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The aim of this work is to develop stoichiometric equilibrium models 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%.
Ó 2013 Elsevier Ltd. All rights reserved.
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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 equilibrium modeling of downdraft gasiﬁers, and in present work a selection 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
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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 gasiﬁcation 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 vaporization. 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, oxygen, 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

O

A
AC
C

O2
P
P0
R
S

CO
CO2
CH4
CP
ER
H
H2
H2O
HHV
g 0T
h
0
hf 298
KP
LHV
MC
Mi
N
N2
ni
nTot

ash mass fraction weight basis from proximate analysis
air to fuel ratio, kg-air/kg-fuel
carbon mass fraction in weight basis form ultimate
analysis
carbon monoxide
carbon dioxide
methane
speciﬁc heat at constant pressure
equivalence ratio
hydrogen (monoatomic) mass fraction in weight basis
form ultimate analysis
hydrogen (diatomic)
water
high heating value, MJ/kg for biomass and MJ/Nm3 for
syngas
speciﬁc Gibbs free energy of formation in molar basis,
at standard pressure, kJ/mol
speciﬁc enthalpy in molar basis, kJ/mol
speciﬁc enthalpy of formation at standard conditions,
kJ/mol
equilibrium constant
low heating value MJ/Nm3
moisture content, %
molecular weight of species “i”, g/mol
nitrogen (monoatomic)
nitrogen (diatomic)
mol number of species “i”
total mole number of synthesis gas

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 undergoing devolatilization and simultaneous gasiﬁcation and
combustion processes [3]. The minimum temperatures required

SiO2
SO2
T

y
V
W Tot
xj
yi

oxygen (monoatomic) mass fraction in weight basis
form ultimate analysis
oxygen (diatomic)
pressure, kPa
standard pressure, kPa
universal constant of ideal gases, kJ/mol K
sulfur mass fraction in weight basis from ultimate
analysis
silica
sulfur dioxide
temperature,  C for results presentation and K for
calculations
stoichiometric coefﬁcient
volume, m3
total weight, kg
mol number of composite j with respect to biomass
mol fraction of species “i”.

Greek symbols
nitrogen to oxygen ratio in the gasiﬁcation agent, molN2/mol-O2
0
DG T
Gibbs free energy of formation variation for a certain
reaction, kJ/mol

l

Subscripts
daf
dry ash free basis
fs
feedstock
ga
gasiﬁcation agent
p
products
r
reactants

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

Fig. 1. General scheme of downdraft gasiﬁers: (a) Imbert 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 exergetic 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 nonstoichiometric 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 gasiﬁcation have been studied and the exergetic efﬁciency of the
process was 43.5% for Rh-based catalyst and 44.4% for MoS2based 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 internal 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 predicted, with a reasonable approximation, by the following two
correlations [31].

CO=CO2 ¼ 2:18e450:893=T

(1)

CO=H2 ¼ 0:92e110:11=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. Generally in the reactants side the only unknown could be nar, while in
the products side nC, nH2 , nCO, nCO2 , nCH4 and nH2 O could be the
unknowns, also the gasiﬁcation temperature becomes one of the
unknowns when nar is an input parameter, otherwise the temperature would be the input parameter. The results obtained for the
synthesis gas composition are generally presented in dry basis and
therefore nH2 O does not appear in reported results, but it is always
determined in the simulations.
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3.1.1. The global gasiﬁcation reaction
All the equations that model the gasiﬁcation process are developed on the basis of a proposed global gasiﬁcation reaction. From the
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. Gasiﬁcation 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 in previously cited works [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 nitrogen (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 molecule. 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).

ðCxC HxH OxO NxN SxS Þfs þ xA SiO2 þ xH2 O H2 O þ nar ðO2 þ lN2 Þ/nC C
þ nH2 H2 þ nCO CO þ nCO2 CO2 þ nCH4 CH4 þ nH2 O H2 O þ xS SO2

x 
þ lnar þ N N2 þ xA SiO2
2
(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 stoichiometric 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
H
S
O
þ
þ

MC 2MH2 MS MO2


(5)

3.1.2. The energy and mass balance equations
The mass 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 2xH2 O  2nH2  2nH2 O  4nCH4 ¼ 0

(7)

xO þ xH2 O þ 2nar  nCO  2nCO2  nH2 O  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
x
þ xH2 O þ xS þ N þ lnar  2nCH4
2
2

(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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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 published 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 unconverted carbon is considered in the products or two when it is not.
Each one of these equations is obtained by applying the equilibrium condition to one gasiﬁcation reaction. The most important
gasiﬁcation reactions that have been used by other authors are
shown below.
Boudouard reaction [40,43]

C þ CO2 ¼ 2CO

ðþ172 MJ=kmolÞ

ðþ131 MJ=kmolÞ

2

0

3

DGT 5
¼
KP ¼ exp4 
RT

ð75 MJ=kmolÞ

(12)

(13)

0
DGT

N
X

¼

ð41 MJ=kmolÞ

(14)

Dy ¼

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

CH4 þ H2 O ¼ CO þ 3H2

ðþ206 MJ=kmolÞ

N
X

0

!

@

yi goi

i¼1

Wateregas homogeneous reaction [32e38,40,43]

CO þ H2 O ¼ CO2 þ H2

i¼1

1
! 0

Dy
M
Y
P
 yj A
@
nj
nTot P0
j¼1
p

(16)

r

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.

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

C þ 2H2 ¼ CH4

N
Y
nyi i

(11)

Wateregas heterogeneous reaction [34,40,43]

C þ H2 O ¼ CO þ H2

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 correlation which is a function of the equivalence ratio, while Eqs. (13) and
(14) were used as the gasiﬁcation reactions; in Ref. [42] unconverted 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 gasifying a fuel. This is inferred by comparing the results obtained in
equilibrium with those obtained in quasi-equilibrium conditions. In
quasi-equilibrium conditions the Boudouard and the heterogeneous wateregas reactions do not contribute sufﬁciently to the
carbon conversion [44].
The stoichiometric thermodynamic equilibrium modeling requires 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).
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yj A
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(18)

r

(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 independent 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.

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.

3
2


0
D
ðnCO Þ2
P
G
T5
¼ K1
¼ exp4 
nTot P0
nCO2
RT

nCO nH2
nH2 O



P
nTot P0



2
¼ exp4 

0

3

DGT 5
RT

(19)

¼ K2

3
2

1
0
nCH4
DGT 5
P
4
¼ K3
¼ exp 

2
nTot P0
RT
nH2

(20)

(21)
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3

nCO2 nH2
DGT 5
¼ K4
¼ exp4 
nCO nH2 O
RT

(22)

3
2

3 
2
0
nCO nH2
D
P
G
T
5 ¼ K5
¼ exp4 
nCH4 nH2 O nTot P0
RT

(23)

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


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 0:3491C þ 1:1783H þ 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

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
CxC HxH OxO NxN SxS 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, Xjdaf > Xj and if it were in dry
ash free basis Xjdaf 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.

x H2 O ¼

xA ¼



A
Mfs 1 þ 100A

100
A
MH2 O MC  100A
1

(24)



A Mfs þ MH2 O xH2 O

(25)

MA ð100  AÞ

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



0

hf298


fs


  0

¼ HHV Mfs þ hf298

þ
CO2



xH 0
hf298
2
H2 OðlÞ
(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.

There is some difference in the value of the enthalpy of formation 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 by Mountouris 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 function 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

7
X

ai T i1

(29)

i¼1

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].
0

DhT ¼

7
X

bi T i1

(30)

i¼1

For all the species involved in the gasiﬁcation process Eq. (31)
represents the total molar enthalpy.
0

0

0

hT ¼ hf298 þ DhT

(31)
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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 previous 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. 3. Second 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 homogeneous 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 equilibrium 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 expressions shown in Eqs. (32) and (33), taken form references [55] and
[56] respectively.
4276
K4 ¼ eð T 3:961Þ
26830
T

K5 ¼ 1:198*1013 e

(33)

Two models based in the mass conservation equation, the energy 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 modiﬁcation, the second will be called M2 and it includes two modiﬁcations 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 results 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 2
T
þ
0:3518T

128:7
;1
104

b ¼ 2:8  0:372l

Fig. 2. First solution scheme for the gasiﬁcation equilibrium model.

(32)

(34)

(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 prediction, 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 Orimulsion 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 overestimated while the H2 content would be underestimated. Temperature 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 equilibrium model because a was present. Under these conditions the
model showed less sensibility to b values, when results for gasiﬁcation with air were considered. However when tested against
results for gasiﬁcation with 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  x2H þ xO þ xS þ 2nar
 450:893 1
 110:11 1
4
1
e T
e T
3 þ 2:18
 0:92

(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 and M4. 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 homogeneous reaction and the methane reforming reaction by substitution of their respective equilibrium constants with the
relations shown in Eq. (32) and Eq. (33).
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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. Karamarkovic [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
each model, is the RMS (root mean square) error as given in Eq. (37).

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PN
2
i ¼ 1 ðexperimentali  modeli Þ
RMS ¼
N

(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 presented 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 unmodiﬁed equilibrium model will represent better the results obtained 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 speciﬁcation 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 solution 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 proportional 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
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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%).

H2
CO
CO2
CH4
N2
LHV
ER
RMS

Exp. [20]

M1

M1

M2

M2

M3

M3

M4

M4

[32]

[32] modiﬁed

[37]

[43]

[43] modiﬁed

17.00
18.40
10.60
1.30
52.70
4.63
0.32

18.09
20.79
10.05
0.04
51.03
4.59
0.41
1.52

24.19
21.33
11.09
0.67
42.71
5.55
0.32
5.67

16.79
18.75
11.59
1.03
51.85
4.55
0.41
0.62

17.92
18.91
13.08
3.84
46.25
5.70
0.32
3.33

21.55
18.12
12.02
0.00
48.30
4.41
0.41
2.96

22.57
18.74
13.08
1.98
43.62
5.52
0.32
4.90

17.92
21.18
9.76
0.00
51.14
4.61
0.41
1.64

24.79
21.60
10.88
0.36
42.37
5.54
0.32
5.98

18.07
18.00
11.73
0.28
52.15
4.33
0.33
0.89

16.16
17.33
12.32
1.06
53.13
4.32
0.33
1.01

16.81
17.86
12.10
1.05
52.18
4.45
0.41
0.76

20.05
18.20
11.87
0.01
49.88
4.47
0.33
2.03

17.16
19.59
11.18
1.42
50.64
4.84
0.32
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]

H2
CO
CO2
CH4
N2
LHV
ER
RMS

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

14.00
20.14
12.06
2.31
50.79
4.89
0.30

23.35
25.24
9.13
0.72
41.56
5.97
0.30
6.48

17.37
22.86
11.15
3.81
44.80
6.13
0.30
3.40

23.39
19.47
13.45
2.15
41.53
5.76
0.30
5.94

23.56
25.47
8.95
0.58
41.45
5.97
0.30
6.63

20.06
19.70
10.15
0.00
50.10
4.66
0.32
3.05

21.40
23.00
9.74
0.01
45.31
5.22
0.32
4.55

19.80
23.45
9.16
0.01
47.57
5.11
0.34
3.71

19.38
20.59
11.67
4.47
43.89
6.30
0.27

24.98
24.38
9.60
1.77
39.28
6.41
0.27
3.96

17.81
21.97
11.68
5.51
43.03
6.67
0.27
1.11

23.23
19.28
13.49
3.81
40.19
6.31
0.27
2.61

24.29
24.50
9.53
2.04
39.64
6.45
0.27
3.69

Comparison with experimental data from Ref. [33]

H2
CO
CO2
CH4
N2
LHV
ER
RMS

Comparison with experimental data from Ref. [23]

Exp. [33]

M1

M2

M3

M4

[33]

[34]

[35]

Exp. [23]

M1

M2

M3

M4

15.23
23.04
16.42
1.58
42.31
5.12

24.30
20.34
12.85
0.66
41.84
5.43
0.32
4.55

17.92
17.93
14.92
3.86
45.37
5.58
0.32
3.17

23.31
19.27
13.70
1.33
42.39
5.43
0.32
4.17

25.04
20.63
12.61
0.29
41.43
5.41
0.32
4.88

21.06
19.61
12.01
0.64
46.68
4.98

18.44
17.46
13.13
0.00
50.96
4.20

23.39
20.80
12.31
0.75
42.74

17.50
21.30
13.30
3.10
44.20
5.69

4.13

5.09

4.23

23.17
25.06
10.27
0.61
40.89
5.89
0.30
3.81

17.35
22.67
12.37
3.62
43.98
6.04
0.30
0.78

24.13
20.04
13.98
1.47
40.37
5.66
0.30
3.56

24.04
24.08
10.96
0.50
40.42
5.82
0.30
3.92

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 solution schemes described in the present work, if the second solution 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 quantities 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 comparison. 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 the model M2 will 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, in weight 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

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].

H2
CO
CO2
CH4
Others
LHV
ER
P (MPa)
RMS

Exp. [57]

M1

M2

M3

M4

[38]

44.70
43.90
9.84
0.09
0.43
10.41
0.38
1.90

43.78
50.98
4.77
0.29
0.18
11.27
0.38
1.90
3.92

45.71
45.72
8.09
0.30
0.18
10.82
0.38
1.90
1.22

39.38
34.49
19.34
6.59
0.20
10.97
0.38
1.90
7.07

43.87
51.86
4.08
0.00
0.18
11.29
0.38
1.90
4.41

44.86
44.92
10.04
0.01
0.17
10.53
0.4
1.90
0.49
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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
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gasiﬁcation agent, from pure oxygen to atmospheric air composition, measured by l. The responses of the model were the synthesis 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.

Fig. 4. Case study e HardwoodeGlycerol mixture 80% and 20% respectively: Gasiﬁcation with 100% oxygen (O2) and 0% nitrogen (N2), results for synthesis gas composition and LHV.
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Fig. 5. Case study e HardwoodeGlycerol mixture 80% and 20% respectively: Gasiﬁcation with 60% oxygen (O2) and 40% nitrogen (N2), results for synthesis gas composition and LHV.

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 minimum 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 the wateregas 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, economic and energetic application aspects must be considered. As an
example consider the case of gasiﬁcation with atmospheric air, a
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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.

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 expected 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 temperatures 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. However 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 option would 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 gasiﬁcation 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 produce model M2, a quasi-equilibrium model, 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 considered and then the values of a and b would 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.
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