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Abstract

Herein, a CFD model for the gasification of sugarcane bagasse in a downdraft fixed-bed gasifier has
been developed. Our objective was to observe syngas yield distribution in different operation
conditions and to obtain optimal parameters. Several factors were investigated, including the velocity
and preheating temperature of inlet air-steam mixture, steam to air ratio (S/A), and biomass moisture
content (MC). Our results proposed that increasing S/A up to about 0.67 would be favorable and
result in higher amounts of syngas yield and conversion efficiency, while an excessive increase in S/A
had adverse effects. Both small and large amounts of air-steam inlet velocity were unfavorable, and
optimal velocity was obtained at a median amount (20 m/s). Increasing the preheating temperature of
the oxidizing agent and also decreasing the MC of sugarcane bagasse had positive impacts on the
gasification process. Finally, the maximum conversion efficiency was obtained equal to 69.14% for
optimum operating conditions.

Keywords: biomass gasification; downdraft fixed-bed gasifier; computational fluid dynamics (CFD);
sugarcane bagasse; optimization
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1. Introduction

Energy production is one of the most important economic factors in the development of modern
society. Even now, despite the passage of years, energy demand and supply are heavily dependent on
fossil fuels. With regard to the problems related to environmental issues, fluctuations in fossil
revenues, and growing demand for energy in the modern world, statesmen and politicians have
encouraged in the use of other non-fossil energy, especially renewable resources [1-4]. Thus, the
production of renewable fuels can potentially play a critical role in the fate of next-generation energy.
Considering the limited supplies of traditional fossil fuels, lignocellulosic biomass is the most
abundant source of renewable carbon that does not interfere with global warming [5-7]. Therefore, the
development of new technologies that incorporate biomass in the production of renewable energy can
possibly be one of the most feasible pathways to cover future needs for fuels and chemicals [8-15].

Gasification is one of the promising technologies for using biomass to produce fuel and energy.
Gasification is the degradation of biomass by reacting the material at high temperatures (>700 °C)
with a controlled amount of oxidizing agent (air, oxygen or/and steam), which results in the
production of carbon monoxide, hydrogen, methane and carbon dioxide [16]. Many methods have
been developed for modeling the gasification process in downdraft and updraft gasifiers. The
proposed models of biomass gasification include thermodynamic equilibrium, kinetic, computational
fluid dynamics (CFD), artificial neural network (ANN), and ASPEN Plus models [17-22].

Thermodynamic equilibrium (zero-dimensional) models have been widely used by researchers
[23-27]. Sharma [26] performed a full equilibrium model of reduction reactions to predict the
distribution of gas species and unconverted char. Considering Douglas fir bark as feedstock, he
concluded that the range of moisture content and equivalence ratio should be limited to 10-20% and
0.3-0.45, respectively. Huang et al. [23] developed thermodynamic equilibrium models for various
gasifier types with and without considering char. The zero-dimensional model is only used for
determining the equilibrium temperature and mixture of products. This model is independent of
geometry. Velocities and temperature profiles would not be obtained from this model due to
neglecting transformation mechanisms. In kinetic (non-equilibrium) models, reaction kinetics and
transformation equations of mass, momentum, energy, and species are considered. Some researchers
have simulated the gasification reactor in one-dimensional (1D) models [28-31], in which movements
are assumed vertically uniform. Chaurasia [32] coupled a downdraft gasifier model with a single-
particle model to examine the particle geometry effects on different parameters. He found that the
sensitivity for all the studied parameters was the highest for the spherical geometry and lowest for the
slab geometry. Some others have simulated CFD models for updraft and downdraft gasifiers in two-
dimension to develop the gasification process [33-37]. Wu et al. [35] used CFD to simulate the
gasification process, considering the reactions of drying, pyrolysis, and combustion. They concluded
that an external heat source is required in the gasifier for a high-temperature gasification system.
Fernando et al. [34] simulated a moving bed updraft biomass gasifier using CFD. They obtained a
specific air flow rate to maximize the CO production rate for a specific laboratory gasifier. Bogdanova
et al. [33] simulated a fluidized bed gasifier to represent particle/particles and fluid/particles
interactions, and defined optimal operating conditions for an industrial scale gasifier.
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Currently, about 1,800,000 tons of sugarcane bagasse is produced in Iran. This agricultural waste
is rarely used in livestock, paper, and wood industries and also does not compete with the food
stream. Therefore, by using proper gasification technology in recycling sugarcane bagasse, in addition
to protecting the environment and creating income opportunities, it can meet some of the energy
needs [38]. A few studies have been developed for the gasification of sugarcane bagasse as an
abundant feedstock. In addition, the need for investigation of cross-interaction between different
operating conditions (i.e., inlet velocity and temperature of the oxidizing agent, steam to air ratio, and
feedstock moisture content) must receive critical attention. Herein, to the best of our knowledge, we
have developed a CFD model of a downdraft fixed-bed gasifier for sugarcane bagasse gasification
process, and we have investigated the simultaneous influences of several operating parameters on the
final product distribution, in hopes of being useful to the engineers who want to make use of
sugarcane bagasse. The reconstructed geometry was based on the geometry of a 20 kW commercial
system from GEK, produced by ALL Power Labs (USA) [39]. Several design parameters were
simultaneously investigated, including the preheating temperature and the inlet velocity of the
oxidizing agent, steam to air ratio, and the moisture content of biomass. Our main objective was to
observe the distribution of syngas yield in different operating conditions and to determine the optimal
operating parameters for maximizing the syngas yield and conversion efficiency of sugarcane bagasse
gasification.

2. Methods

In the present study, a downdraft fixed-bed gasification reactor was simulated two-dimensionally
using the Eulerian method. By considering two-dimensional modeling, the effects of the reactor
geometry and gasification properties can be investigated along vertical and horizontal directions.
Fluid flow was assumed to be steady [40-42] and turbulent [42-45] similar to previous studies.
Feedstock entered the reactor from the upper part of the geometry, and air inlet nozzles were located
on both sides of the reactor. Outlet syngas were discharged from the bottom of the reactor. Mass,
momentum, and energy equations were solved using the first-order upwind scheme. Species transport
was solved by the Eddy dissipation method. Radiant heat transfer was significant because of the high
temperature of the reactor; thus P1 model was used for this type of heat transfer, similar to the
literature [46].

2.1. Fuel properties and reactions

Bagasse pellets initially have a moisture content of more than 50%. This moisture should be
reduced by pre-drying. Bagasse with higher moisture content requires more energy to begin the
gasification process; therefore, pre-drying and decreasing the moisture content of bagasse is
necessary. In the present study, sugarcane bagasse properties were introduced to ANSYS Fluent 16.2,
defined by proximate and ultimate analyses. Different properties are reported for different types of
woods in the literature. The properties used in the present study are shown in Table 1.



Table 1 Proximate and ultimate analyses of sugarcane bagasse [47]

Sugarcane bagasse

Moisture content 1.14%

Volatile matter content 69.99 %

Fixed carbon 16.39 %

Ash 1.42 %

Nitrogen (N) 0.20 %
Carbon (C) 44.1 %
Hydrogen (H) 57%
Sulfur (S) 23%
Oxygen (O) 47.7 %

Biomass is composed of carbon, oxygen, hydrogen, sulfur and nitrogen. After dehydration,
biomass undergoes oxidation and reduction reactions during gasification process. These chemical
reactions are listed in the following [48].

2C+ 0, » 2CO (partial oxidation) 1)
C+ 0, - 2C0, (complete oxidation) )]
C+ 2H, » CH, (hydrogasification reaction) 3
CnHm + nH20 2 (n + m/Z)HZ + nCO (steam reforming reaction) 4)
CO + 3H, 2 CHy + H,0 (Methanation) (5)
CO+ H,0 2C0, +H, (water — gas shift reaction) (6)
C+ H,0 - CO+H, (carbon conversion to gas) @)
C+ CO, 2 2CO0 (Boudouard reaction) (8)

Carbon monoxide and carbon dioxide are obtained from carbon partial and complete combustions
respectively, shown in Eq. (1) and (2). Eg. (3) and (5) show the production of methane gas. In steam
reforming reaction, non-methane hydrocarbons of low quality gases are converted to synthesis gas
(H2 + CO) shown in Eq. (4), and finally to methane, carbon dioxide and hydrogen, shown in Eq. (5)
and (6), thereby improving the fuel gas quality. Eq. (7) shows the production of synthetic fuels from
carbon and steam reaction. Boudouard reaction, shown in Eq. (9), is the redox reaction of chemical
equilibrium mixture of carbon dioxide and carbon monoxide. This reaction to form carbon dioxide
and carbon is exothermic at all temperatures. As our main objective was to observe the distribution of
outlet syngas and conversion efficiency of the reactor in different operating conditions, tar formation
reactions were neglected, because final tar is formed in small amount and has little impact on syngas
yield [49].



2.2. Governing equations

Mass, momentum and energy equations are described as follows:

V. (pl—j) = Sm (9)
V.(pU%) = —Vp+V.(D) + pg + F (10)
0 _ d aT

o (ptih) = g(kg) + Son (11)

In eq. (9), the term S, includes the added mass resulted from evaporation of water droplets, and the
conversion of charcoal particles into volatile gases, which are added from the secondary phase to the

continuous phase. In eq. (10), p is the static pressure, T is the stress tensor, and the vectors pg and F
are the gravity and external body forces (resulted from the interaction between phases), respectively.
In eq. (11), the second term of the right side is the source term for the transfer of heat from gas
particles, evaporation energy (latent heat), radiation energy, and reaction heat. The stress tensor T is
expressed as follows:

T = u[VS + V5T] - V. (12)

Where p is the molecular viscosity, I is the unit tensor, and the third term on the right side of the
equation is the effect of volume expansion.

2.3. Turbulence model

The kinetic turbulence energy, k, and its dissipation rate, €, are obtained from the following k-¢
equations:

; _ ()] 6
2o (pku) = 72 | (1+ 2) ] + G — e (13)

a a a 2
2 (peup) = | (0 +2) 2] + oo 26— Cap s (14)

Where Gy represents the production of kinetic turbulence energy. It is related to the mean velocity
gradient. oy and o, are the turbulent Prandtl numbers for k and ¢, respectively. Turbulence viscosity
(or eddy), , is obtained from the combination k and &:

k2
W = pcu? (15)
The constants of the experimental model are equal to C;, = 1.44, C;, = 1.92, C,, = 0.09, oy = 1.0
and o, = 1.3 [50].

2.4. Conversion efficiency

Gas heating value is calculated from the following equation. Volume concentrations of the outlet
syngas are used in this equation.



(COyo1) (HVCO)+(Hy, )(HVHZ)+(CHa o)) (HVCH,)
100%

HVgas = ( ) (16)

Where COyq1, Hy,, and CH,,, are molar concentrations of carbon monoxide, hydrogen and methane

gases, respectively. Heating values of these gases are: HVCO = 12.64 M]J kg™! [51], HVH, =
10.1 MJ kg~* [52] and HVCH, = 38 MJ kg~* [51].

The energy conversion efficiency of the gasification process is calculated by the following equation
[53]:
2HVgas

n - 100(HVfuel)

17)

Where HVy,q Is the heating value of sugarcane bagasse. Various heating values have been reported
from 17.8 to 19.5 M] kg~ for bagasse. In the present study, the heating value of sugarcane bagasse
was assumed to be 19 MJ kg™! according to the value obtained by Paramour et al. [54]. The
equivalent ratio was considered to be constant for all simulations here.

2.5. Geometry reconstruction

The geometry of a 20 kW commercial system from GEK ALL Power Labs [39] was used in the
present simulation. This geometry was developed in SOLIDWORKS 2014. Mesh was generated in
ANSYS Meshing 16.2 software. Feedstock entered the reactor from the upper part, which had a
diameter of 182 mm. Air inlet nozzles were assumed to be on both sides of the reactor, with a
diameter of 9 mm. For further explanation, drying reactions occur in the upper zone due to high
temperature, and thereby the moisture of the feedstock evaporates immediately. Then, pyrolysis
reactions occur in the next zone. Tar, coal, and volatile substances are obtained in this region. Finally,
a series of oxidation and reduction reactions are performed. Figure 1 shows the inlets, outlet, and the
sizes used in the reconstructed geometry of the simulated gasifier reactor. Separate zones of the
geometry were merely for applying temperature in different regions and were not real areas of
separation. The boundaries between different zones of the geometry were assumed to be bonded. They
were factually virtual bonds and did not have any effect on the results.
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Figure 1. The reconstructed geometry of the simulated gasifier reactor

2.6. Boundary conditions

Similar to previous studies [34, 42, 43, 46], the inlet boundary condition of air-steam mixture was
given by velocity inlet, varied from 5 to 40 m/s (with 5 m/s increment in each simulation), and the
effect of this parameter was investigated on the mole fraction of outlet syngas. The inlet air nozzle
was horizontally constructed, without any angle. Entering from these nozzles, the steam-to-air ratio
was changed from 11% to 100%, and the effect of this mixture percentage was studied. Feedstock
entered the reactor from the upper part (as shown in Figure 1). It was given to software according to
the proximal and ultimate analyses shown in Table 1. The pressure outlet boundary condition was
assumed to be 1 atm (101325 Pascal) at the bottom of the reactor. The Pressure-velocity field was
solved by the coupled method. The discrete spatial gradient and pressure gradient were solved by the
least-squares cell-based (LSCB) and PRESTO methods, respectively. Conservation equations,
turbulence, and species transport were solved by the first upwind method.

2.7. Grid study and mesh generation

Grid study was performed for the geometry of the reactor to reach mesh independence by using
ANSYS Meshing 16.2. Air inlet velocity was assumed to be 30 m/s. Preheating temperature and S/A
were 1300 K and 0.67, respectively. A computer simulation was performed on half of the geometry
due to the symmetry. CFD reference and fluent solver were used for mesh generation. Considering
minimum, maximum and average values, the mean size of elements was reduced from 1.75 to 0.25
mm, with 0.25 mm reduction in each step, in the form of a multizone quadrilateral/triangle. The
number of cells obtained for the whole geometry (from larger to smaller cell size) was 32726, 46706,
72956, 95128, 128636, 185812, and 293196 cells, respectively. Investigated parameter for studying
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grid independence was the mole fraction of outlet syngas, including CO, H, and CH,. Figure 2a
shows the mole fraction of outlet syngas when the number of cells was increased. It was observed that
for the number of cells from 32726 to 95128, mole fraction changed, however, for the number of cells
more than 128636, no changes occurred in the mole fraction of outlet syngas. Thus, for simulating the
reactor, a mean cell size of 0.75 mm, which resulted in the total number of 128636 cells, was used for
the entire geometry. Figure 2b shows the generated mesh for the geometry with a mean cell size of
0.75 mm.
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Figure 2. Grid study; (a) outlet syngas mole fraction for different cell numbers, (b) generated mesh

3. Results and Discussion

Investigated parameters included the inlet velocity of air-steam mixture, the preheating
temperature of inlet air, the ratio of steam to air (S/A), and the moisture content of sugarcane bagasse.
The base values of these parameters were assumed to be as follows: air velocity of 30 m/s, preheating
temperature of 1300K, S/A of 0.67, and bagasse moisture content of 1.14%. In the following sections,
each parameter was changed, and the results were evaluated. Outlet syngas mole fraction and
conversion efficiency of the present study were in agreement with the experimental results of previous
studies [23, 47, 55-57]. Table 2 represents a comparison of the results of the present study with the
experimental data of the literature [23, 47, 58, 59]. It is obvious that the results of outlet syngas mole
fraction match well with the results of Anukam et al. [47] and Huang et al. [23]. The conversion
efficiency of the downdraft fixed-bed gasifier has been reported to be 60-85% in most studies [55-57].
In the present study, the conversion efficiency of 64.6% was obtained for the base case, which was in
good agreement with the experimental data shown in Table 2. Slight differences in the results were
due to the variations in geometries, type of feedstock, moisture content of biomass, inlet velocity, and
oxidizing agent mixture.



Table 2 a comparison of the results of the present study with the experimental data of the previous studies
[23, 47, 59]

Outlet syngas mole fraction Conversion efficiency
CoO H2 CH4 N2 Present study 64.6%
Present study 21% 19% 3.9% 43% Anukam et al. 50-65%
Anukam et al. 20% 17.5% 2.5% 46% Basu et al. 60-70%
Huang et al. 18-25% 15-24% 0-3% 43-52% Gunarathne et al. 72.6%

The mole fraction contours of outlet syngas are shown in Figure 3. These contours were obtained
from the simulation of sugarcane bagasse gasification based on the values mentioned in the previous
paragraph. It was seen that syngas concentration was about zero in the upper zone of the reactor. The
reason was that tar formation reactions were neglected in the present study. As previously said,
because our main objective was to observe the distribution of outlet syngas and conversion efficiency
of the reactor in different operating conditions, so it was neglected because final tar is formed in a
small amount and has little impact on syngas yield [49]. Consequently, in this region, there was a
large amount of unconverted carbon, which would get reduced along the gasifier. In the second zone,
partial oxidation reaction (Eg. 1) started to occur near the walls, thereby producing carbon monoxide.
At the beginning of the third zone, oxidizing agent (air-steam mixture) entered the reactor, caused
higher rates of gasification reactions. Similar contours of H, and CO,, in the lower half of the gasifier,
were caused by high rates of water-gas shift reaction (Eq. 6) in this region. Because of the feed of
oxygen being insufficient for full combustion, some of the carbon was converted into CO and H, by
reacting with H,0 and CO, based on the reactions of Eq. (7) and (8). The molar fractions of H, and
CO, were in their highest amount near the steam-air mixture nozzles. On the other hand, the molar
fractions of CO and CH, reach their highest amount at lower heights. At the bottom of the gasifier, the
mole fractions of outlet syngas, CO, H,, CO, and CH,, were obtained equal to 21%, 19%, 10.4% and
3.9%, respectively.
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Figure 3. Contours of outlet syngas mole fraction: (a) CO, (b) H,, (c) CH, and (d) CO,

3.1. Steam to air ratio (S/A)

The mixture of air and steam was used as an oxidizing agent in the present study. The influence of
different steam-to-air ratios (S/A) were studied by assuming that the velocity of mixture maintained
constant. Figure 4a indicates the effect of S/A on the mole fraction of outlet syngas produced by
sugarcane bagasse gasification. Five simulations were performed for different steam-to-air ratios of
0.11, 0.25, 0.43 and 0.67 and 1, while other effective parameters were assumed to be in their base case
(air velocity of 30 m/s, preheating temperature of 1300 K, and moisture content of 1.14% for
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bagasse). It was observed that by increasing S/A from 0.11 to 0.43, the amount of CO increased from
19.9% to 21.8%, while it started decreasing to 20.8% by increasing S/A to 1. The mole fraction of
CO,, steadily increased from 6.3% to 11.2%. These results could be explained as water-gas-shift and
steam-reforming reactions in Eq. (4) and (6). These reactions happened at higher rates in the presence
of steam. For the mole fraction of Hz by increasing S/A from 0.11 to 1, hydrogen gas steadily
increased from 10% to 23%. This could be explained as reactions of Eq. (4), (6) and (7) involved
steam and might be favored by increasing the steam in the oxidizing agent. It was also observed that
increasing S/A did not have a remarkable effect on CH, mole fraction. The percentage of methane
output varied between 3%-4%.

To investigate the ratio of steam to air more precisely, the conversion efficiency of the gasification
process was also calculated. Figure 4b indicates the changes in the conversion efficiency of sugarcane
bagasse gasification when S/A increases. It was obvious that by increasing S/A from 0.11 to 0.67,
conversion efficiency increased from 48.9% to 64.6%, while it started to decrease to 63% by
increasing this ratio to 1. Thus, the optimum conversion efficiency was obtained equal to 68.6% in
S/A of 0.67, in which the molar fractions of outlet syngas were 21.4%, 19%, 4%, and 10.4% for CO;,
H2, CH4, and CO respectively. Therefore, increasing the steam-to-air ratio up to 0.67 had a positive
influence on conversion efficiency and syngas yield, while an excessive increase in S/A could have
adverse effects.
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Figure 4. Effect of S/A on (a) the mole fraction of outlet syngas and (b) conversion efficiency

3.2. Air-steam inlet velocity

The inlet velocity of injected air-steam, passing through the nozzle, is a factor affecting the rate of
reactions and the production of outlet syngas. Since dependent on the geometry of the reactor, it
should be noted that the effect of the velocity parameter would vary according to the geometry.
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Therefore, the optimum velocity obtained for different geometries would be different from each other.
For the reactor geometry of the present study, eight simulations were performed to look into the effect
of air velocity on the gasification process. With 5 m/s increment in each simulation, the air inlet
velocity was changed from 5 to 40 m/s, while other parameters were maintained in their base values
(preheating temperature of 1300 K, S/A of 0.67, and moisture content of 1.14%). Figure 5a shows the
effect of air inlet velocity on the mole fractions of outlet syngas during sugarcane bagasse
gasification. With an increase in air inlet velocity from 5 to 20 m/s, the mole fraction of CO increased
from 19.1% to 25%, and then it decreased to 17.4% by increasing the velocity up to 40 m/s. H, mole
fraction fluctuated around 15% in the low values of air velocity, and then it went up to 23.4% with an
increase in the air velocity to 40 m/s. The effect of air velocity on CO, was the same as hydrogen gas.
The results suggested that a noticeable variation in air velocity to large or small amounts could
negatively affect the production of CH,.

To more precisely investigate the effect of air velocity, the conversion efficiency of the reactor
was also calculated, and the effect of air inlet velocity was evaluated. Figure 5b shows the effect of air
inlet velocity on the conversion efficiency of the sugarcane bagasse gasification process. For the
geometry of the present study, the optimum conversion efficiency was obtained equal to 68.4%,
which was achieved at the air inlet velocity of 20 m/s. Both decreasing and increasing the air inlet
velocity had negative effects. By reducing the air inlet velocity to 5 m/s, conversion efficiency
decreased to 50.5%. This trend could be the result of lower rates of reactions when the air inlet
velocity decreased. Increasing the air inlet velocity to 40 m/s also reduced the quality of gasification
and decreased the efficiency of gasification to 54.4%. This could be because of decreased reaction
residence time and a significant junction between injected air-steam from opposite nozzles. Generally,
the optimal air inlet velocity depends on the geometry of the reactor, and it might be slightly diverse
for different geometries in other studies.

(@) (b)

w

o
~
o

o N )]

N B &
I~
\>

N
w

N
o
I

mCO

mH2
Cco2

mCH4

[E
o
|

[

N
(/

(6]
|
|

Mole fraction (%)
&
Conversion Efficiency (%)
® 3
NN

o
1
(S Ny
o N

5 10 15 20 25 30 35 40 0 10 20 30 40
Air-steam Velocity (m/s) Air-steam velocity (m/s)

Figure 5. Effect of air-steam inlet velocity on (a) the mole fraction of outlet syngas and (b) conversion
efficiency
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3.3. Preheating temperature of inlet air-steam

Gasification can be driven by partial oxidation without an external heat source; however,
preheating the temperature of oxidizing agent can positively affect the conversion efficiency of the
gasification process, although raising the air temperature to 1500 K or more is a challenge in real
laboratory-scale operation. Practically, the energy required for preheating the temperature of the air
entering reactor is prepared either by the heat transfer from the reactor itself or through a boiler as an
external agent. In the present study, three simulations were performed for the air inlet temperatures of
1100, 1300, and 1500 K to investigate the variations of outlet syngas and conversion efficiency. Other
parameters were assumed to be in their base case (air inlet velocity of 30 m/s, S/A of 0.67, and
moisture content of 1.14%). Figure 6a shows the effect of preheating temperature of inlet air on the
mole fraction of outlet syngas. By increasing the air temperature from 1100 to 1500 K, the mole
fraction of carbon monoxide raised from 19.2% to 22.8%, Moreover, the outlet content of CH,
increased from 2.7% to 4.6%. This could be explained as higher chemical reaction rates in Eq. (1), (3)
and (7). Conversely, preheating inlet air temperature had a negative effect on the mole fractions of H,
and CO, gases. Mole fractions of hydrogen decreased from 21.2% to 17%, and carbon dioxide
decreased from 11.4% to 9.7%. This could be explained as a water-gas-shift reaction (Eg. 6) is an
exothermic reversible reaction [60]. Therefore, with increasing temperature, the rate of this reaction
rate increases, but the conversion of reactants to products becomes less favorable.

To better assess the effect of preheating temperature, it was necessary to calculate the conversion
efficiency of the gasification process. Figure 6b shows the effect of preheating temperature of inlet air
on the conversion efficiency of sugarcane bagasse gasification. It was obtained that the conversion
efficiency of gasification increased from 58.8% to 66.9% with an increase in preheating temperature
from 1100 to 1500 K. Therefore, preheating the inlet air-steam has a positive impact on gasification
output, albeit impracticable to obtain extremely high preheating temperature in the real world, and
also there might be a potential risk of coke formation at a higher temperature [61, 62] which can
negatively influence the gas yield.
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Figure 6. Effect of preheating temperature of inlet air on (2) the mole fraction of outlet syngas and (b)
conversion efficiency

3.4. Moisture content (MC) of sugarcane bagasse

Sugarcane bagasse (or every other wood), used as fuel for the gasification process, initially
contains a significant amount of moisture, which must be reduced for a more effective gasification
process. In the present study, three simulations were carried out for the moisture contents of 1.14%,
12%, and 20%, while other parameters were assumed in their base values (Air velocity of 30 m/s,
preheating temperature of 1300 K, and S/A of 0.67). The selection of these values for the proposed
biomass feedstock was according to the actual values of sugarcane bagasse moisture content from
three different sites that provided this material for our study. Figure 7a shows the effect of sugarcane
bagasse moisture content on the mole fraction of outlet syngas. It was observed that increasing MC
from 1.14% to 20% caused a reduction in the production of CO, from 20.7% to 17.5%. Conversely,
increasing the MC was accompanied by an increase in the production of H, and CO,. Outlet mole
fraction of H, increased from 19.3% to 20.8%, and CO, from 10.7% to 12.2%. The reason for this
trend was the higher rates of water-gas-shift and steam-reforming reactions (Eq. 6 and 4), which
resulted in an increase in the production of hydrogen and carbon dioxide, and a decrease in the
production of carbon dioxide. The effect of change in MC was not significant on the mole fraction of
CH, and it remained constant, about 4%.

To better assess the effect of bagasse MC, it was necessary to calculate the conversion efficiency
of the gasification process. Figure 7b shows the effect of sugarcane bagasse moisture content on the
conversion efficiency of gasification. By increasing MC from 1.14% to 20%, conversion efficiency
decreased from 64.6% to 61.4%. It was concluded that high amounts of MC in biomass has a negative
effect on the conversion efficiency of the gasification process. Factually reduction reactions, which
take place in the reduction zone, produce the greatest amounts of syngas. Most of these reactions are
endothermic. Therefore, if the moisture content of biomass is reduced, heat would not be consumed
during the drying of biomass; consequently, it would be available for the reduction reactions to occur
in higher rates. In addition, water production is expected in reality, which has not been taken into
account herein for more simplification. A more detailed reaction network will be taken into
consideration to improve upon the current simulation in the future. Clearly, the initial moisture
content will reduce the organic material input to begin with, which is another cause of lower gas
yields in the product stream.
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Figure 7. Effect of moisture content on (a) the mole fraction of outlet syngas and (b) conversion efficiency

3.5. Optimum conditions

Finally, another simulation was conducted to obtain the maximum values of outlet syngas and
conversion efficiency. Optimal parameters (inlet velocity of 20 m/s, preheating temperature of 1500
K, S/A ratio of 0.67 and MC of 1.14) were applied for this simulation. It was found that for the
optimum conditions, the mole fractions of carbon monoxide, hydrogen, methane, and carbon dioxide
were 24.2%, 14.4%, 5.4%, and 8.3%, respectively. Moreover, the conversion efficiency of 69.14%
was obtained in optimal operating conditions.

It is important to note that all estimated values by our simulation model were within 7-16% of the
actual values determined by the experiment. A detailed report of our experimental work will be
published later. This study provided a very effective tool to predict the outcome of complex
gasification systems using a simplified array of the reaction network. Furthermore, the newly
developed solution technique can potentially facilitate process design strategies in the field of
renewable energy.

4. Conclusion

A two-dimensional CFD model of a downdraft fixed-bed gasifier was developed to study the
simultaneous influences of operating parameters affecting the gasification process and to observe the
final product distribution in different operation conditions. Sugarcane bagasse was employed as
biomass for a gasification process, as there is an ample amount of it in our country, Iran, in hopes of
being useful to engineers who want to make use of this waste material. The studied parameters were
the steam-to-air ratio (S/A) of the oxidizing agent, the inlet velocity and preheating temperature of air-
steam, and the moisture content of sugarcane bagasse. Several simulations were performed by
assuming that one parameter was changing in each simulation, while other parameters were
maintained in their base values. The results obtained from the present study were in good agreement
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with the experimental data of previous investigations. Outlet syngas mole fraction and conversion
efficiency of the gasification process were reported as the results.

The results proposed that increasing S/A up to 0.67 had positive impacts on the quality of the
gasification process and resulted in higher rates of reactions and conversion efficiency. While an
excessive increase in S/A (more than 0.67) could have unfavorable effects and reduce the efficiency
of gasification. Optimal air inlet velocity, which is dependent on the geometry of the simulated
reactor, was obtained at a median amount (20 m/s in this study). Both lowering and increasing the air
inlet velocity had negative influences on the gasification process. Preheating the inlet air resulted in
higher conversion efficiency, although quite impracticable to obtain extremely high preheating
temperature in the real world. Reducing the moisture content of sugarcane bagasse was also favorable.
Instead of being consumed during the drying of biomass, heat would be available for reduction
reactions (mostly endothermic), and raise the efficiency of the gasification process. Finally, another
simulation was performed according to the optimal values obtained in each section. The mole
fractions of carbon monoxide, hydrogen, methane, and carbon dioxide were obtained equal to 24.2%,
14.4%, 5.4%, and 8.3%, respectively. In addition, a conversion efficiency of 69.14% was achieved in
the optimal operating conditions.
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