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This research develops a thermochemical simulation model for the co-gasification of lignocellulosic biomass, specifically a 50:50 blend of rice husk and oil palm fiber, using Aspen Plus. Based on a thermodynamic equilibrium approach, the model simulates the operation of a downdraft gasifier to evaluate the impact of key operational variables on syngas quality and process efficiency. The performance indicators analyzed include syngas composition, Lower Heating Value (LHV), Cold Gas Efficiency (CGE), and Carbon Conversion Efficiency (CCE). Following a successful validation against experimental data from the literature, a sensitivity analysis was conducted by varying the gasification temperature (600–1000 °C) and the equivalence ratio (ER) (0.1–0.6). The results demonstrate that increasing the temperature significantly enhances the molar fractions of H2 and CO, while an optimal ER of 0.15 maximizes the LHV and CGE. Specifically, the gas composition exhibited the highest sensitivity within the 600–800 °C range, where endothermic reactions are predominantly activated. This study provides a robust predictive framework for optimizing co-gasification processes, contributing valuable insights for the design of sustainable waste-to-energy systems.
Introduction
Over the last few decades, the accelerated growth of economic and demographic activity has driven an exponential increase in global energy demand, primarily from non-renewable sources. This situation has led to critical environmental consequences, such as the depletion of non-renewable resources and the systematic degradation of aquatic, atmospheric, and terrestrial ecosystems (Elgarahy et al., 2021). Given this scenario, a paradigm shift toward sustainable energy sources has emerged, where lignocellulosic biomass (agricultural residual biomass) stands out for its potential to diversify the energy matrix and reduce the carbon footprint. Historically, the utilization of lignocellulosic biomass has focused on direct combustion for heat and power (Chew et al., 2020). However, the development of biochemical and thermochemical pathways has expanded valorization possibilities, highlighting gasification for its ability to transform solid waste into high-value gaseous energy carriers. This process involves the thermochemical conversion of biomass using heat and a gasifying agent (air, oxygen, or steam) to produce synthesis gas. This gas, primarily composed of and H2 and CO, is a flexible energy carrier that enables electricity generation or the synthesis of high-value chemicals and liquid fuels (Jatoi et al., 2023). Nevertheless, operational difficulties including the generation of tar, char and ash, as well as biomass heterogeneity in terms of moisture and availability remain significant hurdles for gasification efficiency (Akbarian et al., 2022) . In this context, a simulation model was developed in Aspen Plus to analyze the co-gasification of rice husk and oil palm mesocarp fiber. The study focuses on determining the effect of temperature and equivalence ratio on fundamental performance indicators: syngas composition, LHV, and both cold gas and carbon conversion efficiencies. This analysis provides a theoretical basis for adjusting operational variables, aimed at improving gasifier efficiency when using residual biomasses.
Methodology
The methodology of this research is based on thermochemical modeling and simulation to predict the performance of the co-gasification process. To ensure the reliability of the results obtained using Aspen Plus software, it is imperative to define a set of configuration parameters and assumptions that delimit the model's scope.
Model Assumptions
The gasification model developed in Aspen Plus was based on the following technical assumptions and considerations (Shahbaz et al., 2024) :
· The biomass mixture and ash were specified as non-conventional components, using HCOALGEN and DCOALIGT models to estimate enthalpy and density, respectively. 
· The process was modeled under steady-state conditions, assuming isothermal and isobaric operation with no heat losses to the environment.
· The Peng-Robinson equation of state with Boston-Mathias (PR-BM) alpha function was employed to calculate the physical properties of the conventional gaseous components.
· All chemical reactions were assumed to be instantaneous, reaching thermodynamic equilibrium within the reactor.
· The influence of tar formation and solid particle size distribution was neglected.
· Gas phase mixtures were treated as ideal gases to simplify the mass and energy balance.

Additionally, the biomass feedstock used in this study is a 50:50 (wt.%) blend of rice husk and oil palm fiber. The proximate and ultimate analysis data were sourced from a previous study conducted by the authors (Morales Restrepo et al., 2025). Table 1 summarizes the physicochemical characteristics of the mixture on a wet basis.
Table 1: Proximate and ultimate analysis of biomass mixture
	Proximate analysis (wt.%)
	Ultimate analysis (wt.%)

	Biomass mixture (50% Rice husk-50% Oil palm fiber) 

	Fixed Carbon
	22.05
	Carbon
	45.35

	Volatile matter
	62.5
	Hydrogen
	5.59

	Moisture
	6.35
	Nitrogen
	1.15

	Ash
	9.1
	Oxygen
	47.90

	
	
	Sulfur
	0.01

	
	
	
	

	LHV (MJ/kg)
	15.635



Process Description
The simulation structure developed in Aspen Plus is depicted in the flowsheet of Figure 1. The sequence begins with the dehydration stage, where a raw biomass intake of 200 kg/h is fed via the BIOMASS stream. This drying phase, which operates between 100 and 130 °C, is executed by an RSTOIC reactor (labeled DRYER) controlled by a FORTRAN-based calculator block. Following this, the BIOMS stream is processed in the SEP module to extract moisture (exhausted through the H2O line) while the resulting dry material continues via the DRYBIOM stream.
[image: ]
Figure 1: Flowsheet of biomass gasification process on ASPEN PLUS 
Devolatilization is subsequently modeled in the DCOMP block using an RYIELD reactor at a fixed temperature of 500 °C. This stage breaks down the complex biomass structure into its fundamental chemical elements (C, H, O, N, S) as defined by the ultimate analysis, managed by calculator block with FORTRAN subroutine. After pyrolysis, the FEEDG stream passes through the SEP2 block, acting as a cyclone for ash separation, before reaching the GASIF unit. Here, partial oxidation (reactions 1–3) occurs using air as gasifying agent, driven by the thermal energy transferred from the pyrolysis stage. This reactor employs the RGIBBS model under a Restricted Chemical Equilibrium approach with predefined temperatures. Lastly, the SYNG stream enters the GASIF2 reactor (another RGIBBS unit with restricted equilibrium) to simulate the reduction zone (reactions 4–9) across a thermal gradient of 600 °C to 1000 °C (Motta et al., 2018). The chemical pathways involved in this gasification process are summarized in Table 2.
Table 2: Main reactions of gasification process
	Number
	Reaction
	 Name

	1
	C +  O2 → CO2 
	Oxidation

	2
	C +  0.5O2 → CO2
	Partial oxidation

	3
	H2 + 0.5 O2 → H2O
	H2  Oxidation

	4
	C +  CO2  2CO
	Boudouard Reaction

	5
	C +  H2O    CO + H2
	Water-gas reaction

	6
	CO +  H2O    CO2 + H2
	Water-gas shift reaction

	7
	C + 2H2  CH4
	Methanization reaction

	8
	H2 + S→ H2S
	Hydrogen sulfide formation reaction

	9
	0.5N2 + 0.5H2 + S  NH3
	Ammonia formation reaction


Results
To ensure the reliability of the simulation, the gasification model developed in Aspen Plus was verified against the results reported by Nemmour et al. (2022), whose model had been previously validated using experimental data from existing literature. The comparison between the current study and Nemmour et al. (2022) results focused on the syngas molar composition at gasification temperatures of 600 °C and 1000 °C. As shown in Figure 2, the close agreement between both models establishes the predictive accuracy of the proposed simulation. For CO₂ and CH₄ at 1000 °C, values close to 0.1% were obtained, consistent with those reported by the author in the referenced study.

Figure 2: Comparison of results obtained for model validation
Effect of gasification temperature
Simulations were conducted across a temperature range of 600 to 1000 °C in 100 °C increments, maintaining a constant equivalence ratio (ER) of 0.15 with air as the gasifying agent. As illustrated in Figure 3 (a), increasing the gasification temperature from 600 to 1000 °C led to a rise in H2​ content from 23% to 28% (molar basis) and CO from 13% to 39%. In contrast, CO2​ levels dropped from 17% to 3%, and CH4​ content decreased from 2% to nearly zero. Additionally, the N2​ molar fraction declined from 34% to 27%. This trend is explained by the fact that higher temperatures enhance the equilibrium constants of endothermic reactions (5–7 from Table 2), thereby shifting the process toward higher H2​ and CO concentrations while reducing CO2​ and CH4​ yields. Additionally, as illustrated in Figure 3 (b), the LHV of the syngas increased from 5 MJ/Nm³ to 8 MJ/Nm³ as the gasification temperature rose from 600 to 1000 °C. This upward trend is primarily attributed to the high temperatures favoring the production of combustible species. Since and are the key energy-contributing components of the mixture, the significant rise in their molar fractions directly enhances the overall energy content and, consequently, the heating value of the resulting gas fuel (Bhurse et al., 2025).

(a)                                                                                                                      (b)

Figure 3: Effect of gasification temperature on (a) syngas molar composition and (b) Low Heating Value

Other critical performance indicators include the CGE(%) and CCE(%). The former represents the ratio between the total energy output of the syngas and the total energy input of the biomass feedstock, both based on their respective LHV, as defined in Eq(1). The latter, CCE(%), quantifies the proportion of carbon in the feedstock successfully converted into gaseous products and is determined using Eq(2).
	
	(1)



	
	(2)


Where: 
Ygas and C represent the gas yield and the mass percentage of carbon in the biomass, obtained from the ultimate analysis.
CO, CO2, CH4 represent the molecular weight of each molecule
 
 Figure 4 illustrates the impact of gasification temperature on CGE and CCE. It is observed that CGE increases significantly from 42% to 87%, while CCE follows a similar upward trend, rising from 53% to 85%. This behavior is primarily attributed to the endothermic nature of the key gasification reactions, such as the Boudouard, which are thermodynamically favored at higher temperatures. Consequently, a greater fraction of char is converted into gaseous species, enhancing the chemical energy recovery in the syngas and maximizing the overall carbon conversion (Cao et al., 2022)

Figure 4: Effect of gasification temperature on CGE and CCE
Effect of Equivalence Ratio
As one of the key factors influencing syngas composition, the ER is defined by the following expression, as seen in Eq(3):
	
	(3)



The ER was varied between 0.1 and 0.6 by adjusting the air flow rate. Figure 5(a) illustrates the effect of  ER on the syngas molar composition. The results show that, while maintaining a constant temperature of 750 °C, increasing the leads to a decrease in the molar concentrations of H2, CO and CH4 to levels near 7%, with CH4 reaching nearly zero. Conversely, CO2 increased from 5% to 16%, and N2 rose from 22% to 60%. This behavior is explained by the reaction of combustible gases with the oxygen in the air to form CO2 alongside the dilution effect caused by the increased intake from the air supply. Furthermore, Figure 5(b) demonstrates that the LHV decreases, primarily due to the dilution of the main syngas components as the air flow rate increases, reducing the overall energy density.
(a)                                                                                                           (b)

Figure 5: Effect of ER on (a) syngas molar composition and (b) Low Heating Value

Figure 6 illustrates the effect of ER on CGE and CCE. It is observed that the CGE drops significantly from 78% to 21% as the increases, primarily due to the degradation of the syngas heating value caused by over-oxidation. On the other hand, the CCE exhibits an opposite trend, starting at 74% and stabilizing at 85%. This rise in CCE is attributed to the fact that a higher air flow provides more oxygen for the oxidation of residual char, thereby enhancing its conversion into gaseous products (Tauqir et al., 2019).

Figure 6: Effect of ER on CGE and CCE

The results obtained from this model demonstrate that higher gasification temperatures significantly promote H₂ formation, mainly due to the enhancement of endothermic reactions such as steam reforming and the Boudouard reaction. This effect is reflected in an increase in the syngas LHV, as well as in an improvement of the CGE, indicating a more effective conversion of the chemical energy contained in the biomass into combustible gas. In contrast, the ER exhibits an opposite trend. An increase in this parameter leads to a higher availability of the oxidizing agent, which favors partial oxidation reactions and results in a reduction of the syngas LHV and CGE due to the dilution of combustible components. However, a higher equivalence ratio also promotes a more complete conversion of carbon, which explains the observed increase in the CCE (Kok & Kansha, 2025).
Conclusions
This study successfully developed an Aspen Plus simulation model to evaluate the co-gasification of rice husk and oil palm fiber. The findings demonstrate that gasification temperature and the ER have significant and contrasting effects on process performance. While increasing the temperature promotes H2 and CO production (thereby enhancing the LHV, CGE and CCE efficiencies) a higher degrades gas quality due to dilution and over-oxidation effects. It is concluded that optimal operating conditions are achieved at temperatures near 1000 °C and an ER of 0.15, thus maximizing the energy recovery of these lignocellulosic residues. These insights provide a valuable framework for the design and scale-up of gasifiers, enabling the prediction of the thermal behavior of residual biomass blends under controlled conditions. Furthermore, future research should explore other critical parameters, such as reactor pressure, the use of oxygen-enriched gasifying agents, or the incorporation of catalysts for tar reduction.
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