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The production of biofuels from biomass offers an alternative to supply the limited reserves of petroleum.
Currently, biomass is utilized in various thermochemical processes, with gasification being a notable example.
Gasification produces synthesis gas, a mixture mainly composed of CO, H2, and CO2. This gas is utilized to
generate energy, various chemical products, and biofuels such as bioethanol. Using mathematical models and
their computational simulation can help to evaluate the feasibility of this technology regarding operational
conditions. This work aims to simulate a fixed-bed gasifier (FB) using elemental and proximate analysis,
considering steady state, and employing the Aspen Plus™ simulator. The model accounts for several processes
relevant to converting biomass into synthesis gas, including drying, pyrolysis, oxidation, reduction of CO2, H20,
and Hz with char, and tar cracking. The gasifier model is based on yields and chemical kinetics, using data from
studies on char produced from sugarcane bagasse. Fourteen reactions were considered to represent the
gasification process. The effects of the equivalence ratio (ER), steam injection, and air preheating on the
composition of synthesis gas were examined. It was observed that the gasification temperature increases nearly
linearly with the air temperature and that increasing the ER reduces the amount of CHa. Low ER lead to higher
CO levels compared to CO2. For ER values of 0.29-0.38, CO2 dominates the composition, with only slight
changes in Hz, unlike the other gases (CO, CO2, and CH4). High Hz levels are observed when the SB ratio for
the LF reactor is varied; as this ratio increases, Hz and COz concentrations also rise, while CO levels decrease
(SB values = 1.75).
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1. Introduction

The production of clean and sustainable fuels is the main challenge in facing future energy crises and global
warming. Among all renewable energy sources, biomass stands out as a potential alternative to increase energy
independence from fossil fuels and minimize environmental pollution. The use of biomass such as sugarcane
bagasse to produce energy, biofuels, or chemicals can be achieved through thermochemical routes.
Thermochemical conversion technologies (pyrolysis, gasification, and combustion) are promising options for
transforming biomass raw materials into liquid oils and gases that, in turn, through other processes, can
generate energy, biofuels, and chemicals (Hu and Chen, 2025). Gasification, combustion, and pyrolysis are
distinguished both by the amount of oxidant used and by the products of interest generated. As pyrolysis is
carried out without oxidation and combustion with excess product (O2), gasification uses quantities below the
stoichiometrically necessary quantities based on the amount of carbon present in the reactions. As products of
interest, pyrolysis at low temperatures and short times of reaction produced mainly liquid compounds (Figueroa
et al., 2013). Combustion is carried out to harness heat, generating gaseous by-products, essentially carbon
dioxide (CO2) and steam (H20), while gasification aims to obtain gaseous energy vectors, mainly H2, CO, and
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COz. Gasification and pyrolysis are integrated by pyrolysis, which represents the initial stage of the gasification
process, known as the initial decomposition of biomass (or pyrolysis), and which also plays an important role in
the subsequent chemical and physical changes (Castro et al., 2009). The gasification of sugarcane bagasse
offers the advantage of producing synthesis gas, allowing the entire sugarcane plant, from its origin to its
destination, to be utilized in the process. In addition to steam turbines, the clean synthesis gas from bagasse
can also be used in stationary gas turbines (Ahmed and Gupta, 2012). Furthermore, gasification offers the
flexibility of using the produced synthesis gas to convert it into liquid fuels. Therefore, this work presents the
simulation of a fixed-bed reactor for the production of synthesis gas from the gasification of sugarcane bagasse.
The influence of temperature, gas composition, product yields, and the effectiveness of the gasifying agent were
evaluated.

2. Simulation

The following stages were considered for the simulation development:

The characterization of the biomass for the proximate and elemental non-conventional components was
developed using the data shown in Table 1 and following the methodology proposed by Camacho-Ardila et al.
(2025). For the higher heating value (HHV) data, the correlations of Camacho-Ardila et al. (2024) were used in
Fortran.

Table 1: Proximate and ultimate analysis of sugarcane bagasse used in the simulation

Proximate (w/w%)?2 Ultimate (dry  Average particle diameter Mass fraction
basis-w/w%)? (mm)P Retained®
Moisture (air) 7.8 C 44.52 0.00 0.60 0.21
Fixed carbon-FC-(dry basis) 10.81 H 5.90 0.60 0.85 0.18
Volatile material-VM-(dry basis)  83.97 N 0.32 0.85 1.18 0.22
Ash(dry basis) 5.22 Cl 0.29 1.18 2.00 0.11
S 0.10 2.00 2.36 0.05
o 43.65 2.36 4.75 0.06
4.75 6.30 0.01
6.30 9.00 0.16

a: Figueroa et al. 2014 b: Taken from Camacho-Ardila et al. (2025)

-The model was developed in a steady state.

-The empirical formula for char is CHo.290900.0507N0.032S0.0044Clo.0116, and for tar is CH1.355800.5008. These values
were obtained from the elemental analysis generated by Camacho-Ardila et al. (2025) for the pyrolysis of
sugarcane bagasse at a temperature of 600 °C.

-A fixed-bed reactor with a diameter of 15 cm and a height of 2 m was considered (Akay and Jordan, 2006).
The total volume of the reactor was divided into two parts with the same volume.

-Conventional components used during the simulation are CO, CO2, H2, CH4, ethane, ethylene, HCI, H2S, NO
and NHs.

- Air or steam water was considered as the gasifying agent.

-Variations were made in the main operating parameters such as equivalence ratio (ER), steam-biomass ratio
(SB), gasification temperature, and air preheating temperature.

- Figure 1 represents the flowsheet for fixed-bed gasification of sugarcane bagasse.

2.1 Drying and pyrolysis

To define the compositions of tar, gases, and char generated during the initial stage of gasification, the
methodology presented in Camacho-Ardila et al. (2025) (blocks SEC-1, SEC-2, PIROLPRI Figure 1) was used,
thus defining the drying and devolatilization of sugarcane bagasse. For this case study, the correlations
proposed for the fixed bed were considered as a basis. The pyrolysis temperature was fixed at 600 °C.

2.2 Gasification

The reactions used to represent the behavior of the fixed bed reactor and the kinetic parameters were taken
according to the methodology proposed by Ardila (2015) on page 140. Fourteen reactions are considered to
represent the char, tar, and gases. The reactions consider the char in the form of CHxOyNw S:Clp and tar in the
form of CHaOb, derived from the pyrolysis of sugarcane bagasse. Homogeneous and heterogeneous reactions
were applied to the CSTR reactor block COMBS (Figure 1), using kinetics through a FORTRAN code. In the
reactions of the GAF block, only homogeneous reactions were considered. The Z0-0 mixing block simulates the
distributor of the gasifier.



201

=)

CcoMBS

. GAF =
J o Y CICLONE
B 20-0
; = >Q—
o P o N

o' SALTR
. o}

&——{varor |— {sowoo ]

Figure 1: Flowsheet of a fixed-bed reactor simulation for sugarcane bagasse gasification in Aspen Plus™.
o Pyrolysis stage, according to Camacho-Ardila et al. (2025).

2.3 Gas Cleaning

The gas outlet from the gasifier contains impurities of particulate matter, carbon, and ash, as well as tar, which
are considerable and must be separated in order to use this gas for future chemical processes. The CYCLONE
block simulates the cyclone separator, which is commonly used for the separation of solid particles dispersed
in the gas phase. The streams corresponding to SOLIDS represent the separation of carbon and ash. The
blocks, CON1 and CON2 represent the condensation of tar. Finally, the GAS stream represents the synthesis
gas obtained during gasification, no other cleaning methods besides cyclones and condensers having been
used.

2.4 Simulation validation

To validate the developed model, experimental data from the literature for the fixed-bed gasifier were used. The
differences between the experimental and predicted values are estimated using the root mean square (RMS)
value for each dataset (Eq. 1).

i

3. (measured — calc)’
RMS =< (1)
n

Where n is the number of points studied.

3. Results and Discussions

The gasification model was validated with experimental data obtained by Akay and Jordan (2011) and Figueroa
et al. (2013). Akay and Jordan (2011) used air as a gasifying agent in their experiments, while Figueroa et al.
(2013) used water steam in a biomass ratio (SB) of 2 and a temperature of 900 °C (Table 2).

The largest deviations between simulated and experimental data were obtained for CO composition, and the
smallest deviations for COz2, Hz, and CH4 (Table 2). Specifically, deviations the CO at ER = 0.26 are attributed
to the difference between the kinetic model and experimental conditions. While the simulation is based on the
kinetic subroutine, which assumes an optimized conversion of the char into gaseous products, the experimental
setup by Akay and Jordan (2011) is subject to physical constraints. At low ER values (0.26), heat losses and
shorter residence times in the physical reactor reduce the efficiency of the gasification reactions, resulting in a
higher accumulation of residual char and a consequently lower CO yield compared to the simulated predictions.
Furthermore, the impact of this deviation on the overall energy balance is minimal.

Since the model accurately predicts the concentrations of H2 and CHa4, the slight overestimation of CO does not
significantly shift the total higher heating value (HHV) trends. However, the overall deviation for CO is low,
without significantly altering a gasification study. The RMS in the fixed-bed gasification process shows good
agreement between experimental and simulated data. These RMS values indicate that the proposed simulation
adequately represents the process and, therefore, can be applied to gasification studies.
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Table 2: Comparison between simulated and experimental data of the gasification process using an FB
gasifier

ER Cco*  CoP [ coy° Ha® H"  CH@  CHP
0.26 18 11 122 143 7.9 89 23 1.8

0.3 132 108 149 152 6.8 58 26 25

0.32 1.8 119 156 149 6.5 85 25 1.6

0.38 132 1341 149 137 7.2 65 06 0

RMS 4.3 1.3 1.3 0.6

SB CO*  CO° CO  COf Ho? He  CH&  CHf

2 1491 17 17.03  20.0 6625 60 144 3.0
RMS 2.09 2.97 0.25 1.56 |

a: simulation; b: Akay and Jordan (2011) c: Figueroa et al. (2013).

3.1 Effect of the equivalence ratio (ER) on the composition of the synthesis gas.

The variation in the composition of the gasification gas as a function of the equivalence ratio (ER) in the reactor
using sugarcane bagasse with a moisture content of 7.8% is shown in Figure 2.
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Figure 2: Variation in the composition of the synthesis gas when varying the ER in an FB reactor using
sugarcane bagasse.

According to Figure 2, increasing the ER ratio decreases the amount of CH4. Low ER ratios show higher CO
values when compared to the composition of CO2. For ER values of 0.29-0.38, the composition of CO2
predominates, and the amount of Hz is altered in small proportions, unlike what happens with the other three
gases analyzed (CO, COz, and CHa). A synthesis gas composition, the HHV of the gas, and products yield in
the FB reactor, when using a specific ER (with air) ratio, are presented in Table 3.

Table 3: Characterization of synthesis gas using ER

Syngas  Composition, vol% Yield of products from gasification (%)

ER:0.25 ER:0.3

CO 18.0 Ygas 86.06
CO2 11.0 Yiiquid 3.46
H2 8.0 Y solid 10.48
CHg4 2.0

HHV 4.082

a HHV= 12.75(H2 )+ 12.65(C0)+39.82(CH4) / 100 Radmanesh et al (2006)

The gas yield of 86.06% is significantly high for a fixed-bed reactor, suggesting that the Aspen Plus™ model
effectively captures biomass decomposition and tar cracking. This reduces reliance on complex solid (char) and
liquid (bio-oil) waste management systems, simplifying industrial operation. The HHV of 4.08 MJ/Nm? is due to
a synergistic mixture where carbon monoxide (18.0% vol) acts as the primary energy carrier, complemented by
hydrogen and methane.
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3.2 Effect of the steam-biomass ratio (SB) on the composition of the synthesis gas

Figure 3 shows the effect of water vapor on the composition of gases in the fixed-bed reactor. Figure 3.a shows
that high Hz values are found when the SB ratio is varied for the FB reactor. As this ratio increases, the H2
composition also increases, as does the CO2 composition, while the CO composition decreases (SB values =
1.75). The CH4 composition was approximately 2% (vol). The NHs composition was the highest among the
impurities (Figure 3.b). When the SB value was varied above 1.5, the maximum percentages of NHs, HCI, Hz2S,
and NO obtained were 0.0075%, 0.0025%, 0.00125%, and < 0.001% (vol), respectively.

70 0.020

60 | o—"
o——" .
so P 0.015 = .S
—8—CO—e—H, \ —e—HCI
40 __‘\_\ A—CO,—¥—CH, . A A—NH,

0.010 ,_\ —v—NO

) Ty P
A—A—A
.

30 b .\\
A—A—A

Composition of gases, vol%

Composition of gases, vol%
Z T
/ ’

20 | . W < A
e @ (@) 0.005 Y\ Yy
A -\. \ b
10 ' ~a-_ o—o—0o—o—o—e—ollh
A A g ™ o ——
=3 ~Na—n—n— 8 —E—E—E—E—®
0 b;’—‘lvﬂ—v‘l VN VTV V—V-TV WY 0.000 & b e —
075 1.00 125 150 175 200 225 250 1.00 125 150 175 200 225 250 275
SB SB

Figure 3: Effect of steam injection on syngas composition (T=800 °C) a) CO, COz, H2 and CH4 b) H2S, HCI, NH3
and NO

The behavior of gases in relation to gasification temperature is shown in Figure 4.
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Figure 4: Effect of gasification temperature on the composition of synthesis gas in an FB reactor (SB = 2)

For a fixed value of SB, increasing the temperature favors the formation of CO and a decrease in CO2, as well
as CHa. The composition of H2 shows a slight reduction; however, its composition is always high, around 65%
at a temperature of 700 °C and 59% at a temperature of 950 °C.

3.3 Effect of air preheating on the composition of synthesis gas

The influence of air preheating during gasification reactions was studied for the fixed-bed reactor (Figure 5). It

was verified that the gasification temperature increases practically linearly with the air temperature, as already

demonstrated by authors such as Puig Arnavat (2011) and Radmanesh et al. (2006).

The composition of H2 and CO in the synthesis gas increases with temperature, as shown in Figure 5. At a
temperature of 25 °C, an H2 composition close to 5% vol was found, while at an air temperature of 825 °C, a
composition of 7.5% vol was obtained. The CO2 composition decreases slightly with increasing air temperature,
reducing by 3% of its value when compared at temperatures of 25 °C and 825 °C.
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Figure 5: Effect of air preheating on the composition of the synthesis gas in a reactor of FB (ER = 0.28)

4. Conclusions

Simulation in Aspen Plus™ demonstrated that the proposed kinetic model accurately represents sugarcane
bagasse gasification, with RMS values as low as 0.25 for Hz. It was determined that air preheating acts as a
thermal driver, linearly raising the reactor temperature and kinetically favoring the formation of H2 and CO while
reducing COz content. Furthermore, the transition to steam gasification (SB = 1.75) shifts the equilibrium toward
higher hydrogen production. Finally, impurity analysis revealed NH3 as the predominant contaminant (0.0075%
vol), establishing critical parameters for the design of gas cleaning and purification systems.
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