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a b s t r a c t

The objective of this work is to develop a non-stoichiometric equilibrium model to study parameter
effects in the gasification process of a feedstock in downdraft gasifiers. The non-stoichiometric equi-
librium model is also known as the Gibbs free energy minimization method. Four models were devel-
oped and tested. First a pure non-stoichiometric equilibrium model called M1 was developed; then the
methane content was constrained by correlating experimental data and generating the model M2. A
kinetic constraint that determines the apparent gasification rate was considered for model M3 and finally
the two aforementioned constraints were implemented together in model M4. Models M2 and M4
showed to be the more accurate among the four developed models with mean RMS (root mean square
error) values of 1.25 each.

Also the gasification of Brazilian Pinus elliottii in a downdraft gasifier with air as gasification agent was
studied. The input parameters considered were: (a) equivalence ratio (0.28e0.35); (b) moisture content
(5e20%); (c) gasification time (30e120 min) and carbon conversion efficiency (80e100%).

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

The capability of using different types of solid or liquid fuels and
even agricultural residues or byproducts to obtain synthesis gas has
led to the study of downdraft gasifiers today. In many engineering
applications, equilibrium calculations are useful to predict the
outcome of the system being studied. Thus, equilibrium is the first
approach used to predict the outcome of the gasification process in
downdraft gasifiers.

The thermochemical equilibrium approach can be applied, to
any reacting system, by using either the stoichiometric or non-
stoichiometric method. The stoichiometric method involves the
use of equilibrium constants. In order to define these constants, a
number of chemical reactions must be chosen. The stoichiometric
coefficients of the chosen reactions are then used to calculate the
equilibrium constants. For this reason, this method is often called
the stoichiometric equilibrium method. The non-stoichiometric
equilibrium method involves the minimization of the Gibbs free
energy of the system. No specific chemical reaction, other than the
assumed global reaction, is required. This method can be used to
Mendiburu).
perform calculations either when the system undergoes chemical
reactions and when it does not. This method is called non-
stoichiometric because of the absence of any particular chemical
reaction.

The comparison of the aforementioned equilibrium methods
has been carried out in earlier works. One of the first reports pro-
posing Gibbs energy minimization method as a better approach
was presented by Zeleznik and Gordon [1]. The authors state that to
calculate the flame temperature for the combustion of a hydro-
carbon in air, using the stoichiometric method, 20 ormore chemical
reactions may need to be considered. The non-stoichiometric
method based on the minimization of the Gibbs free energy of
the system is more suitable for large systems since it does not
depend on a large number of reactions.

In previous work the authors have addressed the thermo-
chemical equilibrium modeling of downdraft gasifiers by using the
stoichiometric method [2] and introducing modifications to the
equilibrium constants in order to improve the accuracy of the
resulting model, which was better than that of a pure equilibrium
model.

In the present work the non-stoichiometric equilibrium
modeling of downdraft biomass gasifiers is addressed and also
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Nomenclature

aij number of moles of element “i” which is present in
species “j”

(bi)R number of moles of element “i” in the reactants
CP specific heat at constant pressure
ER gasification equivalence ratio
HHV high heating value, MJ/kg for biomass and MJ/N m3 for

syngas
G
0
f ;i specific Gibbs free energy of formation on amolar basis

at standard pressure (kJ/mol)
h specific total enthalpy on a molar basis, kJ/mol
Dh specific sensible enthalpy on a molar basis, kJ/mol
h
0
f�298 specific standard enthalpy of formation on a molar

basis, kJ/mol
LHV low heating value, MJ/N m3

MC moisture content, %
Mi molecular weight of species “i”, g/mol
m0 initial mass (kg)
mf final mass (kg)
ni mol number of species “i”
nTot total mole number of synthesis gas
p pressure, kPa
p0 standard pressure, kPa
PCH4

methane percentage in dry basis (%)
rb apparent gasification rate for the Boudouard reaction

(s�1)
rw apparent gasification rate for the steam gasification

reaction (s�1)
R universal constant of ideal gases, kJ/mol K
T temperature, �C for results presented and K for

calculations
V volume, m3

xj mol number of species “j” with respect to carbon
content in feedstock

Chemical symbols
A ash
C carbon
CO carbon monoxide
CO2 carbon dioxide
CH4 methane
H hydrogen (monatomic)
H2 hydrogen (diatomic)
H2O water
H2S hydrogen sulfide
O oxygen (monoatomic)
O2 oxygen (diatomic)
N nitrogen (monoatomic)
N2 nitrogen (diatomic)
S sulfur
SiO2 silica

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

N2/mol-O2

lj Lagrange multiplier of element j

Superscripts
g gaseous state
l liquid state
s solid state

Subscripts
CC carbon conversion
P products
R reactants
t total
UC unconverted carbon
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some constraints were added in order to produce more accurate
results. Until now most of the published papers, which deal with
non-stoichiometric modeling applied to gasification, mainly
introduce a gasification efficiency, this modification was included
in models M1 and M2. However model M2 also includes a
constraint regarding the CH4 (methane) content which was deter-
mined by correlating published experimental data. Model M3 in-
cludes a kinetic constraint regarding the apparent gasification rate
of biomass; this constraint permits the introduction of time as a
variable and also permits the approximate determination of the
gasification efficiency. The introduction of this kinetic constraint to
the equilibrium modeling of biomass gasification constitutes the
major contribution of the present work. Model M4 includes the two
aforementioned constraints, namely, the CH4 content constraint
and the apparent gasification rate constraint.

2. Downdraft gasifiers

Gasification is a process for converting carbonaceous materials
to a combustible or synthetic gas; gasifiers generally operate in
sub-stoichiometric conditions [3]. Within this process, four sub-
processes can be identified [4]:

(a) a drying process in which feedstock that contains water is
heated in order to vaporize its water content;
(b) a thermal decomposition or pyrolysis process in which there
is no participation of oxygen. The feedstock is converted into
char, and it changes its chemical composition without adding
hydrogen;
(c) a gasification process inwhich a combustible or synthetic gas
is obtained as a result of several chemical reactions involving
carbon, steam, hydrogen, carbon dioxide, and other substances;
and
(d) a combustion process in which gases, vapors and char un-
dergo combustion in order to supply the energy required for the
other sub-processes.

There are not clear delimitations between the aforementioned
processes; all of them can occur at the same time in a specific
particle [5].

Downdraft or countercurrent gasifiers obtain their name from
the flux characteristics of the feedstock and the gasification agent.
The feedstock enters at the top of the apparatus, while the gasifi-
cation agent enters into a lower section of the gasifier. Products of
pyrolysis and combustion flow downward. The hot gas then moves
downward over the remaining hot char, where gasification takes
place [4]. The minimum temperatures required to gasify the most
refractory part of almost any biomass are about 800e900 �C [6].
According to Reed and Das [7], two kinds of downdraft gasifiers can
be identified: Downdraft Imbert gasifiers and Stratified Downdraft
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Gasifiers, which are also called Open-Top Downdraft Gasifiers. The
main differences between these gasifier units are related to their
geometry. Downdraft Imbert gasifiers are characterized by a
throated combustion zone and different diameters for pyrolysis and
gasification zones, while Open-Top Downdraft Gasifiers are char-
acterized by a constant diameter throughout the gasifier body [7].
Fig. 1 shows the general layout of these two kinds of downdraft
gasifiers.

Downdraft gasifiers have been tested in compact cogeneration
systems for producing electricity and hot and cold water [8].
Another study [9] shows that the ecological efficiency of a down-
draft gasifier coupled to an internal combustion engine is about
80%.

3. Development of the non-stoichiometric model

3.1. Scope of applicability of non-stoichiometric equilibrium models
in gasification

Non-stoichiometric equilibrium models are widely used, and
the gasification area is not an exception, for instance Jarungth-
ammachote and Dutta [10] attempted to predict the synthesis gas
composition from biomass gasification in a central jet spouted bed,
a circular split spouted bed and a spout-fluid bed gasifier, their
results showed that the model overestimated the H2 (hydrogen)
and CO (carbon monoxide) content and underestimated the CO2
(carbon dioxide) content in all cases. Due to this fact the carbon
conversion efficiency obtained from experimental research, on the
same gasifiers, was added in order to modify the model, the min-
imum RMS errors obtained by the original and modified models
were 4.40 and 2.45 respectively, while the maximum errors were
8.02 and 4.13 respectively.

Coal gasification has been studied by means of non-
stoichiometric equilibrium modeling. Shabbar and Janajreh [11]
and Li et al. [12] considered 44 species in their respective models.
Li et al. [12] modified their equilibrium model by introducing a
carbon conversion efficiency determined by an empirical
correlation.

A two-stage non-stoichiometric equilibrium model was pro-
posed by Barba et al. [13] for predicting the synthesis gas
Air
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Fig. 1. General scheme of downdraft gas
composition of refuse-derived fuel frommunicipal solid waste. Two
adjustable parameters, determined by considering experimental
results, were included in order to improve the accuracy.

Materazzi et al. [14] developed a model for a two-stage thermal
process and applied two splitting factors based in empirical cor-
relations in order to achieve an accurate representation of the
process.

Plasma gasification and supercritical water gasification have
also been modeled by means of non-stoichiometric equilibrium
modeling by Janajreh et al. [15] and Tang and Kitagawa [16],
respectively.
3.2. Development of a non-stoichiometric equilibrium model for
gasification

The non-stoichiometric equilibrium model involves the mini-
mization of the Gibbs free energy (G). For any species, present in a
mixture, there are three possible phases, solid, liquid and gaseous,
therefore the Gibbs free energy of a species is a function of the
standard Gibbs free energies ðG0

i Þ of each phase, the mole quan-
tities of each phase in which this species is present in the mixture
ðngi ;nli;nsi Þ the mole fraction of the species in the gaseous phase of
the mixture (ni/nt), the total pressure (P), the standard pressure P0,
the universal constant of the ideal gases (R) and the temperature
(T). The Gibbs free energy can be written as shown in Eq. (1). The
letter N represents the number of species in gas phase and the
letter L the number of species in liquid and solid states, the su-
perscripts g, l and s stand for gaseous, liquid and solid states,
respectively.

g ¼ G
RT

¼
XN
i¼1

ngi

2
4G0

f ;i

RT
þ ln

ni
nt

þ ln
P
P0

3
5þ

XL
i¼Nþ1

nl;si
G
0
f ;i

RT
(1)

There are two techniques that have been applied in the litera-
ture in order to minimize the objective function represented in Eq.
(1). The first approach is minimization by use of Lagrange multi-
pliers [10e12,15]; the other approach could be classified as a direct
minimization scheme [13,14,16]. The Lagrangemultipliers approach
yield satisfactory results, so in the present work this approach was
r
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used to minimize the objective function composed of the Gibbs free
energy function and the mass conservation equations.

The elemental mass conservation of the system is introduced,
considering M species and K elements in the products. The mass
conservation equation for any element present in the process is
represented by Eq. (2). While in Eq. (3), all the elemental mass
conservation equations were summed and written together for the
K species. In Eqs. (2) and (3), aji and ni are the number of moles of
element j present in species i and the number of moles of species i
in the products, respectively, while, (bj)R represents the total
number of moles of element j in the reactants, the subscripts P and
R stand for products and reactants, respectively.

"XM
i¼1

�
ajinj

�
P �

�
bj
�
R

#
¼ 0 (2)

XK
j¼1

"XM
i¼1

�
ajini

�
P �

�
bj
�
R

#
¼ 0 (3)

The following expression is obtained by multiplying the
Lagrange multipliers of element j (lj) to each individual elemental
mass conservation equation and summing all of these equations.

L ¼
XK
j¼1

lj

"XM
i¼1

�
ajini

�
P �

�
bj
�
R

#
¼ 0 (4)

An auxiliary function represented by the letter H is defined as
the difference between Eqs. (1) and (4), as shown in Eq. (5). The
minimum of this function is obtained by taking the partial de-
rivatives in function of the numbers of moles of each species in the
products (ni) and of the Lagrangemultipliers of each element (lj) by
considering constant temperature and pressure. Then these partial
derivatives are made equal to zero, as shown in Eq. (6), where the
variable (z) is used to represent any of the aforementioned
variables.

H ¼ g � L (5)

vH
vzi

¼ 0 where z ¼ �ni; lj� (6)

The general form of the expressions obtained for the derivatives
in function of ni for each species in the products, is shown in Eq. (7).
The expressions obtained for the derivatives in function of the
Lagrange multipliers (lj) are the elemental mass conservation
equations. Thus the system of equations has M equations as Eq. (7)
for each species in the products and K equations of the form of Eq.
(2) for each Lagrangemultiplier or for each elementmass balance. A
total ofMþ K non-linear algebraic equations are obtained. Since Eq.
(7) is a general expression, it is being considered that a species can
appear in gaseous, liquid or solid state in the products, this is
remarked by the subscripts g, l and s.

2
4G0
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RT
þ ln
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þ ln
p
p0

3
5
g

þ
2
4G0
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RT

3
5
l

þ
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RT
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0
@XK

j¼1

li
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�
P �

�
bj
�
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#1A ¼ 0

(7)

The above function is the general form obtained after applying the
Lagrange multiplier technique to the Gibbs free energy function,
and is general, so it can be applied to any reacting or not reacting
system. In the case of gasification, the previous result is applied to a
reactive system. And in the case of the present work, the species are
considered as ideal gases.

From the study of gasification literature [3e7], the main species
in the synthesis gas are carbon monoxide (CO), hydrogen (H2),
methane (CH4), carbon dioxide (CO2), water vapor (H2O) and ni-
trogen (N2), while unconverted carbon (C) can be found in the
residues. Theoretically no hydrocarbons other thanmethane can be
present in appreciable quantity in the products [6]. However in
practice the synthesis gas presents a fraction of heavier hydrocar-
bons in the form of tars, the amount of such fraction is dependent
on the particular gasifier and also on the process conditions. The
presence of tars in the synthesis gas is undesirable, and tar removal
(or a way to avoid their production) is always necessary in a real
gasification process.

The feedstock material can be represented by a molecule made
up of carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulfur
(S). The ash can be represented as an equivalent quantity of SiO2 [5],
the biomass moisture content is represented by (H2O) in the re-
actants side, the molar quantities of each element determined form
the ultimate analysis, in dry-ash-free basis, are used to write the
empirical molecule of the feedstock ðCxCHxHOxONxNSxS Þ. The molar
quantities of the ashes and themoisture content are represented by
(xA) and ðxH2OÞ, respectively.

The stoichiometric coefficient of the gasification agent is rep-
resented by (nar) and the composition of the gasification agent is
determined by (g), which represents ratio of nitrogen ðnN2�gaÞ to
oxygen ðnO2�gaÞ in the gasification agent as, shown in Eq. (9),
therefore g ¼ 3.76 is used when atmospheric air is the gasification
agent.

The global gasification reaction, considered in the present work,
is shown in Eq. (8), where (nUC) represents the unconverted carbon.

ðCxCHxHOxONxNSxSÞfsþ xASiO2þ xH2OH2OþnarðO2þgN2Þ/nUCC
þnH2

H2þnCOCOþnCO2
CO2þnCH4

CH4þnH2OH2O

þ
�
gnarþ xN

2

�
N2þ xASiO2þnH2SH2S

(8)

g ¼ nN2�ga

nO2�ga
(9)

The elemental mass balances, referred to the global reaction,
have three equations that need to be solved, one for carbon, one for
hydrogen and one for oxygen. The equations for nitrogen and sulfur
are not presented here because the variables that take part in them
are directly determined by the biomass composition and the gasi-
fication agent amount and composition, which are input
parameters.

nCO þ nCO2
þ nCH4

þ hUC � xC ¼ 0 (10)

2nH2
þ 2nH2O þ 4nCH4

þ 2nH2S � xH � 2xH2O ¼ 0 (11)

nCO þ 2nCO2
þ nH2O � xO � xH2O � 2nar ¼ 0 (12)

After applying the Lagrange multipliers minimization approach,
a non-linear algebraic equation is obtained for each species in the
product. As an example the expression obtained for CO is presented
in Eq. (13), where the (lC) and (lO) are the Lagrange multipliers
obtained for the elements C and O. The Lagrange multiplier of the
hydrogen (lH) does not appear in Eq. (13) because there is no H
content in the CO molecule and therefore the partial derivative of
the last term in the left of Eq. (7) in function of (nCO) yields (lCþ lO).
Also the pressure of the process (p) and the standard state pressure
(p0) appear in Eq. (13).
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"
G
0
CO þ ln

nCO þ ln
p
#

� lC � lO ¼ 0 (13)

RT nt p0 g

The system of equations is closed once the energy conservation
equation is added. The following considerations are applied to the
energy conservation equation:

� Potential energy variations are negligible, so D _EP ¼ 0.
� Kinetic energy variations are negligible, so D _EC ¼ 0.
� There is no form of work other than the flux work already
considered in the enthalpies, so _W ¼ 0.

� The process is adiabatic, so _Q ¼ 0.

With the foregoing considerations, the energy conservation
equation, shown in Eq. (14), is reduced to the expression shown in
Eq. (15), where the summation of the enthalpies of the products
ðP _nihiÞ must be equal to the summation of the enthalpies of the
reactants ðP _njhjÞ.
 XM

i¼1

_nihi

!
P

�
0
@XN

j¼1

_njhj

1
A

R

þ D _EC þ D _EP ¼ _Q � _Wt (14)

 XM
i¼1

_nihi

!
P

�
0
@XN

j¼1

_njhj

1
A

R

¼ 0 (15)

The total number of moles (nt) of the synthesis gas is required,
so algebraic operations were performed with Eqs. (10)e(12) in or-
der to obtain an expression for nt with the minimum possible
number of unknowns. The expression obtained for the total num-
ber of moles of gaseous species in the products is shown in Eq. (16).

nt ¼ ðxC � nUCÞ þ
xH
2

þ xH2O þ xN
2

þ gnar � 2nCH4
(16)
3.3. Proposed non-stoichiometric equilibrium models and
constraints

3.3.1. Model M1
A non-modified non-stoichiometric equilibrium model is pro-

posed in order to assess the improvements achieved by model
modifications. In the present work this model was called M1 and it
comprises the three mass balance equations, five Lagrange multi-
pliers minimization equations and the energy balance equations.
This model also permits to set the carbon conversion efficiency
(hCC) as a mean to determine the unconverted carbon in the
products, as presented in Eq. (17).

nUC ¼ xCð1� hCCÞ (17)
3.3.2. Model M2
Generally equilibrium models calculations underestimate CH4

content and overestimate H2 content, affecting the model accuracy,
so in some cases the CH4 content has been adjusted to a constant
value or the model has been modified. In their work Ngo et al. [17]
performed simulations in order to predict the synthesis gas
composition obtained from a dual circulating fluidized bed gasifier.
They developed a three stage quasi-equilibrium model. Two
empirical equations were used in the biomass pyrolysis stage (first
stage), namely the carbonic formation ratio (nCO/nCO2) and the
methane formation ratio (nCH4/nH2). On the other hand, on the
non-stoichiometric equilibriummodels by Altafini et al. [18] and by
Jayah et al. [19] the CH4 content was adjusted to a constant value.
In the present work the volumetric percentage of the methane
content in the products in dry basis ðPCH4

Þwas adjusted to reported
experimental data [19e39] by using multiple linear regression. The
obtained expression is presented in Eq. (18).

PCH4
¼6:6799þ 8:6328X1 � 7:4106X2 � 3:1582X3

þ 1:5183X1X2 � 8:9410X1X3 þ 5:5317X2X3
(18)

Where the considered variables are: the hydrogen to moisture
content in the biomass (X1), the normalized equivalence ratio (X2)
and the normalized gasification temperature (X3).

X1 ¼
�

xH
MH2OxH2O

�
(19)

X2 ¼
�

ER
0:35

�
(20)

X3 ¼
�

T
900

�
(21)

The CH4 content determined by Eq. (18) is a percentage in dry
basis, as it is reported in the cited experimental works, but if this
result is to be implemented in the model, the moles of CH4 present
in the synthesis gas need to be determined. Starting from the total
moles Eq. (16) the following relation was obtained for the moles of
CH4.

nCH4
¼ PCH4

100

2
664hCCxC þ xH

2 þ xH2O þ xN
2 þ gnar � nH2O

1þ PCH4
50

3
775 (22)

Thus the Lagrange multipliers equation for methane is removed
frommodel M1 and themethane content is constrained by Eq. (22),
which uses Eqs. (18)e(21) in order to determine the methane
percentage in dry basis. This model is called M2 and is a non-
stoichiometric constrained equilibrium model.
3.3.3. Model M3
This model implements a chemical kinetics constraint in order

to determine the moles of unconverted carbon (nUC). In general the
chemical kinetics constraint applied to non-stoichiometric equi-
librium models was proposed for other cases but not for gasifica-
tion [40e42]. The apparent gasification rates of char by considering
the Boudouard (rb) and the steam gasification (rw) reactions can be
determined by Eq. (23) and Eq. (24), respectively [36], where the
mole fractions of the species (yi) and the Arrhenius rates (ki) for
each one of the simpler reactions that are considered in the
mechanism are necessary to determine such apparent gasification
rates.

rb ¼ k1yCO2

1þ ðk1=k3ÞyCO2
þ ðk2=k3ÞyCO

(23)

rw ¼ k1yH2O

1þ ðk1=k3ÞyH2O þ ðk2=k3ÞyH2

(24)

The apparent gasification rates as presented in Eqs. (23) and (24)
depend on the reaction mechanism that is used to represent the
aforementioned gasification reactions. For more information on
this matter the reader can refer to gasification literature [4] or work
by Di Blasi [43].

The Arrhenius rates for the Boudouard reaction were deter-
mined by Barrio and Hustad [44] for birchwood and for gasification
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temperatures between 750 �C and 1000 �C. In the case of the steam
gasification reaction the Arrhenius rates were determined by Barrio
et al. [45] for birch wood and Beech wood for gasification tem-
peratures between 750 �C and 1000 �C. The Arrhenius rates are
determined by Eq. (25) and the constants needed to determine
them are given in Table 1 for birch wood. In the present work the
apparent gasification rates determined for birch wood were used
and it showed a good accuracy when compared to other woody
biomass gasification data.

ki ¼ A exp
�
� E
RT

�
(25)

As it can be noticed, the chemical kinetic constraint appears as
an apparent gasification rate which will be coupled with the non-
stoichiometric equilibrium model by the mole fractions and the
temperature.

The reactivity (r) expression is presented in Eq. (26), and the
degree of conversion (X) is presented in Eq. (27). Three different
values of mass are used to define the degree of conversion, namely
the initial mass (m0), the mass consumption (m) and the final mass
(mf).

r ¼ 1
1� X

ⅆX
ⅆt

(26)

X ¼ m0 �m
m0 �mf

(27)

Integrating Eq. (26) for each gasification reaction (Boudouard and
steam) and adding their effects, an expression for the moles of
unconverted carbon present in the products can be obtained. Such
an expression is shown in Eq. (28). The molecular weight of carbon
(MC) is used to determine the equivalent moles of unconverted
carbon (nUC).

nUC ¼ 1
MC

h
m0 �

�
m0 �mf

� �
2� ⅇ�rbt � ⅇ�rwt

�i
(28)

The initial mass (m0) is referred to one mole of biomass and
expressed in kg, while the final mass (mf) is referred to the ash
content.

There is a drawback associated with the apparent gasification
rates, and is that depending on the composition of the gasifying
atmosphere, the time, and the temperature it could yield negative
results, which means that more char than the initial quantity was
gasified. In order to avoid this problem, the following restriction is
applied to the model.

n*UC ¼ max½0;nUC� (29)
3.3.4. Model M4
Model M4 embodies the constraints of models M2 and M3,

namely, the CH4 content constraint and the unconverted carbon
chemical kinetic constraint.
Table 1
Arrhenius constants for the reaction rates of CO2 and steam gasification of birch
wood.

Reaction rate CO2 gasification [37] Steam gasification [38]

A E A E

k1 1.3 � 105 �165 2.0 � 107 �199
k2 0.36 �20.8 1.8 � 106 �146
k3 3.23 � 107 �236 8.4 � 107 �225
3.4. Biomass representation and thermodynamic data

Once the ultimate and proximate analysis of the biomass are
known, the biomass molecule shown in Eq. (8) is determined for
one mole of carbon (xC ¼ 1), this procedure is widely known and it
is not addressed here. However the expressions for determining the
moles of water ðxH2OÞ and the moles of ash (xA), in function of the
MC (moisture content) and the ash content (A), that were used in
the present work are provided. Themolecular weights of ash, water
and feedstock ðMA;MH2O;MfsÞ are also needed.

xH2O ¼
Mfs

�
1þ A

100�A

�

MH2O

�
100
MC � A

100�A � 1
� (30)

xA ¼
A
�
Mfs þMH2OxH2O

�
MAð100� AÞ (31)

The enthalpy of formation ðh0f�298Þ of feedstock requires the
knowledge of the HHV (higher heating value) or LHV (lower heat-
ing value) of the feedstock. Applying the HHV definition the
enthalpy of formation of the feedstock is determined as shown in
Eq. (32). When LHV is available instead of HHV it can be used to
determine the second one, this approach is discussed in gasification
literature [4]. Also the correlation given by Channiwala and Parikh
[46], presented in Eq. (33), can be used to determine the HHV by
using the mass percentages given in the ultimate analysis.

�
h
0
f�298

�
fs
¼HHV

�
Mfs

�
þ
�
h
0
f�298

�
CO2

þxH
2

�
h
0
f�298

�
H2OðlÞ

(32)

HHV ¼0:3491Cþ 1:1783Hþ 0:1005S� 0:1034O
� 0:0151N� 0:0211ASH

(33)

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%; 4:745 MJ=kg

� HHV � 55:345 MJ=kg

Thermodynamic data was obtained from the NIST-JANAF Ther-
mochemical Tables [47]. The sensible enthalpies (Dh) and Gibbs free
energies of formation ðG0

f ;iÞ of the species were adjusted to six
degree polynomials of the form shown in Eqs. (34) and (35).

Dh ¼
X7
n¼1

aiT
i�1 (34)

G
0
f ;i ¼

X7
n¼1

biT
i�1 (35)

3.5. Solution scheme

The mass balance conservation equations and the Lagrange
multipliers minimization equations are solved in order to obtain
the synthesis gas composition, however in doing so a gasification
temperature must be assumed, and this assumption needs to be
corrected until convergence with the energy conservation equation
is achieved. The NewtoneRaphson method was used to solve the
system of equations, the solution process is shown in Fig. 2. For the
four models the new assumed temperature (TA,N) is determined for



Fig. 2. Solution scheme adopted for models M1eM4.
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the next iteration by adding to the assumed temperature (TA,N�1) of
the current iteration the arithmetic mean of the difference between
current iteration values of assumed temperature and calculated
temperature (TC,N�1) multiplied by a relaxation factor(ar). This
procedure is represented in Eq. (36).

TA;N ¼ TA;N�1þar

�
TC;N�1�TA;N�1

2

� �
ar¼0:80M1;M2
ar¼0:20M3;M4 (36)

The relaxation factor for models M1 and M2 could also be unity
however is better to reduce the iteration step. In the case of models
M3 and M4 the relaxation factor is needed otherwise the temper-
ature calculations would present high fluctuations and conver-
gence may not be achieved. A solution scheme, which is essentially
the same used in this work, was presented in previous work by
Mendiburu et al. [2], the software used to program the solution
schemewasMATLAB. Theory on the NewtoneRaphsonmethod can
be found in numerical methods literature by Chapra [48], Beers [49]
and Yang et al. [50] among others, the implementation of this
method on MATLAB software can also be found in any of the
aforementioned references [48e50].

4. Results and discussions

4.1. Models validation and comparisons

In this section themodels are comparedwith experimental data,
the ultimate and proximate analyses of the feedstock used in the
considered experimental works are presented in Table 2.
Table 2
Ultimate and proximate analyses of biomass used for model validation and case study.

Biomass material VM FC Ash MC

Pinus elliottii sawdust [22] 75.30 11.26 0.51 12.93
Wood chips [26] 77.50 12.30 1.50 8.80
Wood chips [32] 60.90 14.30 3.90 21.70
Hardwood [41] e e 1.15 12.00
Sawdust pellet [42] 80.63 17.27 2.10 9.50
The four models were compared with experimental data from
four published experimental works on downdraft gasifiers for
validation. Two of this published works were among those that
have been used for the determination of Eq. (18), namely, works by
Olgun et al. [26] and Son et al. [32]. The other two works have not
been used for that purpose and were reserved for model validation;
these were developed by Wei et al. [51] and Simone et al. [52].

The first comparison considers the experimental results pre-
sented by Wei et al. [51] for hardwood and the results obtained are
presented in Table 3. The amount of unconverted carbon was not
reported in the aforementioned experimental work, the gasifica-
tion time was approximately 2 h, and thus the time parameter for
models M3 and M4 is available. Models M1 and M2 present RMS
values of 3.95 and 2.10, respectively, when the carbon conversion
efficiency was assumed as 100%, however when it was assumed as
90% the RMS values of these two models were 2.57 and 1.03,
respectively. Models M3 and M4 presented RMS values of 1.89 and
1.50 respectively. Model M2 thus presented better accuracy but the
carbon conversion efficiency was assumed, while model M4, which
was the second best in accuracy, did not need such an assumption
and in fact it determined the gasification efficiency as approxi-
mately 96%.

Further comparison of the four models is needed, and the
drawback of models M3 and M4 needs to be tested. In order to do
this the experimental data presented by Olgun et al. [26] was used
and the results are shown in Table 4. In this case models M1 andM3
show the lowest accuracy with RMS errors of 3.67 and 3.02,
respectively; however when the carbon conversion efficiency was
C H O N S HHV (MJ/kg)

50.91 6.13 42.14 0.23 0.00 20.10
45.60 5.90 48.40 <1 0.08 20.50
46.50 5.80 43.50 0.20 0.10 17.29
51.20 5.71 44.63 0.08 0.01 19.59
48.91 5.80 45.11 0.18 0.00 18.43 (LHV)



Table 3
Validation and comparison of the four models with experimental data by Wei et al.
[51].

M1 M1 M2 M2 M3 M4 Exp.

H2 (%) 23.97 22.69 19.15 17.76 21.73 18.55 19.19
CO (%) 26.05 24.29 25.43 23.38 23.49 24.48 21.62
CO2 (%) 9.71 10.36 10.44 11.26 10.65 10.83 11.58
CH4 (%) 0.31 0.01 2.48 2.22 0.00 2.36 2.41
H2S (%) 1.3E�03 1.4E�03 1.4E�03 1.5E�03 1.5E�03 1.40E�03 e

N2 (%) 39.96 42.66 42.49 45.38 44.12 43.78 45.20
LHV (MJ/

N m3)
5.99 5.52 6.17 5.67 5.32 5.94 5.66

T (�C) 718.50 831.50 843.00 951.00 886.36 892.90 850.00
CCE (%) 100.00 90.00 100.00 90.00 85.74 95.34 e

ER 0.293 0.293 0.293 0.293 0.293 0.293 0.293
t (min) e e e e 120.00 120.00 120.00
RMS 3.95 2.57 2.15 1.03 1.89 1.50 e

Table 5
Validation and comparison of the four models with experimental data by Son et al.
[32].

M1 M1 M2 M2 M3 M4 Exp.

H2 (%) 23.91 23.13 21.29 18.68 18.91 16.82 16.50
CO (%) 16.02 15.11 15.94 14.64 13.26 13.61 15.90
CO2 (%) 15.65 15.62 15.80 16.09 15.85 16.35 15.30
CH4 (%) 0.76 0.07 1.81 1.85 0.00 1.88 2.10
H2S (%) 2.6E�02 2.8E�02 2.7E�02 2.9E�02 3.1E�02 3.1E�02
N2 (%) 43.64 46.05 45.14 48.71 51.95 51.31 50.20
LHV (MJ/

N m3)
4.88 4.43 4.96 4.53 3.72 4.21 4.60

T (�C) 647.60 710.60 700.00 795.00 851.70 857.00 850.00
CCE (%) 100.00 90.00 100.00 90.00 75.40 83.51 97.40
ER 0.350 0.350 0.350 0.350 0.350 0.350 0.350
t (min) e e e e 120.00 120.00 e

RMS 4.47 3.63 3.13 1.36 2.03 1.24 e
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assumed as 90% the RMS error of model M1 was reduced to 2.75.
The drawback of the chemical kinetics constraint was evidenced in
this case for model M4 and the condition imposed by Eq. (29) was
activated, therefore the kinetic constraint was not considered in
model M4 and it yields the same results as model M2 since both
had the same constraint, namely the CH4 content, the RMS values of
models M2 and M4 was 1.31; when the carbon conversion effi-
ciency was set to 90% the RMS error of model M2 was increased to
2.02 due to a lower CO yield. Olgun et al. [26] did not report the
carbon conversion efficiency and thus 90% was an assumed value.

Work by Son et al. [32] was also considered for validation, re-
ported gasification time was approximately 2 h and carbon con-
version efficiency was not reported. The comparison is presented in
Table 5, for 100% carbon conversion models M1 and M2 present
RMS values of 4.47 and 3.13, respectively, while for 90% carbon
conversion these models present RMS values of 3.63 and 1.36,
respectively. Models M3 and M4 present RMS values of 2.03 and
1.24, respectively.

Simone et al. [52] reported that it took from 45 min to 1 h to
reach a stable synthesis gas composition and therefore 1 h was
considered as the time parameter for models M3 and M4.
Regarding the carbon conversion efficiency, Simone et al. [52] re-
ported the residue production and the biomass load, by considering
these two parameters a carbon conversion efficiency of approxi-
mately 89% was determined for validation of models M1 and M2.
The comparison results are presented in Table 6, where can be
observed that modelsM1 andM2 presented RMS values of 4.07 and
1.83, respectively, for 100% carbon conversion, while the RMS
values, for 89% carbon conversion, were 2.73 and 0.41, respectively.
Models M3 and M4 yield RMS values of 1.77 and 0.93, respectively.
Model M4 predicted a carbon conversion efficiency of 94.16%.
Table 4
Validation and comparison of the fourmodels with experimental data by Olgun et al.
[26].

M1 M1 M2 M2 M3 M4 Exp.

H2 (%) 20.58 18.34 15.91 14.44 19.31 15.91 13.50
CO (%) 23.68 21.82 22.60 20.54 22.61 22.60 24.00
CO2 (%) 10.84 11.58 11.86 12.68 11.27 11.86 12.00
CH4 (%) 0.00 0.00 2.09 1.78 0.00 2.09 3.00
H2S (%) 2.0E�02 2.1E�02 2.1E�02 2.2E�02 2.1E�02 2.1E�02
N2 (%) 44.88 48.24 47.51 50.54 46.79 47.51 47.50
LHV (MJ/

N m3)
5.22 4.74 5.32 4.79 4.94 5.32

T (�C) 871.50 986.50 985.00 1077.00 938.17 985.00 900.00
CCE (%) 100.00 90.00 100.00 90.00 94.10 100.00 e

ER 0.350 0.350 0.350 0.350 0.350 0.350 0.350
t (min) e e e e 30.00 30.00 30.00
RMS 3.67 2.75 1.31 2.20 3.02 1.31 e
In order to provide better comparison among models accuracy
an average RMS value is presented in Table 7, where the four
comparisons are taken into account. It can be observed that models
M2 and M4 present the lowest RMS averages with a value of 1.25
each; however in case of model M2 this value was obtained by
assuming carbon conversion efficiencies in three of the four cases
considered for validation.

Therefore model M4 should be used for case study when the
gasification time is an input parameter. It is important to point that
this model is restricted to gasification with air and to woody
biomass as feedstock. The apparent reaction rates embodied in
modelM4were obtained for birchwood, however model validation
has shown that it has good accuracy with other woody biomass
materials, the restriction to gasification with air is due to the
temperature range of validity of the apparent gasification rates.

When the carbon conversion efficiency is an input parameter
model M2 can be used to assess the synthesis gas composition, this
model is restricted to biomass and gasification with air due to the
experimental data used to determine the CH4 content constraint.

In order to provide a better understanding of the limits of
applicability of model M4 another three experimental works were
selected for comparison. Two of these experimental works corre-
spond to circulating fluidized bed gasifiers [36,53] and one corre-
sponds to a bubbling fluidized bed gasifier [54]. The results are
presented in Table 8, where it can be observed that model M4
presents RMS values of 3.36 and 3.82 when compared with
experimental results presented by Li et al. [53] and by Kim et al.
[54], respectively, and presents an RMS value of 7.67 when
compared with experimental results presented by van der Drift
et al. [36]. While the first two RMS values are somehow acceptable,
Table 6
Validation and comparison of the four models with experimental data by Simone
et al. [52].

M1 M1 M2 M2 M3 M4 Exp.

H2 (%) 23.58 22.33 18.51 17.31 20.72 17.86 17.60
CO (%) 25.08 23.21 24.41 22.43 21.94 23.26 21.60
CO2 (%) 10.23 10.87 11.01 11.75 11.32 11.44 12.00
CH4 (%) 0.43 0.01 2.71 2.34 0.00 2.49 2.30
H2S (%) 0.0Eþ00 0.0Eþ00 0.0Eþ00 0.0Eþ00 0.0Eþ00 0.0Eþ00
N2 (%) 40.67 43.58 43.37 46.16 46.02 44.94 46.00
LHV (MJ/

N m3)
5.87 5.35 6.05 5.54 5.01 5.76

T (�C) 703.00 820.00 832.00 932.00 904.90 890.00 900.00
CCE (%) 100.00 89.00 100.00 89.00 82.24 94.16 97.40
ER 0.300 0.300 0.300 0.300 0.300 0.300 0.300
t (min) e e e e 120.00 120.00 e

RMS 4.07 2.73 1.83 0.41 1.77 0.93 e



Table 7
Average RMS errors obtained from model validation.

Model RMS RMSav

[51] [26] [52] [32]

M1
hCC ¼ 100 3.95 3.67 4.07 4.47 4.04
hCC < 100 2.57 2.75 2.73 3.63 2.92

M2
hCC ¼ 100 2.15 1.32 1.83 3.13 2.11
hCC < 100 1.03 2.20 0.41 1.36 1.25

M3
hCC ¼ calc 1.89 3.02 1.77 2.03 2.18

M4
hCC ¼ calc 1.50 1.31 0.93 1.24 1.25
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the last one is too high, the hydrodynamics of fluidized bed gasifiers
are not considered in model M4 and therefore it makes it not
adequate to estimate the synthesis gas composition from these
kind of gasifiers, however model M4 could be a good starting point
for modeling fluidized bed gasifiers if some empirical relations are
added, as was done in the quasi-equilibrium model developed by
Ngo et al. [17].

4.2. Case study: Brazilian Pinus elliottii sawdust gasification

Pinus elliottii was selected for study because this species is
widely cultivated in the south of Brazil [22]. Models M2 and M4
were used for case study, the input parameters were the following:

- Equivalence ratio: 0.28, 0.30, 0.32, 0.35.
- Moisture content: 5, 10, 15, 20%.
- Gasification time: 30, 60, 90, 120 min.
- Carbon conversion efficiency: 80, 85, 90, 95, 100.
- Gasification agent: air.

The equivalence ratio used for gasification is generally defined
as the relation of the real mass of air (mair-real) used in the process to
the stoichiometric mass of air (mair-stq) necessary to achieve com-
plete combustion. This means that the equivalence ratio used for
gasification (ER) is the inverse of the equivalence ratio used in
combustion calculations [55,56].

ER ¼ mair�real
mair�stq

(37)
Table 8
Comparison of results obtained with model M4 and experimental results from three
fluidized bed gasifiers.

Li et al.a

[53]
M4a Kim et al.

[54]
M4 van der Drift

et al. [36]
M4

H2 (%) 5.60 5.51 14.50 20.16 7.20 16.47
CO (%) 6.90 12.39 16.00 19.27 9.40 20.09
CO2 (%) 18.10 14.66 13.80 10.78 17.10 12.45
CH4 (%) 1.40 2.85 4.00 2.40 3.30 1.90
H2S (%) e 0.10 e 0.00 0.01 0.01
N2 (%) 68.00 64.49 51.70 47.38 60.47 49.08
LHV

(MJ/N m3)
3.18 4.70 5.47 e 5.00

T (�C) e 1375.00 e 944.00 827.00 946.00
CCE (%) 97.70 100.00 77.32 97.00 100.00
ER 0.54 0.54 0.27 0.27 0.37 0.37
t (min) e e 17.00 17.00 120.00 120.00
RMS 3.36 3.82 7.67

a Process pressure 165 kPa.
In order to analyze the results, some chemical reactions must be
considered; the selected reactions are listed below, and were taken
from gasification literature [4]. Of course there are more chemical
reactions related to the gasification process, however the seven
reactions presented here were selected in order to interpret the
simulation results.

Cþ H2O4COþ H2 þ 131
kJ
mol

(R1)

Cþ CO242COþ 172
kJ
mol

(R2)

Cþ O2/CO2 � 394
kJ
mol

(R3)

Cþ 0:5O2/CO� 111
kJ
mol

(R4)

COþ 0:5O2/CO2 � 284
kJ
mol

(R5)

COþ H2O4CO2 þ H2 � 41
kJ
mol

(R6)

CH4 þH2O4COþ 3H2 þ 206
kJ
mol

(R7)

4.2.1. Influence of equivalence ratio and moisture content on
synthesis gas composition

The results obtained for a gasification time of 60 min and for
different values of ER and MC are depicted in Fig. 3.

In general, if the MC was held constant, the increase of the ER
value produces the decrease of the H2, CH4 and CO2 contents, while
at the same time the CO content increases slightly, producing a
synthesis gas with lower LHV and the process shows higher gasi-
fication temperatures.

On the other hand, if ER was held constant, the increase of MC
content produces increments in the H2 and CO2 contents, while at
the same time reducing the CO and CH4 contents, producing a
synthesis gas with lower LHV and the process shows lower gasifi-
cation temperatures.

Regarding the H2 and CO2 contents, their highest values were
obtained for MC ¼ 20% and ER ¼ 0.28, while the highest content of
CO was obtained for ER ¼ 0.30 and MC ¼ 5%, increases of MC and
departure of ER from the vicinities of 0.30 yield lower CO contents,
a similar behavior is presented by the LHV. The CH4 content has its
maximum in MC ¼ 5% and ER ¼ 0.28. The maximum gasification
temperatures were obtained for MC ¼ 5% and ER ¼ 0.35.

By considering the reactions (R6) and (R7) it can be explained
why the increments in MC content produce increments in content
of H2 and CO2 while producing decrements in contents of CO and
CH4, this also means that the consumption of CO by reaction (R6) is
greater than the production of CO by reaction (R7). Also it is
important to notice that reaction (R1) is an important char-
gasification reaction, however, as stated by Basu [4], H2 presence
inhibits this char-gasification reaction. Reduction in gasification
temperature can be explained by the consumption of some of the
available energy in the evaporation of the moisture content, and
also by the endothermic reactions that are driven by the presence
of H2O.

Regarding the slight decrease of the CO2 content found in the
present work, a similar behavior was found by Li et al. [53], it was
observed for ER ranging from 0.3 to 0.35, and for ER above 0.35 it
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was observed increments of the CO2 content with further in-
crements of ER. The same behavior was observed in previous work
[2], where ER values between 0.3 and 0.5 were considered, some of
the results, regarding the CO2 content, are depicted in Fig. 4.
Therefore, an interpretation of these decrements, of CO2 content for
ER ranging from 0.28 to 0.35, could be that the gasification reaction
(R2) converts the CO2 produced by the combustion reaction (R3),
while the CO produced by the combustion reaction (R4) does not
find enough oxygen in the reactants, and for this reason the extent
of reaction (R5) is limited.

4.2.2. Influence of gasification time on carbon conversion efficiency
In Fig. 5, the carbon conversion efficiencies, obtained for four

different gasification times, are presented. When the gasification
time is increased the carbon conversion efficiency is also increased,
thus the tendency is to reach 100% of carbon conversion, but the ER
and MC also represent an important influence, the minimum
Fig. 3. Influence of ER and MC on synthesis gas com
carbon conversion efficiency was obtained for the minimum gasi-
fication time, the minimum ER and for the maximum MC. In the
studied case a reasonable carbon conversion efficiency of more
than 90% can be achieved for MC below 10% and ER above 0.30.

In Fig. 6 the carbon conversion efficiency, obtained for two
equivalence ratios (0.30 and 0.32) and for different MC contents
and gasification times, is presented. It is clear, from Fig. 6, that
lower MC contents and more gasification time enhance the carbon
conversion efficiency, it is also observed that at constant MC and
constant gasification time the carbon conversion efficiency in-
creases when ER is increased.

The fact that gasification time increments also increase the
carbon conversion efficiency is expected because the chemical re-
actions havemore time and the biomass consumptionwill increase.
Also the increase in the ER will lead to higher carbon conversion
efficiency because more oxygen is available for the combustion
reactions, generating more energy for the endothermic reactions,
position and LHV for 60 min gasification time.



Fig. 4. Volumetric concentration of CO2 obtained in previous work [2] for different ER
values.

Fig. 6. Influence of equivalence ratio (ER), moisture content (MC) and time in carbon
conversion efficiency.
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however as ER is increased the gasification process approaches a
combustion process. The increments in MC decrease the carbon
conversion efficiency because at higher MC contents it is more
possible that not all the moisture will be evaporated in the drying
zone, and some of the energy available in the gasification zone is
used in the evaporation of the MC content, thus decreasing the
energy available for the endothermic reactions.
Fig. 5. Influence of gasification time o
4.2.3. Influence of gasification time on synthesis gas composition
In Fig. 7 the synthesis gas composition, obtained for a fixed

equivalence ratio (ER ¼ 0.30) and for different MC contents and
gasification times, is presented.

If MC was held constant at a value of 5%, the increments in the
gasification time produce increments in CO content, CH4 content
and LHV value, while the gasification temperature decreases and
the H2 and CO2 contents slightly decrease.

If MC was held constant at 15%, the increments in gasification
time produce increments in H2, CO and CH4 contents and LHV
value, while the gasification temperature decreases and the CO2
content slightly decreases.

If gasification time was set at 120 min, the increment in MC
contents produces increments in H2 and CO2 contents, while the
n carbon conversion efficiencies.



Fig. 7. Influence of gasification time on synthesis gas composition and LHV for ER ¼ 0.30.
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gasification temperature and the LHV decrease, and also the CO and
the CH4 contents decrease.

The ER value was set at 0.3 and this implies that the oxygen
available is scarce, therefore incomplete combustion is expected,
and as can be observed from combustion literature [55], in such
cases and at equilibrium, the CO content surpasses the CO2 content
which can also be interpreted as the reaction (R4) being more
representative, to the combustion process, than reactions (R3) and
(R5), at the aforementioned conditions.

4.2.4. Influence of carbon conversion efficiency on synthesis gas
composition

When model M2 is used, the influence of gasification effi-
ciencies can be assessed; the results are presented in Fig. 8. The
ER value was set at 0.32 and it is observed that increments in
gasification efficiency produce a synthesis gas with higher H2, CO,
CH4 contents and LHV values, while at the same time producing
lower CO2 content and gasification temperatures. The increment
in gasification efficiency implies that the products are closer to
equilibrium and at equilibrium it is observed that the H2 and CO
contents are the highest that could be obtained from a gasifica-
tion process. Lower carbon conversion efficiencies result in
higher temperatures obtained from the model, together with
lower contents of H2 and CO. Among the seven reactions
considered for this analysis, reactions (R3) and (R4) are the
fastest; being (R3) faster than (R4). Thus, if the carbon conversion
efficiency is lowered then the extents of the endothermic re-
actions that produce H2 and CO are also lowered, but since the
combustion reactions are faster, they will develop more than the
endothermic gasification reactions (reactions R1 and R2) and the
liberated energy will remain available in the sensible enthalpy of
the products.



Fig. 8. Influence of carbon conversion efficiency on synthesis gas composition and LHV for ER ¼ 0.32.
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5. Conclusions

Four non-stoichiometric equilibrium models have been devel-
oped. Three of these models were constrained and two of them
included a chemical kinetics constraint that determines the carbon
conversion. The apparent reaction rate corresponds to birch wood
gasification; however it showed good accuracy when applied to
woody biomass gasification in air.

Models M2 and M4 were used to study the gasification of Pinus
elliottii with air, and the influence of four input parameters was
assessed, these parameters were: the equivalence ratio (ER), the
moisture content (MC), the gasification time, and the carbon con-
version efficiency (hCC).

It was found that increments in the equivalence ratio (ER)
enhance the carbon conversion efficiency while at the same time
reduce the LHV of the synthesis gas. For this reason it is preferable
to maintain the ER just above 0.30 and give the gasification process
enough time to achieve good carbon conversion efficiency. Also it
was found that the CO2 content slightly decrease when ER is be-
tween 0.28 and 0.35, which means that this is a good operation
interval.

It was also found that increments in the moisture content (MC)
enhance the H2 production in detriment of the LHV of the synthesis
gas and also in detriment of the carbon conversion efficiency, for
these reasons is recommended moisture contents lower than 15%.

The gasification time has an important influence on the carbon
conversion efficiency, together with the moisture content and the
equivalence ratio, carbon conversion efficiencies above 90% are
obtained for moisture content of 10%, equivalence ratios of 0.32 and
gasification times starting of 30 min or more.
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