed models, the model M2 gives the lower RMS
value which is always less than 3.5. Considering that previous
modeling efforts presented in Refs. [33e35] have been validated
with RMS values of more than 3.5, and also considering that models
presented in Ref. [39] have been validated with RMS values of at
least 3.0, it can be concluded from the information presented in
Tables 1 and 2, that for gasification with air model M2 is the best
among the four developed models and can be used to perform
simulations.

Finally in order to test the models for gasification with oxygen,
the experimental conditions presented by Ashizawa et al. [57] were
used, and their experimental results together with simulations
results obtained by Vaezi et al. [38] were considered for compari-
son. The aforementioned comparisons are presented in Table 3.
Model M2 showed the lowest RMS value (1.22) among the four
models developed in the present work.

4.2. Case study: gasification of hardwood chips blended with
glycerol at 80% and 20% weight basis respectively

In this section themodelM2will be used to perform simulations
in order to determine the synthesis gas composition obtained from
the gasification of a blend of hardwood chips and glycerol, in a
proportion of 80%e20%, respectively, inweight basis. Gasification of
this feedstock was performed in a downdraft gasifier by Wei et al.
[15], and the model M2 was validated with this data showing an
RMS value of 1.11 (Table 2.). The ultimate and proximate analyses
for this blend were presented in Refs. [15], this information is also
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presented here: 52.28% of C, 6.61% of H, 41.05% of O, 0.1% of N, 0.01%
of S, 1.54% of Ash.

In work by Leoneti et al. [60] it is stated that one of the possible
applications for the glycerol produced in Brazil (as a by-product of
the biodiesel production process) is the co-gasification, and such is
the motivation of the present case study.

The studied input parameters were: (a) Equivalence ratio (ER);
(b) MC (moisture content) and (c) oxygen percentage in the
Fig. 4. Case study e HardwoodeGlycerol mixture 80% and 20% respectively: Gasification with
gasification agent, from pure oxygen to atmospheric air composi-
tion, measured by l. The responses of the model were the syn-
thesis gas composition and it’s LHV. In order to present the
responses as functions of the ER and the MC contour planes were
used. These contours are presented in Figs. 4e6. It is important to
notice that the temperature values shown in Figs. 4 and 5 are more
characteristic to entrained flow gasifiers than to downdraft
gasifiers.
100% oxygen (O2) and 0% nitrogen (N2), results for synthesis gas composition and LHV.



Fig. 5. Case study e HardwoodeGlycerol mixture 80% and 20% respectively: Gasificationwith 60% oxygen (O2) and 40% nitrogen (N2), results for synthesis gas composition and LHV.
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Results show that the highest LHV ¼ 11 MJ/Nm3 is obtained for
the gasification with O2 ¼ 100%, moisture content MC ¼ 0%, and
equivalence ratio ER ¼ 0.3.

As nitrogen is added to the gasification agent, from 0% to 79%,
the LHV of the synthesis gas decreases, for the case of MC ¼ 0 and
ER ¼ 0.3, from the maximum value aforementioned to the mini-
mum value of 6.35 MJ/Nm3.

The increase of the moisture content, from 0% to 20%, increases
the H2 content in the synthesis gas, however the CO2 content is also
increased and the CO content is decreased, the global effect of
increasing the value of MC is the decrease of the LHV value. This
behavior can be explained by thewateregas homogeneous reaction
which completes the combustion of some of the CO and produce H2

and CO2.
The increase of the equivalence ratio, from 0.3 to 0.5, decreases

the H2 and CO contents, and increases the CO2 content, being the
global effect the decrease of the LHV value.

In order to determine the gasification process parameters, eco-
nomic and energetic application aspects must be considered. As an
example consider the case of gasification with atmospheric air, a



Fig. 6. Case study e Hardwood-Glycerol mixture 80% and 20% respectively: Gasification with 21% oxygen (O2) and 79% nitrogen (N2), results for synthesis gas composition and LHV.
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synthesis gas with acceptable LHV can be obtained if the ER does
not exceed a value of 0.4 and the MC does not exceed the 20% in the
feedstock, when this conditions are met the resulting gas is ex-
pected to have an LHV in the interval of 6.35 to 4.65 MJ/Nm3. A
synthesis gas with this LHV could be used for vapor production,
micro-gas turbines, and small internal combustion engines, among
others. In the case of gasification with pure oxygen, the ER and the
MC values, should not exceed 0.4 and 20% respectively, otherwise it
would be a waste of this expensive gasification agent. Applications
as hydrogen production, fuel cells, and natural gas substitution
would be plausible.
It is important to state that Wei et al. [15] reported the
appearance of a sticky paste accumulating on the grate for tem-
peratures above 900 �C in the reduction zone, thus agglomeration
is possible for the considered blend. When hardwood chips were
gasified alone the aforementioned problem did not happen. How-
ever the authors also reported that this problem was solved by
cleaning the grate, and also stated that modification of the gasifier
design, in such a way that it permits a constant cleaning of the
grate, could be a solution.

Skoulou and Zabaniotou [61] performed gasification of a blend
of glycerol and olive kernel in a laboratory fixed bed reactor, for
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glycerol weight percentages of 23%, 32% and 49%. The ER value was
in the interval of 0.2e0.4 and the temperature among 750 �Ce
850 �C. They reported an increase in synthesis gas yield from 0.4 to
1.2 Nm3/kg for the mixture of 49% glycerol. Also a decrease in tar
yield was observed at conditions of T ¼ 850 �C and ER ¼ 0.4.

Yoon et al. [62] carried out experiments to study the gasification
of pure glycerol (in liquid state) in a bench scale entrained flow
gasifier. Air and oxygen were employed as gasification agents, and
for gasification at atmospheric pressure the temperature registered
inside the gasifier ranged from 950 to 1050 �C for gasification with
air, and from 1200 to 1500 �C for gasification with oxygen.

Sricharoenchaikul and Atong [63] also carried out experiments
on the gasification of biomass and glycerol blends, using biomass to
glycerol ratios of 100:0, 85:15 and 70:30. The gasification took place
in a tubular reactor with controlled temperature of 700 and 900 �C.
It was found that for these temperatures when glycerol was added
to biomass, the amount of CO, H2 and CH4 increased significantly.

Form the above it is evident that biomass and glycerol mixtures
are of interest but it is also evident that the gasification of these
blends presents several technical issues that need to be addressed.
For instance the ash melting point seems to be lower for the
biomass and glycerol mixtures then for the biomass alone, thus a
careful design of the gasifier is needed. A way to reduce the
occurrence of ash melting could be the use of pressurized gasifiers;
another optionwould be the reduction of the temperature by using
airesteam or oxygenesteam as gasification agents. Also different
kind of gasification processes need to be considered for high gasi-
fication temperatures, Higman and Van der Burgt [4] present a
complete discussion on available gasification technologies and
technical issues.
5. Conclusions

An equilibrium model, called M1, was developed and tested
against experimental data. Later model M1 was modified to pro-
duce model M2, a quasi-equilibriummodel, which showed the best
accuracy.

Using the correlations presented in Eqs. (1) and (2) model M3
was developed, this model could be solved without the use of
NewtoneRaphson method, if necessary, however its accuracy was
not as good as the accuracy of model M2.

The last model, called M4, was developed using correlation
presented in Eqs. (35) and (36), this model was not as accurate as
model M2.

The variables a and b were determining using mostly published
experimental results for biomass gasification with air in downdraft
gasifiers, while for gasification with oxygen experimental results
for gasification of Orimulsion in an entrained flow gasifier were
used. Thus model M2 is very reliable to predict biomass gasification
with air in downdraft gasifiers, and would improve its accuracy for
gasification with oxygen if more experimental results are consid-
ered and then the values of a and bwould be tested and modified if
necessary.

Regarding the composition and LHV of the resulting synthesis
gas, the influence of three gasification process parameters was
tested, namely ER, MC and O2 percentage in the gasification agent.
References

[1] Rezaiyan J, Cheremisinoff N. Gasification technologies: a premier for engineers
and scientists. New York: Taylor & Francis; 2005.

[2] Basu P. Biomass gasification and pyrolysis. New York: Elsevier; 2010.
[3] De Souza-Santos ML. Solid fuels combustion and gasification. 2nd ed. USA:

CRC Press; 2010.
[4] Higman C, Van der Burgt M. Gasification. 2nd ed. New York: Elsevier; 2008.
[5] Reed T, Das A. Handbook of biomass downdraft gasifier engine systems.
Colorado: Biomass Energy Foundation Press; 1988.

[6] Sues A, Jurascík M, Ptasinski K. Exergetic evaluation of 5 biowastes-to-biofuels
routes via gasification. Energy 2010;35:996e1007.

[7] Pellegrini LF, de Oliveira Jr S. Exergy analysis of sugarcane bagasse gasification.
Energy 2007;32:314e27.

[8] Van der Heijden H, Ptasinski Krzysztof J. Exergy analysis of thermochemical
ethanol production via biomass gasification and catalytic synthesis. Energy
2012;46:200e10.

[9] Fischer B, Pigneri A. Potential for electrification from biomass gasification in
Vanuatu. Energy 2011;36:1640e51.

[10] Hernández JJ, Ballesteros R, Aranda G. Characterization of tars from biomass
gasification: effect of the operating conditions. Energy 2013;50:333e42.

[11] Chiang KY, Lu CH, Lin MH, Chien KL. Reducing tar yield in gasification
of paper-reject sludge by using a hot-gas cleaning system. Energy 2013;50:
47e53.

[12] Dogru M, Howarth CR, Akay G, Keskinler B, Malik AA. Gasification of hazelnuts
shells in a downdraft gasifier. Energy 2002a;27:415e27.

[13] Wander PR, Altafini CR, Barreto RM. Assessment of small sawdust gasification
unit. Biomass Bioenergy 2004;27:467e76.

[14] Sharma AK. Experimental study on 75 kWth downdraft (biomass) gasifier
system. Renew Energy 2009;34:1726e33.

[15] Wei L, Pordesimo LO, Haryanto A, Wooten J. Co-gasification of hardwood
chips and crude glycerol in a pilot scale downdraft gasifier. Bioresour Technol
2011;102:6266e72.

[16] Erlich C, Fransson TH. Downdraft gasification of pellets made of wood, palm oil
residues respective bagasse: experimental study. Appl Energy 2011;88:899e908.

[17] Elder T, Groom LH. Pilot-scale gasification of woody biomass. Biomass Bio-
energy 2011;35:3522e8.

[18] Gai C, Dong Y. Experimental study on non-woody biomass gasification in a
downdraft gasifier. Hydrog Energy 2012;37:4935e44.

[19] Dogru M, Midilli A, Howarth CR. Gasification of sewage sludge using a
throated downdraft gasifier and uncertainty analysis. Fuel Process Technol
2002b;75:55e82.

[20] Jayah TH, Aye L, Fuller RJ, Stewart DF. Computer simulation of a downdraft
wood gasifier for tea drying. Biomass Bioenergy 2003;25:459e69.

[21] Pratik NS, Babu BV. Experimental studies on producer gas generation from
wood waste in a downdraft biomass gasifier. Bioresour Technol 2009;100:
3127e33.

[22] Olgun H, Ozdogan S, Yinesor G. Results with a bench scale downdraft biomass
gasifier for agricultural residues. Biomass Bioenergy 2011;35:572e80.

[23] SimoneM, Barontini F, Nicolella C, Tognotti L. Gasification of pelletized biomass
in a pilot scale downdraft gasifier. Bioresour Technol 2012;116:403e12.

[24] Jaojaruek K, Jarungthammachote S, Gratuito MKB, Wongsuwan H, Homhual S.
Experimental study of wood downdraft gasification for an improved producer
gas quality through an innovative two-stage air and premixed air/gas supply
approach. Bioresour Technol 2011;102:4834e40.

[25] Martínez JD, Silva E, Viera R, Lesme R. Experimental study on biomass gasi-
fication in a double air stage downdraft reactor. Biomass Bioenergy 2011;35:
3465e80.

[26] Zhongqing Ma, Zhang Y, Zhang Q, Qu Y, Zhou J, Qin H. Design and experi-
mental investigation of a 190 kWe biomass fixed bed gasification and pol-
ygeration pilot plant using a double air stage downdraft approach. Energy
2012;46:140e7.

[27] Raman P, Ram NK, Gupta R. A dual fired downdraft gasifier system to produce
cleaner gas for power generation: design, development and performance
analysis. Energy 2013;54:302e14.

[28] Bui T, Loof R, Bhattacharya SC. Multi-stage reactor for thermal gasification of
wood. Energy 1994;19:397e404.

[29] Patil K, Bhoi P, Huhnke R, Bellmer D. Biomass downdraft gasifier with internal
cyclonic combustion chamber: design, construction, and experimental results.
Bioresour Technol 2011;102:6286e90.

[30] Luo S, Zhou Y, Yi C. Syngas production by catalytic steam gasification of
municipal solid waste in fixed-bed reactor. Energy 2012;44:391e5.

[31] Ratnadhariya JK, Channiwala SA. Experimental studies on molar distribution
of CO/CO2 and CO/H2 along the length of downdraft wood gasifier. Energy
Convers Manag 2010;51:452e8.

[32] Barman NS, Ghosh S, Sudipta De. Gasification of biomass in a fixed bed
downdraft gasifier e a realistic model including tar. Bioresour Technol
2012;107:505e11.

[33] Zainal ZA, Ali R, Lean CH, Seetharamu KN. Prediction of performance of a
downdraft gasifier using equilibrium modeling for different biomass mate-
rials. Energy Convers Manag 2001;42:1499e515.

[34] Mountouris A, Voutsas E, Tassios D. Solid waste plasma gasification: equilib-
rium model development and exergy analysis. Energy Convers Manag
2006;47:1723e37.

[35] Azzone E, Morini M, Pinelli M. Development of an equilibrium model for the
simulation of thermochemical gasification and application to agricultural
residues. Renew Energy 2012;46:248e54.

[36] Melgar A, Pérez JF, Laget H, Horillo A. Thermochemical equilibrium modeling
of a gasifying process. Energy Convers Manag 2007;48:59e67.

[37] Jarungthammachote S, Dutta A. Thermodynamic equilibrium model and sec-
ond law analysis of a downdraft waste gasifier. Energy 2007;32:1660e9.

[38] VaeziM, Passandideh-FardM,MoghimanM, CharmchiM. Gasification of heavy
fuel oils: a thermochemical equilibrium approach. Fuel 2011;90:878e85.

http://refhub.elsevier.com/S0360-5442(13)00984-5/sref1
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref1
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref2
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref3
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref3
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref4
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref5
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref5
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref6
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref6
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref6
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref7
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref7
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref7
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref8
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref8
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref8
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref8
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref9
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref9
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref9
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref10
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref10
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref10
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref11
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref11
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref11
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref11
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref12
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref12
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref12
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref13
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref13
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref13
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref14
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref14
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref14
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref15
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref15
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref15
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref15
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref16
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref16
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref16
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref17
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref17
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref17
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref18
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref18
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref18
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref19
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref19
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref19
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref19
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref20
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref20
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref20
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref21
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref21
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref21
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref21
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref22
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref22
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref22
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref23
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref23
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref23
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref24
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref24
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref24
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref24
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref24
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref25
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref25
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref25
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref25
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref26
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref26
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref26
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref26
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref26
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref27
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref27
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref27
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref27
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref28
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref28
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref28
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref29
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref29
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref29
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref29
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref30
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref30
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref30
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref31
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref31
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref31
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref31
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref31
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref31
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref32
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref32
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref32
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref32
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref32
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref33
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref33
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref33
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref33
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref34
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref34
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref34
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref34
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref35
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref35
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref35
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref35
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref36
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref36
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref36
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref37
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref37
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref37
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref38
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref38
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref38


A.Z. Mendiburu et al. / Energy 66 (2014) 189e201 201
[39] Altafini CR, Wander PR, Barreto RM. Prediction of the working parameters of a
wood waste gasifier through and equilibrium model. Energy Convers Manag
2003;44:2763e77.

[40] Schuster G, Löffler G, Weigl K, Hofbauer H. Biomass steam gasification e an
extensive parametric modeling study. Bioresour Technol 2001;77:71e9.

[41] Antonopoulos I-S, Karagiannidis A, Gkouletsos A, Perkoulidis G. Modelling of
a downdraft gasifier fed by agricultural residues. Waste Manag 2012;32:
710e8.

[42] Vera D, Jurado F, Carpio J. Study of a downdraft gasifier and externally fired
gas turbine for olive industry wastes. Fuel Process Technol 2011;92:1970e9.

[43] Karamarkovic R, Karamarkovic V. Energy and exergy analysis of biomass
gasification at different temperatures. Energy 2010;35:537e49.

[44] Prins MJ, Ptasinski KJ, Janssen JJ. From coal to biomass gasification: compar-
ison of thermodynamic efficiency. Energy 2007;32:1248e59.

[45] Sonntag RE, Borgnakke C, Van Wylen GJ. Fundamentals of thermodynamics.
6th ed. USA: John Wiley & Sons; 2003.

[46] Turns SR. An introduction to combustion. 2nd ed. New York: McGrawHill; 2000.
[47] Glassman I, Yetter RA. Combustion. 4th ed. New York: Elsevier; 2008.
[48] Carvalho JA, McQuay MQ. Principles of applied combustion [Princípios de

Combustão Aplicada]. Florianópolis, Brasil: Editora da UFSC; 2007 [in
Portuguese].

[49] Channiwala SA, Parikh PP. A unified correlation for estimating HHV of solid,
liquid and gaseous fuels. Fuel 2002;81:1051e63.

[50] NIST-JANAF Thermochemical Tables, http://kinetics.nist.gov/janaf/, [last ac-
cess 25.10.12].

[51] Maloney JO. Perry’s chemical engineers handbook. 8th ed. USA: McGraw Hill;
2008.
[52] Chapra SC. Applied numerical methods. 3rd ed. New York: McGraw Hill; 2012.
[53] Beers KJ. Numerical methods for chemical engineering. New York: Cambridge

University Press; 2007.
[54] Yang WY, Cao W, Chung T, Morris J. Applied numerical methods using

MATLAB. New Jersey: Wiley - Interscience; 2005.
[55] Pedroso DT, Ariello RC, Conti L, Mascia S. Biomass gasification on a new really

tar free downdraft gasifier. Exact Sci J UNITAU 2005;11:59e62.
[56] Bottino A, Comite A, Capannelli G, Di Felise R, Pinacci P. Steam reforming of

methane in equilibrium membrane reactors for integration in power cycles.
Catal Today 2006;118:214e22.

[57] Ashizawa M, Hara S, Kidoguchi K, Inumaru J. Gasification characteristics of
extra-heavy fuel oil in a research-scale gasifier. Energy 2005;30:2194e205.

[58] Puig-Arnavat M, Bruno JC, Coronas A. Modified thermodynamic model for
biomass gasification: a study of the influence of operating conditions. Energy
Fuels 2012;26:1385e94.

[59] Ptasinski KJ, Prins MJ, Pierik A. Exergetic evaluation of biomass gasification.
Energy 2007;32:568e74.

[60] Leoneti AB, Aragão-Leoneti B, Valle S, Borges W. Glycerol as a by-product of
biodiesel production in Brazil: Alternatives for the use of unrefined glycerol.
Renew Energy 2012;45:138e45.

[61] Skoulou V, Zabaniotou A. Co-gasification of crude glycerol with lignocellulosic
biomass for enhanced syngas production. J Anal Appl Pyrolysis 2013;99:110e6.

[62] Yoon SJ, Choi Y, Son Y, Lee S, Lee J. Gasification of biodiesel by-product with air
or oxygen to make syngas. Bioresour Technol 2010;101:1227e32.

[63] Sricharoenchaikul V, Atong D. Fuel gas generation from thermochemical
conversion of crude glycerol mixed with biomass wastes. Energy Proced
2012;14:1286e91.

http://refhub.elsevier.com/S0360-5442(13)00984-5/sref39
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref39
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref39
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref39
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref40
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref40
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref40
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref40
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref41
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref41
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref41
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref41
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref42
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref42
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref42
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref43
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref43
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref43
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref44
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref44
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref44
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref45
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref45
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref46
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref47
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref48
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref48
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref48
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref49
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref49
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref49
http://kinetics.nist.gov/janaf/
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref50
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref50
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref51
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref52
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref52
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref53
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref53
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref54
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref54
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref54
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref55
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref55
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref55
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref55
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref56
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref56
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref56
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref57
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref57
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref57
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref57
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref58
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref58
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref58
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref59
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref59
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref59
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref59
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref60
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref60
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref60
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref61
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref61
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref61
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref62
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref62
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref62
http://refhub.elsevier.com/S0360-5442(13)00984-5/sref62

	Thermochemical equilibrium modeling of biomass downdraft gasifier: Stoichiometric models
	1 Introduction
	2 Brief revision on downdraft gasifiers
	3 Equilibrium and quasi-equilibrium modeling of downdraft gasifiers
	3.1 Conforming a system of equations to model the gasification process
	3.1.1 The global gasification reaction
	3.1.2 The energy and mass balance equations
	3.1.3 The equilibrium equations

	3.2 Model inputs
	3.2.1 Representation of the feedstock
	3.2.2 Determining the equilibrium constants
	3.2.3 Determining the enthalpies of the species considered

	3.3 Solution schemes
	3.3.1 First solution scheme
	3.3.2 Second solution scheme

	3.4 Equilibrium model modifications applied to improve accuracy
	3.4.1 Modification of the equilibrium equations
	3.4.2 Substitution of the equilibrium equations for correlations
	3.4.3 Models developed and tested in the present work


	4 Results and discussion
	4.1 Validation of the models M1 – M4
	4.2 Case study: gasification of hardwood chips blended with glycerol at 80% and 20% weight basis respectively

	5 Conclusions
	References


