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This study proposes a numerical model developed to characterize the chemical compo-
sition, heating value and temperature of the syngas produced by a downdraft gasifier
fueled with residual biomasses. The process of gasification is essentially described through
a global reaction that includes all the gaseous species and the yields of char and tar.

The syngas chemical composition has been obtained solving a set of equations that are
mass and energy balances, methanation and the water-gas shift reactions, which govern
the gasification process. The proposed model was calibrated and validated through the
comparison with two sets of experimental data. The comparison between the results of
simulation and the experimental data has shown a very good agreement that allows
pointing out the capability of the model to characterize the syngas composition and the
temperature of the producer gas.

Moreover, the performed sensitivity analysis shows the influence of moisture content and
equivalent ratio on the chemical composition, equilibrium temperature and heating value
of the producer gas.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Thermochemical conversion of biomass could reduce
the dependence on conventional fossil fuels and the carbon
dioxide emission into the atmosphere.

Gasification of residues from agricultural production
can reduce the volume of waste, allow energy recovery and
increase the economic returns of rural communities.
Worldwide there is an increasing interest among re-
searchers in the downdraft gasification of biomass (Fig. 1)
due to its suitability to produce a gas with a very low tar
content (1%) in comparison with other gasification tech-
nologies [1].
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Biomass gasification is carried out under sub-
stoichiometric conditions of the oxidant. The gasification is
a very complex and sensitive process affected by a great
number of factors: chemical composition, size and mois-
ture content of biomass, characteristics of the input air to
the gasifier (in terms of flow, temperature and quantity as
compared with stoichiometric air), process temperature
and pressure, heating rate, gasifier design and so on.
Therefore, the physical and chemical properties of producer
gas such as its chemical composition, heating value and
temperature significantly vary as a function of the above-
mentioned factors.

Many experimental research studies have been carried
out to evaluate the influence of different biomass charac-
teristics (e.g. moisture content, chemical composition and
heating value) and operating conditions (e.g. equivalence
ratio, reaction temperature and use of catalysts) on the
performance of a gasifier [2—38].
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Fig. 1. Scheme of a downdraft gasifier.

It can be very useful to develop gasification process
models, which predict the “quality” of producer gas as a
function of the gasifier operating conditions and biomass
characteristics. Modeling the gasification process is very
complex because it requires the knowledge of thermody-
namic, fluid dynamic and chemical phenomena. Thermo-
dynamic equilibrium, kinetic, and computational fluid-
dynamic (CFD) models or artificial neural networks (ANN)
may be used to carry out the gasifier simulation.

The main advantage of the equilibrium models is that
they are relatively easy to implement and rapidly conver-
gent [9, 10].

Even if thermodynamic equilibrium models are an
approximation of the reality and have some inherent lim-
itations, they give the theoretical performance of the con-
version process in the long time limit and it is suitable as a
simulation tool for processes whose duration is usually
quite long with respect to the reaction timescale [11, 12].

Their application to thermochemical biomass conver-
sion processes (pyrolysis and gasification) can often give a
useful insight: these processes are usually quite slow and
then, given the long residence time, the products are not far
from equilibrium. Anyway, thermodynamic equilibrium
models could not give a real representation of the process
when the operating temperatures are relatively low (below
800 °C), because in this case the thermodynamic equilib-
rium is not attained [13].

Particularly, although the application of these kinds of
models has inherent thermodynamic limitations, they can
describe gasification processes with good approximation,
especially in the case of downdraft gasifiers. Indeed, this
kind of gasifier usually operates close to equilibrium con-
ditions [14]. This can be attributed to the fact that, in
downdraft gasifiers, gasification products are forced
through the oxidation zone which has the highest tem-
perature. This enables the establishment of the equilibrium
in a relatively brief time period.

Many studies have demonstrated the successful appli-
cation of the global stoichiometric equilibrium approach to
model downdraft gasifiers [15—19]. However, other studies
propose different approaches to model the piro-oxidation
and the reduction zone of the downdraft gasifier, an equi-
librium approach for the pyro-oxidation zone and a kinetic
approach for the reduction zone [20—22]. Reference [9] has
compared experimental data with the theoretical pre-
dictions obtained through an equilibrium model and a ki-
netic model in the reduction zone for a downdraft gasifier.

Another advantage of the thermodynamic equilibrium
models is that they are independent of the gasifier di-
mensions and typology, so they may be more suitable for
studying the influence of fuel and process parameters
[23—25]. Anyway, this advantage is also a disadvantage of
this kind of method, in fact, if the geometry of the gasifier is
not taken into account in the methodology which predicts
the yield and the composition of the producer gas, the
model cannot provide the appropriate gasifier dimensions
to the designer [26].

The thermodynamic equilibrium models can be non-
stoichiometric or stoichiometric [27]. The first type of
model is based on the Gibbs free energy minimization. It
does not need to know the gasification process chemistry
[28]. The second type of model is based on the calculation
of the thermodynamic equilibrium constants. This
approach requires the exact knowledge of the chemical
reactions that take place [15, 16]. Anyway the two ap-
proaches (non-stoichiometric or stoichiometric) are
essentially equivalent [23].

This study proposes a global stoichiometric equilibrium
model for a biomass downdraft gasifier, which allows
evaluating the chemical composition, the heating value and
the temperature of the producer gas. The stoichiometric
equilibrium models are preferred when the fuel chemical
formula is exactly known (e.g. derived through the ultimate
analysis). Otherwise, non-stoichiometric equilibrium
models are suitable for fuels whose chemical composition
is not exactly known.

The equations of mass and energy balance and ther-
modynamic equilibrium equations have been implemented
and solved in the Matlab environment. Therefore, we have
validated the model through experimental data and sub-
sequently we have calibrated it on this basis. Furthermore,
we have carried out a sensitivity analysis for investigating
the influence of the variation in the biomass moisture
content and in the equivalent ratio.

2. Materials and methods

The equilibrium model was based on the following as-
sumptions. The gasifier operates under steady state con-
ditions at a pressure of 101.13 kPa. The vapor residence time
inside the gasifier is sufficient to reach the chemical equi-
librium under adiabatic conditions. We assumed that the
supplied air is dry at a temperature of 25 °C and a pressure
of 101.13 kPa. Ashes are inert. The producer gas is an ideal
gas constituted by CO, CO,, Hy, CHy, H20, N3 and tar.

Based on the above assumptions, the global reaction of
the biomass gasification process used is:
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CHyOoN, + W H>0 + a(0; + 3,76 Ny) —x;H; + x,CO
+ x3C0O, + x4H,0 + x5CH4 + xgNy + Xear TAR 4 X0 CHAR
(1)

With reference to 1 mol of biomass, in (1): the sub-
scripts h, o and n are the number of atoms of hydrogen,
oxygen and nitrogen; w is the number of moles of H,0; a is
the number of moles of gasifier input air; the terms x;
(i=1-6), on the right hand side of the (1), indicate the
number of moles of the chemical species in the producer
gas.

The terms X¢ar and Xchar respectively indicate the number
of moles of tar and char produced from the gasification of
1 mol of biomass.

According to the results of the study of Yamazaki et al.
[29], the maximum tar yield for the downdraft biomass
gasification is 4.5% (mass percentage). Therefore, the pre-
sent study considered the same value of the tar yield. The
corresponding mole number, Xy, iS an input parameter in
the gasification model as in other literature studies [30, 31].

In accordance with the typical product yield suggested
by Bridgewater [32], for pyrolysis and gasification of wood,
this study considered a char yield of 10.5% (mass percent-
age). Similar to the tar, the mole number of char, Xchar, Was
an input parameter in the gasification model [31].

Particularly, tar yield estimation is a difficult task
through a thermodynamic equilibrium model, because tar
is typically a non-equilibrium product.

Due to this difficulty, for example, the tar yield is
neglected during the combustion-gasification stage, in the
study of Vera et al. [33]. In the study, the ER was regulated
to set the temperature above 1000 °C to promote thermal
tar cracking [34, 35]. In another thermodynamic equilib-
rium model, instead, it is assumed that the tar fraction can
be added to the char fraction, i.e. it is assimilated to solid
carbon [11].

In our model, the tar yield was considered and reason-
ably fixed equal to 4.5%, on the basis of the following
considerations:

e the model simulates the gasification process in a
downdraft gasifier, that is well known to produce a very
low percentage of tar, variable between 1% and 5% [36];

e high temperatures result in less char and tar formation
and high gas yields (the last almost 85% wt of the
biomass fueled) due to improved carbon conversion and
steam cracking and reforming of tars independent of
operating conditions [37, 38];

e the tar yield must be very low and, above all, its pro-
duction would be almost constant, considering that the
tar cracking occurs at 950—1000 °C and that the tem-
perature reached was about 950 °C in all the examined
cases, independent of the oxidation air supplied.
Moreover, the percentage of 4.5 was fixed independent
of the operating conditions, since it was the one that
gave the best agreement with the experimental data, on
the chemical composition of the producer gas, in all the
different experiments taken into account (with ER
varying between 0.230 and 0.379).

The char yield was fixed on the basis of tar and gas
yields.

Mathematical models on the gasification process
showed that model predictions improved substantially
when the tar formation was included in the model [39]. The
same was verified in our case, even if the dependence of tar
and char yield on operating conditions was not considered.

The chemical formula used for representing tar is
CgHgOgp.2 [9,40—43] and the thermochemical properties of
tar assumed are the same as benzene [40, 44].

The char chemical formula is “C” and its thermochem-
ical properties are assumed to be the same as graphite
[40—42, 45].

The biomass chemical formula, CH,O,N,,, was derived
through its ultimate analysis.

The number of moles of water w was calculated as a
function of the biomass initial moisture content (MC) [18].

The equivalent ratio (ER) was defined as the ratio be-
tween the supplied and the stoichiometric air. The number
of moles, a, of the gasifier input air was calculated as a
function of ER [46]:

h n o
a= <1+Z+§—§) x ER (2)

The unknown quantities of reaction (1) are the mole
numbers x;, except for xg as nitrogen is considered inert.
The equilibrium temperature, T, is also unknown. Globally,
the unknown quantities are six, so they can be calculated
solving a system of six equations: three mass balance
Equations, (3), (4) and (5); two Equations, (8) and (9), for
the equilibrium constants, k; and k>, of the chemical re-
actions taken into account; one equation of the gasifier
energy balance, (13).

The mass balance equations of carbon, hydrogen and
oxygen are:

X2 + X3 + X5 + 6Xear + Xchar = 1 (3)
2X1 + 2X4 + 4xs5 + 6Xear = h + 2w (4)
Xy +2X3 + X4 + 02X =0+ W+ 2a (5)

Two independent equilibrium reactions are sufficient
for modeling the gasification process [31], the methanation
reaction (6) and the water-gas shift reaction (7) [16]:

C+2H, - CH,4 (6)

CO + H,0 < CO, + H, (7)

The equilibrium constants, k1 and k, of the reactions (6)
and (7) are expressed as [16, 22, 47, 48]:

X5 Mot

k]
Xt

(8)

_ X1°X3

k, =
2 X2:Xa

(9)

where 1y is the total number of moles in the producer gas.
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The constants k; and k; are calculated as a function of
the absolute temperature T and the Gibbs free energy,
which is in turn a function of the formation enthalpy, h?:
h

=5 dT

Ink= RT?

(10)
R is the ideal gas universal constant.
The formation enthalpy, h?, which is a function of the
temperature and specific heat at constant pressure Cy(T), is
calculated through (11) according to reference [15]:

h?:/cp(r) dr (11)

The value of Cy(T) is evaluated according to [49] and
[16]. Therefore, the generic equilibrium constant k is ob-
tained by:

(AalnT+A—bT+gT2+A—dT3 —i+i)

1
Ink=g 2 76 T2 T

R (12)

where Aa, Ab, Ac, and Ad are the thermodynamic constants
of the chemical species; i and j are integration constants,
that are calculated under standard conditions (i.e. at
To = 278 K).

The global energy balance equation is [17]:

doxh =>"x, (hgp + AhT,p>
r p

In Equation (13), r indicates the reagents and p in-
dicates the products of the (1), while x is the number of
moles and Ahgp is the enthalpy difference between the
temperature T and the standard conditions. The biomass
formation enthalpy in the first member of (13) is calcu-
lated according to ref. [50], as a function of the lower
heating value LHV.

(13)

Biomass characteristics:
Ultimate and proximate analysis;
temperature

|
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The iterative resolution of model equations allows
obtaining the number of moles x1, X2, X3, X4, and x5 and the
equilibrium temperature T.

Fig. 2 shows the algorithm scheme of the numerical
model developed in the Matlab environment.

3. Results
3.1. Validation of the model

We have validated the mathematical model comparing
the results of the simulation with the experimental data of
[2]and [3], which are referred to a process of gasification in
a downdraft gasifier.

The comparisons, between the simulated and the
experimental results, were done considering all the main
combustible gases in the producer gas (CO, Hy, and CHy)
and the LHV. Such comparisons were repeated for different
ERs and moisture contents for a total of 16 cases.

Tables 1 and 2 summarize the biomass chemical
composition and the gasifier operating conditions used for
the model validation. It is possible to notice that although
the two biomasses have a very similar chemical composi-
tion, the two sets of experiments were carried out using
different moisture contents (MCs) and equivalent ratios
(ERs).

Figs. 3, 4, 5 and 6 show the comparison, for H, and CHyg,
between simulated and experimental data, as a function of
the biomass moisture content (MC).

The different percentages of H, and CH4 (Figs. 4 and 6)
associated with the same MC (14.7% and 16.0%) are due to
the different values of ER used in the experimental
procedure.

It is possible to observe that the amount of H is over-
estimated by the model, for Biomass 1, with an average
error (E,) of 43%, while, for Biomass 2, the model prediction

Gasifier operative conditions:
EquivalentRatio (ER) and supplied
airtemperature

1

Data acquisition and preliminary calculation ]

i i

i

Biomass characteristics:
Chemical formula;

Stoichiometric coefficients
ofthe reagents of the gasification

Thermodynamicproperties
ofthe reagents of the gasification

‘LHV; global reaction (1) global reaction (1):
Formation enthalpy Formation and variation enthalpy
i i i

Iterative resolution of model equations (Levenberg-Marquardt Algorithm, LMA):

* Massbalances (3 equations);
e Energybalance (1 equation);

e Thermodynamicequilibrium constants (2 equations);

)

Solutions:

* Chemical composition of the producer gas;

*LHV;

* Equilibriumtemperature;

Fig. 2. Matlab resolution scheme of the developed model.



A. Gagliano et al. / C. R. Chimie 19 (2016) 441—449 445

Table 1
Ultimate analysis of the biomasses used for the model validation.

Ref. Biomass C (%) H (%) N (%) O (%) Ash (%) LHV (MJ/kg)

[2] Pellets (Biomass 1) 50.7 6.9 <03 424 0.39 18.86
[3] Rubberwood 50.6 6.5 02 42 07 19.6
(Biomass 2)

Table 2
Gasifier operating conditions of the experiments used for model
validation.

Ref. Biomass MC (%) ER

6.38—8.00
12.5-18.5

0.23-0.27
0.30-0.38

2] Pellets (Biomass 1)
[3] Rubberwood (Biomass 2)
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g. 3. Percentage of H,, Biomass 1 (non-calibrated model).
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Fig. 4. Percentage of Hy, Biomass 2 (non-calibrated model).

of Hy shows both overestimation and underestimation,
with an average error (E; = 15%).

Moreover, the predicted increase of the amount of H;
with the MC, for both the biomasses, is in agreement with
the experimental data. This result is a consequence of the
“equilibrium moving” of the water-gas shift reaction versus
the products when the MC increases.

The model results always underestimate the amount of
CH4, CO and LHV. Moreover, there is a further inconsistency
between the experimental and the predicted amount of

2.50 -
2.25
2.00 -
1.75 + ®

1.50 + o 00 o @
1.25 +
1.00 +
0.75 -
0.50 -

0.25 - a A A
0.00 A A AN T
600 625 650 675 7.00 7.25 750 7.75 800 825 8.50

@®Experimental data A Model

CH, (%)

Moisture content (%)

Fig. 5. Percentage of CH,, Biomass 1 (non-calibrated model).

CHy, the first ones show modest variations of CHy as a
function of both MC and ER, while the second ones are
much more sensitive at the variations of those two
parameters.

The average error of the model in the prediction of the
amount of CO and LHV are, respectively, 16% and 13%.

Regarding the amount of N, and CO, predicted by the
model, there is a very good correspondence for N; (E; = 5%),
whereas the CO, percentage is overestimated by the model
with an E; of 15%. The error in CO, prediction increases
with the moisture content because of the equilibrium
moving of the water-gas shift reaction versus the product.

The above presented results, particularly the prediction
of Hy and LHV, are quite satisfactory; thanks to the intro-
duction, in the numerical model, of the char and tar
formation.

Even if the model shows a general tendency to over-
estimate the H; percentage and to underestimate the CHy4
percentage in the producer gas, this is a typical behavior of
the thermodynamic equilibrium models. Particularly, the
underestimation of the CH4 mole fraction is due to the fact
that, in the real gasification processes, the producer gas
does not achieve complete equilibrium conditions inside
the gasifier (as indicated by the presence of methane in the
experimental data). For this reason, to prevent the com-
plete consumption of methane, in literature models
different strategies were chosen. Some models use a
correction coefficient to move the methanation reaction to
the CH4 production (avoiding its consumption). Some
studies on gasification modeling do not include a fraction of
CH4, formed during the pyrolysis process, in the
combustion-gasification stage bypassing it to the gas outlet
[33, 51, 52].

3.2. Calibration of the model

Based on the previous comparison, it is necessary to
proceed with the calibration of the model for improving its
reliability.

It was observed that the modification of the equilibrium
models by incorporating empirical parameters or correla-
tions based on experimental studies helps in increasing the
accuracy of the models.
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Fig. 6. Percentage of CH,, Biomass 2 (non-calibrated model).

In accordance with literature studies [16, 53], the equi-
librium constant, k;, of the methanation reaction was
modified by introducing a correction coefficient, Cy;, for
moving the reaction equilibrium versus the CH4 production
and the H, consumption. Moreover, the equilibrium con-
stant, ky, of the water-gas shift reaction was modified by
introducing a correction coefficient, Cy,, for moving the
reaction equilibrium versus the CO production and the H,
consumption. The correction coefficients C; and Ci, were
assigned taking in account the different moisture contents
of the two biomasses.

Then, to reduce one of the main limits of the thermo-
dynamic models that, as well known, tend to underesti-
mate CHg, a new correlation between the biomass moisture
content (MC) and the equivalent ratio (ER) has been
introduced.

Some studies indicate that too small ER tends to reduce
the reaction temperature and, consequently, the biomass
gasification is not facilitated. On the other hand, too large
ER results in the consumption of more H, and other
combustible gases, through oxidization reactions, causing
the decrease in the LHV of the producer gas. Thus, the ER
has two opposing effects and the appropriate choice of the
ER is a very important task [37, 54].

The biomass moisture content is one of the operating
variables that can drive the choice of the most appropriate
ER. The moisture content in the feedstock has been found to
have a very deteriorating effect on the quality of the pro-
ducer gas.

It was observed that an increase of the fuel moisture
content causes the decrease of the average temperature of
the gasifier due to the production of water vapor.

On the basis of these considerations and in accordance
with the energy balance equation, the ER must increase
when the moisture content also increases. In this way, the
higher mass of air provides the energy for vaporization of
the moisture avoiding the temperature decrease.

Therefore, for improving the model accuracy and solv-
ing one of the main limits of the thermodynamic model (i.e.
CH4 underestimation), we have introduced a new correla-
tion which links the ER with the biomass moisture content.

The following preliminary correlation is proposed:

ER = 0.008 x MC + 0.174 (14)

25.00 -

@ Experimental data A Calibrated model
22.50 -+

20.00 -
A A AA A A

17.50 -

H, (%)

o>
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6.00 625 6.50 6.75 7.00 7.25 7.50 7.75 8.00 825 8.50

Moisture content (%)

Fig. 7. Percentage of H,, Biomass 1 (calibrated model).

The coefficients in Equation (14) were obtained through
the best fit with the experimental results. The R? value of
the (14) was 0.98.

Consequently, for improving the prediction of the CHy
concentration, we have fixed the ER value in the simula-
tions. The chosen values were calculated through Equation
(14) considering the average values of the MC of the two
biomasses. Thereby, the values of 0.23 and 0.294 were
chosen, respectively, for Biomass 1 and Biomass 2.

Figs. 7, 8,9 and 10 show the comparison, for Hy and CHg,
between the results of the calibrated model and the
experimental data, as a function of the biomass moisture
content (MC).

The calibrated model shows a clear enhancement in the
prediction of the concentration of both H, and CHy4. The
prediction of H, percentage keeps slightly overestimated
for both biomasses (E; = 15%). Therefore, it is confirmed
that the equilibrium models tend to overestimate the H
content in the producer gas [55]. With regard to the CHy
and CO concentration, the calibrated model allows to
reduce the E, respectively to 6% and 9%.

Figs. 11 and 12 show the comparison between experi-
mental data, non-calibrated and calibrated model, for all
the gaseous species in the producer gas under specific
operating conditions, that are MC = 8% and ER = 0.266 for
Biomass 1 and MC = 16% and ER = 0.314 for Biomass 2.

The calibrated model shows a remarkable enhancement
in the prediction of all gaseous species except for CO,
prediction. The calibration allows reducing considerably
the overestimation of Hy, and underestimation of CH4 and
Co.

Globally, considering both biomasses and all the gasifier
operating conditions, the calibrated model shows an
enhancement in the prediction of LHV (E; = 8%) compared
to the non-calibrated model due to the enhancement in the
prediction of the combustible gases: Hy, CH4 and CO.

3.3. Sensitivity analysis

From the results, the biomass moisture content MC and
the equivalent ratio ER are two of the most important pa-
rameters that influence the chemical composition of the
producer gas. Thus, a parametric study has been performed
to predict the producer gas reaction temperature, chemical
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Fig. 10. Percentage of CHy4, Biomass 2 (calibrated model).

composition and the LHV varying MC and ER in accordance
with Equation (14).

Figs. 13 and 14 show the results of model sensitivity
analysis.

It is possible to notice that when the MC increases from
5% to 35%, the CO, percentage also increases, while the CO
percentage decreases to about 55%. This behavior depends
on the moving of the water-gas shift reaction equilibrium
versus the reaction products when the MC increases.
Furthermore, it is possible to observe that the H, percent-
age and the CH4 percentage decrease respectively by 50%
and 95%. The N, concentration obviously increases with the

55
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0 :
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O Calibrated Model
B Experimental Data ]

(%)

Fig. 11. Producer gas composition Biomass 1.
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Fig. 12. Producer gas composition Biomass 2.

@®H2 ©CO #CO2 ©CH4 =N2

Chemical specie (%)
i
o

30 -
20
10 & &
—o—
0 ‘ = o o o o
5 10 15 20 25 30 35

Moisture content (%)

Fig. 13. Producer gas composition as a function of increasing MC and ER.

MC. These results are in good agreement with other nu-
merical gasifier models [16, 17, 21].

It is possible to highlight that the LHV decreases by 62%
when the biomass moisture content increases between 5%
and 35% since much of the heat generated in the gasifier is
necessary for the vaporization of the moisture and the
subsequent superheating. It is further observed that at a
fuel moisture content of 10%, the decrease in the LHV is of
about 14% of the initial value (MC = 5%).
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Fig. 14. Temperature and LHV of the producer gas as a function of increasing
MC and ER.

Other literature downdraft gasifier models [16—18, 21,
22, 56, 57] obtained similar results concerning the reduc-
tion of the LHV if MC or ER increases.

It is also possible to notice that the equilibrium tem-
perature increases with the increase of the moisture con-
tent and the simultaneous increase of the ER. It is due to the
fact that the heat energy required for water vaporization is
extracted from the supplied air without reducing the gas
temperature. This result, for example, is new knowledge
with respect to the sensitivity analysis conducted by other
authors increasing only the MC, where the process tem-
perature decreased due to the increase of moisture alone.

4. Conclusions

This study presents a numerical model able to simulate
the gasification process in a downdraft gasifier. The process
of gasification is essentially described through a global re-
action that includes all the gaseous species and the yields of
char and tar.

Experimental data available from other literature
studies were used for validating the results of the proposed
model. Thereby, a good agreement between experimental
data and the percentage of the chemical species in the
producer gas (Hy, CHy, and CO) predicted by the model was
found. The average error was about 10% with reference to
the chemical species and lower than 10% on the predictions
of the LHV. Moreover, it was observed that the biomass MC
and ER have a large influence on gasifier performance.
Thus, we propose a novel correlation, which links the MC
and ER, that was used for developing a sensitivity analysis
of the model by varying the above-mentioned parameters.

This analysis shows that the LHV decreases and the
temperature increases if the MC increases; we observed
that the LHV decreases by 62% when the biomass moisture
content increases between 5% and 35%.

Globally it is possible to affirm that the validated model
is reliable for predicting the trend of the gas composition,
heating value and equilibrium temperature, by varying the
MC and ER.

Therefore the proposed model could be used to perform
engineering simulations of downdraft gasification systems
and to guide process design, evaluation and optimization of
the gasification technology.

However, other validations of the proposed model are
necessary and, in this context, biomasses with different
chemical compositions will be tested, e.g. olive kernel, etc.

Moreover, to overcome the limitations of the hypothe-
sized thermodynamic equilibrium, a further improvement
of the present model will be performed considering the
kinetic rates of the chemical reactions that take place in the
reduction zone of the downdraft gasifier.
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