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A comparative analysis of Computational Fluid Dynamics (CFD) modeling 
and process simulation (SIM) was carried out to evaluate biomass pyro-
gasification, using experimental data from agave bagasse (AB) as a case 
study. Experimental data were obtained via thermogravimetric analysis 
(TGA) under varying conditions, including non-isothermal (700 to 1000 °C) 
and isothermal (900 °C and 950 °C) gasification at different air-to-biomass 
ratios (ABR). CFD modeling in COMSOL Multiphysics focused on micro-
scale mass and heat transfer phenomena, while Aspen Plus simulations 
provided macro-scale process insights. Results showed that SIM closely 
matched experimental product yields under isothermal conditions 
(maximum deviation: 4.23 wt.%), while CFD excelled in predicting gas 
composition under non-isothermal conditions (e.g., H₂ deviation: 3.29 
vol.%). Sensitivity analysis showed how temperature and ABR are critical 
factors that influence the product yield and gas composition, highlighting 
the strengths of each modeling approach. These findings underline the 
potential of integrating CFD and SIM approaches for improving the 
accuracy of biomass conversion modeling, paving the way for optimized 
process designs and scalable industrial applications. 
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INTRODUCTION  
 

The rising global energy demand and environmental concerns associated with 

fossil fuel use have intensified the search for sustainable energy alternatives (Shahbaz et 

al. 2017; Okoro et al. 2020; Ajorloo et al. 2022). Biomass, as a renewable energy source, 

offers a significant advantage due to its potential to reduce net CO₂ emissions and its 

abundance across diverse regions (Ajorloo et al. 2022). However, using biomass as an 

energy source requires efficient conversion processes. In this field, thermochemical 

methods, such as pyrolysis, gasification, and combustion, are the most widely used 

technologies (Nsaful et al. 2013; Liu et al. 2017). Among thermochemical conversion 

processes, pyrolysis and gasification are efficient methods to convert biomass into 

valuable products such as synthesis gas, biochar, and bio-oil. Gasification is particularly 
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versatile, enabling the production of synthesis gas (syngas) as a precursor for energy 

generation and chemical synthesis (Nsaful et al. 2013; Liu et al. 2017). The syngas can be 

used as a source of energy (electricity, hydrogen) and in the manufacture of high-value-

added products in the chemical industry (Basu 2018; Sangaré et al. 2022).   

Pyrolysis is the initial stage of gasification, and it plays a critical role in determining 

product distribution, including non-condensable gases (NCG), solid carbon (biochar), and 

condensable vapor (bio-oil). Factors such as temperature, heating rate, and the air-to-

biomass ratio (ABR) strongly influence the yield of the products. In addition, bio-oils, 

including tars, reach their maximum yield between 400 and 700 °C, before undergoing 

thermal cracking into lighter gases at temperatures above 700 °C (Lin et al. 2016; Sangaré 

et al. 2022). Although the increased temperature and heating rates generally favor gas 

production, they also complicate process optimization by favoring tar formation, a major 

operational challenge due to its tendency to condense and obstruct pipelines (Devi et al. 

2005). In addition, these complex mixtures, which include polycyclic aromatic 

hydrocarbons (PAHs), require advanced mitigation techniques, including thermal and 

catalytic cracking (Li and Suzuki 2009; Yan et al. 2014; Zeng et al. 2020). 

To solve these challenges, the pyro-gasification process offers a promising solution. 

This process consists of two main stages: an initial pyrolysis stage, where biomass is 

thermally decomposed to produce biochar, non-condensable gases, and condensable vapor 

(including tar), followed by partial oxidation of condensable vapor and char. During the 

partial oxidation stage, the biochar and tars generated during pyrolysis are converted into 

syngas through thermal oxidation processes (Okoro et al. 2020; Sangaré et al. 2024a).  

Although gasification and pyro-gasification are similar processes, the distribution 

of products can vary depending on the operating conditions. In both cases, product 

distribution is strongly influenced by heating rate, gasifying agent, and temperature. 

Numerous studies have been conducted on the gasification of charcoal using various 

gasifying agents, including air (Wang et al. 2008; Zhang et al. 2015; Zhang et al. 2017), 

steam (Moghadam et al. 2014; Jayaraman and Gökalp 2015; Elorf et al. 2019), oxygen 

(Niu et al. 2014), carbon dioxide (Gao et al. 2016b), supercritical water (Guo et al. 2015), 

and so forth. Generally, gasification with oxygen, steam, carbon dioxide, or supercritical 

water yields syngas with higher heating values (HHV) than air gasification. However, air 

gasification remains the most studied and applied method due to the low cost of air, the 

reaction process's simplicity, and the reactor's straightforward design (Gao et al. 2016a; 

Okoro et al. 2017). 

Despite the potential of pyro-gasification, product optimization and tar formation 

challenges remain significant, as these depend heavily on operating parameters. While 

experimental studies provide valuable data, their interpretation is often complicated by the 

difficulty of extrapolating laboratory-scale results to industrial applications. In this context, 

modeling and simulation have become essential tools. Various modeling approaches have 

been used to study biomass thermochemical conversion, including thermodynamic 

equilibrium, kinetic, and Computational Fluid Dynamics (CFD) models. 

Thermodynamic equilibrium models are effective for establishing theoretical 

limits, offering insights into maximum efficiency and outputs under ideal conditions. 

However, their reliance on simplifying assumptions restricts their applicability to non-

equilibrium scenarios, such as low-temperature oxidation or systems with complex 

reaction kinetics (Beheshti et al. 2015; Patra and Sheth 2015; Gmehling et al. 2019; 
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Safarian et al. 2019). Kinetic models, on the other hand, provide detailed insights into 

reaction mechanisms and rates by incorporating dynamic chemical interactions (Upreti 

2017; Gmehling et al. 2019; Ascher et al. 2022). However, these models often fall short in 

addressing spatial and temporal variations within reactors. 

Modeling and simulation approaches have thus become indispensable for 

navigating these complexities and bridging the gap between laboratory findings and 

industrial-scale applications. CFD excels in resolving spatially and temporally detailed 

heat and mass transfer phenomena, while process simulation (SIM) offers a macroscopic 

perspective, integrating equilibrium and kinetic assumptions (Vyazovkin et al. 2014; Van 

Hoecke et al. 2023; Sangaré et al. 2024b). Despite extensive research on these individual 

approaches, comparative studies evaluating their predictive accuracies under varying 

gasification conditions remain scarce.  

This study aims to bridge this gap by conducting a comparative analysis of CFD 

modeling using COMSOL Multiphysics and SIM using Aspen Plus for the pyro-

gasification of agave bagasse, a by-product of mezcal production. The objective is also to 

highlight their respective strengths and limitations in predicting pyro-gasification behavior. 

Experimental data obtained through thermogravimetric analysis (TGA) under isothermal 

and non-isothermal conditions were used to validate and evaluate model performance. The 

specific objectives were (1) to assess the accuracy of CFD and SIM in predicting product 

yields (biochar, bio-oil, and non-condensable gases) and gas compositions; (2) to identify 

the operational conditions where each method performs optimally; (3) to provide insights 

into integrating CFD and SIM for improved modeling frameworks. By addressing these 

objectives, the study contributes to the development of more accurate and scalable 

modeling strategies for biomass pyro-gasification, facilitating process optimization and 

reducing the environmental footprint of bioenergy production. 

 
 
EXPERIMENTAL  
 

Feedstock Properties and Description 
This study focused on agave bagasse (AB), a by-product of mezcal production. The 

AB was collected from the "Santa Teresa" distillery in San Luis Potosí, Mexico. It was 

initially air-dried at ambient temperature (28 to 35 °C) for approximately one week to 

reduce moisture content, followed by drying at 105 °C for 24 h to achieve a constant mass. 

The dried material was then milled to a particle size between 0.1 and 1 mm, ensuring 

uniformity for thermochemical conversion experiments. A char was produced from AB 

through pyrolysis at 700 °C, using a heating rate of 20 °C/min under argon atmosphere 

until the final temperature was reached. The properties of this char, along with the 

physicochemical characteristics of raw AB, are presented in Table 1, and a detailed 

description of this feedstock is available in previous publications (Sangaré et al. 2024a,b). 
 

  



 

PEER-REVIEWED ARTICLE                                    bioresources.cnr.ncsu.edu 

 

 

Sangaré et al. (2025). “Pyrogasification of biomass,” BioResources 20(2), 2844-2870.  2847 

Experimental Setup and Analytical Methods 
The experiments were conducted using a Netzsch STA 449 F3 Jupiter thermal 

analyzer, coupled with an SRA SOLIA 490 μ-GC, equipped with three thermal 

conductivity detectors (TCD) to allow comprehensive gas quantitation and analysis. The 

experimental setup and analytical methodology used were described in a previous study 

(Sangaré et al. 2024a). For each experiment, around 150 ± 2 mg of biomass; was placed in 

a crucible. The biomass samples were heated from room temperature to 700 °C at 40 

°C/min, with argon as the carrier gas at a flow rate of 20 mL/min. For char oxidation 

experiments, air was introduced at 3 mL/min from 700 to 1000 °C under non-isothermal 

conditions to evaluate all four biomass types. Additionally, separate isothermal gasification 

experiments were conducted at 900 and 950 °C with an airflow rate of 4 mL/min, focusing 

exclusively on AB to investigate its behavior under these specific conditions. 

 
CFD Modeling Strategy  
Reactor geometry 

In this CFD simulation, the reactor geometry is shown in Fig. 1. The reactor 

consists of an alumina (Al₂O₃) crucible integrated into a thermogravimetric analyzer, 

with a total volume of 5 mL. The geometric models were created using COMSOL 

Multiphysics®6.2. Based on the reactor geometry characteristics and to reduce 

computational time, a 2D axisymmetric model was employed, adjusted to correspond to 

the dimensions of the reactors used experimentally to simulate the entire pyro-

gasification process. The mesh independence study was conducted in the previous 

publication (Sangaré et al. 2024b), and the final refined mesh used in this work is 

presented in Fig. 1. 
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Table 1. Physicochemical Properties and Compositions of AB 

 AB Char 
700 °C 

Char 
800 °C 

Char 
900 °C 

Char 
1000 °C 

Proximate Analysis (wt%) 

Moisture content 
(MC) 

4.81±1.21 
- - - - 

Volatile matter (VM) 77.91±1.42 23.30 ± 1.58 - - - 

Fixed carbon (FC) a 
18.76±1.61 65.30 ± 2.18 85.61 ± 3.50 87.92 ± 

3.20 
86.60 ± 1.38 

Ash 
3.34± 0.43 12.90 ± 0.84 14.39 ± 2.19 12.08 ± 

3.20 
13.40 ± 1.38 

Ultimate Analysis (wt%) 

Carbon 45.14 ± 0.21 
76.75 ± 0.06 77.40 ± 1.58 

80.31 ± 
2.32 79.40 ± 1.88 

Hydrogen 5.50 ± 0.23 1.90 ± 0.00 1.41 ± 0.01 0.94 ± 0.00 0.75 ± 0.01 

Nitrogen 0.31± 0.10 0.61 ± 0.06 0.86 ± 0.07 0.88 ± 0.04 0.98 ± 0.04 

Sulfur nd. nd.    

Oxygen a 45.71± 0.22 7.84 ± 0.12 7.20 ± 1.52 7.78 ± 2.28 5.10 ± 1.90 

Chemical Analysis (wt%) * 

Extractives 
d (wt.) 

TGL 1.10  

TANN 0.40  

 
Lignin d 
(wt.%) 

LIGC 5.01  

LIGH 8.12  

LIGO 1.12  

Hemicellulose (wt.%)  43.81  

Cellulose a (wt.%) 40.74  

HHV(MJ/kg) 16.5±0.3  

Bulk densityb (kg/m3) 673.4 358 

Actual densityc 

(kg/m3) 

1559 - 

Porosity (-) 0.57 0.74 

Average particle size 
(mm) 

0.5 0.1 

 
Thermal conductivity (W/m-K) 

kb = 0.035 + 1.73 × 10−4T 

kchar =0.08-3×10-4T 

 
Heat capacity (J/kg·K) 

Cpchar = 1003.2 + 2.09 T 

Cpb = 103.1 + 3.87T 

Standard analysis methods 

Moisture content (MC) EN 14774-3: 2009: E 

Volatile matter (VM) EN 15148: 2009 E 

Ash content  EN 14775: 2009: E 

Fixed carbon (FC) FC = 100 − [MC + VM+ Ash] 

Proximate analysis CEN/TS 15104:2005 

Higher heating values (HHV) ASTM D5865-12 

Bulk density ASTM E873-82 
nd: not detected (<0.1%); a:by difference; b:bulk density was estimated considering that the porosity is 
the space between the biomass particles; c:actual density estimated from biomass chemical 
composition, d: methodology described by Debiagi et al. (2015)  and *: Procedures described by Li et 
al. (2004). 
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Fig. 1. The reactor geometry: a) CFD domain and b) 2D-axisymmetric meshed 

 
CFD Numerical Model 

CFD modeling was carried out using COMSOL Multiphysics® 6.2. The numerical 

modeling included drying, devolatilization, and secondary reactions, such as tar cracking 

and the subsequent char oxidation and homogeneous reactions in fluid phases. Due to its 

characteristics, the system was considered a porous medium system. To describe the flow 

in the porous medium, Darcy's law was used in combination with Brinkman's equations, 

which allowed the incorporation of the velocity and pressure interaction in the porous 

medium associated with the solid phase. Equation (1) describes fluid flow in a porous 

medium. 

1

𝜀𝑝
𝜌 (

𝜕𝑢

𝜕𝑡
+ (𝑢 · 𝛻)

𝑢

𝜀𝑝
) = −𝛻𝑝 + 𝛻 · (

1

𝜀𝑝
(𝜇(𝛻𝑢 + (𝛻𝑢)𝜏) −

2

3
𝜇(𝛻 · 𝑢)𝐼)) −

(
𝜇

𝜅
+

𝑄𝑚

𝜀𝑝
2) 𝑢 + 𝐹  (1) 

where u is velocity (m/s), μ is fluid viscosity (Pa-s), ρ is fluid density (kg/m3), εp is porosity 

(-), p is pressure (Pa), κ is permeability (m2), and F represents external forces (kg/(m2·s2)). 

Additionally, I and τ denote the identity matrix and the transpose operator, respectively. 

Furthermore, Qm is the mass source (kg/(m3·s). Equation 1 is always solved together with 

the continuity Eq. 2. 

𝜕(𝜀𝑝𝜌)

𝜕𝑡
+ 𝛻 · (𝜀𝑝𝜌𝑢) = 𝑄𝑚  (2) 

There is no mass source term, as (Qm=0). In porous media, the κ controls the 

    as outlet
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directional movement of flow, establishing a linear relationship between pressure drop (p) 

and the flow velocity field (u). 

−𝛻𝑝 = 𝜇
𝒖

𝑘
  (3) 

Darcy flow can be characterized by Kozeny-Carman equation, which estimates the 

permeability of a porous medium based on the average particle diameter (dp) and porosity 

(εp) (Bear and Braester 1972).  

𝜅 =
𝑑𝑝

2

180

𝜀𝑝
3

(1−𝜀𝑝)2 (4) 

The Brinkman Equation (Eq. 1), combined with the continuity Eq. 2 and the species 

transport Eq. 5 in porous media, provides a comprehensive framework for modeling 

biomass reactions,  

𝜕(𝜙𝑖𝑐𝑖)

𝜕𝑡
+

𝜕(𝜌𝑐𝑝,𝑖)

𝜕𝑡
+ 𝑢 · 𝛻𝑐𝑖 = 𝐷𝑒,𝑖 · 𝛻2𝑐𝑖 + 𝑅𝑖 (5) 

where ci represents the concentration of species i (mol/m3) in the fluid phase, t is time (s), 

cP, i denotes the quantity adsorbed into biomass bed (mol/kg of the solid), ϕi is volume 

fraction of fluid (-), ρ is the liquid’s bulk density (kg/m3), De, i is the diffusion coefficient 

(m2/s), and Ri describes the reaction rate model (mol/m3·s). The value of Ri is given by the 

following equation, 

𝑅𝑖 = 𝐶𝑖𝑘𝑖𝑒
−𝐸𝑖
𝑅𝑇  (6) 

where ki is the pre-exponential factor (1/s), Ei is the activation energy (J/mol), R is the gas 

constant (J/mol-K), and T is the temperature (K). 

The value of De,i was obtained from literature correlations (Guizani et al. 2015; 

Mermoud et al. 2006), and it is expressed as follows, 

𝐷𝑒,𝑖 =
𝜀𝑝

𝛾

1

(
1

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛,𝑖
+

1

𝐷𝐴𝐵,𝑖
)
 (7) 

𝐷𝐴𝐵,𝑖 = 1.67 × 10−5 (
𝑇

298
)

1.75
  (8) 

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛,𝑖 = 0.97 (
𝑑𝑝

2
) √

𝑇

𝑀𝑖
 (9) 

where DAB,i  represents the binary diffusivity (m2/s) of the single-phase diffusion coefficient 

for species A (reactive gases) as it migrates through a carrier gas B (Argon). The DKnudsen,i 

represents the Knudsen diffusion coefficient, which accounts for molecular transport in 

porous media. This occurs when the mean free path of gas molecules is comparable to or 

larger than the pore diameter, leading to more frequent molecule-wall collisions than 

intermolecular collisions (Guizani et al. 2015). Mi is the molecular mass (g/mol). The 

tortuosity factor γ accounts for the reduced diffusivity resulting from the impediments 

caused by particle grains, which hinder Brownian motion. For saturated media, the 

effective tortuosity can be determined using the Millington and Quirk model (1961), 

𝛾 =  𝜀𝑝
−𝟏/𝟑  (10) 
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𝜀𝑝 = 1 −
𝜌𝑏

𝜌𝑟
 (11) 

The heat transfer equation is given as follows, 

𝜺𝒑𝜌𝐶𝑝,𝑓
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝,𝑓𝒖. 𝛻𝑇 + 𝛻 · 𝜺𝒑𝑘𝑓𝛻𝑇 = 𝑄   (12) 

𝜙𝑠𝜌𝑠𝐶𝑝,𝑠
𝜕𝑇

𝜕𝑡
− 𝛻 · 𝜙𝑠𝑘𝑠𝛻𝑇 = 𝑄  (13) 

where Cpf and Cps, represent the heat capacities (J/kg-K) of fluid and solid, respectively, kf 

and ks are the thermal conductivities (W/m-K) of fluid and solid, and Q denotes an external 

heat source (W/m3). This CFD modeling did not include heat generated by pressure 

changes due to viscous dissipation. 

 
Chemical Kinetics Applied to CFD Modeling of Pyrolysis 

The biomass pyrolysis process begins with moisture evaporation during drying, 

followed by devolatilization, which produces volatile products, including non-condensable 

and condensable gases, bio-oil, and biochar containing fixed carbon solids and ash. 

Secondary reactions, such as char and tar cracking, follow. The multi-step kinetic 

mechanism scheme described in a previous study (Sangaré et al. 2024b) was used to model 

this process. 

 

Reaction kinetics of char oxidations 

After the biomass was pyrolyzed, the resulting char was oxidized by injecting a 

gasifying agent. Char oxidation involves both heterogeneous and homogeneous reactions. 

The heterogeneous reaction of char with the surrounding gaseous species such as O₂, CO₂, 

and H₂O is a complex process involving specific interactions such as char-O₂, char-CO₂, 

and char- ₂O reactions (Nguyen et al. 2018; Fatehi et al. 2019; Yang et al. 2022). The 

kinetic details are summarized in Table 2. 

In R- 1, the parameter Z is defined from Eq. 14. 

z =
cCO

cCO2

= 2.5 × 103e−
6249

T  (14) 

 

Process Simulation Strategy  
In gasification modeling using Aspen Plus®, two primary approaches can be 

applied: one that assumes the complete equilibrium of the system and another that applies 

a semi-detailed kinetic mechanism (Beheshti et al. 2015). A semi-detailed kinetic method 

was employed because the system may not strictly achieve equilibrium under the 

simulation conditions evaluated in this study. This approach allows for estimating the 

product yield and gas composition during the pyrolysis stage, followed by the different 

kinetics of oxidation reactions. 

 

Thermodynamic model and physical properties 

Process simulations were conducted using Aspen Plus® and the Redlich-Kwong-

Soave (RK-SOAVE) thermodynamic model to calculate thermodynamic properties. The 

RK-SOAVE model is recommended for mixtures containing hydrocarbons and light gases 

and is suitable for estimating the thermodynamic properties of certain solids, including 

carbon (François et al. 2013). This model was employed to predict the physical properties 
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of both conventional mixed and non-conventional components. For non-conventional 

components, such as biomass, char, and ash, the enthalpy and density were calculated using 

the HCOALGEN and DCOALIGT models, respectively. The HCOALGEN model in 

Aspen Plus® requires three key attributes: proximate analysis (PROXANAL), ultimate 

analysis (ULTANAL), and sulfur analysis (SULFANAL). Ultimate analysis gives biomass 

or char mass composition in C, H, N, S, O, and ash. Proximate analysis reports the contents 

of MC, FC, VM, and ash. Finally, sulfur analysis divides the sulfur into pyritic and sulfate  

 

Table 2. Reaction Rates for Homogeneous and Heterogeneous Reactions 
Involved in Char Oxidation 

# Gasification Reaction Reaction Rate (mol/m3·s)) Reference 

Heterogeneous reaction 

R- 1 
C +

Z + 2

2Z + 2
O2

→
z

Z + 1
CO +

1

Z + 1
CO2 

PO2

4.0 × 105 (1 +
1

εb
2.5 (

1
Y

− 1)) dp

T0.75 
(Al-Zareer et al. 
2016; He et al. 
2013; Wen and 
Chaung 1979) 

R- 2 C + H2O → CO + H2 

930e−
22647

T [𝑐𝐶 × (PH2O

− (3.23 × 107 (
PH2

· PCO

e−
16330

T

)))] 

(He et al. 2013; 
Wen and Chaung 

1979) 

R- 3 C + CO2 → 2CO 

930e−
22647

T [𝑐𝐶 × (PCO2

− (1.22 × 109 (
PCO

2

e−
20280

T

)))] 

(He et al. 2013) 

R- 4 C + 2H2 → CH4 

8.35 × 10−4e−
8078

T [𝑐𝐶

× (PH2

− (PH2

∗

= (6.80 × 105
PCH4

e−
10100

T

)

0.5

))] 

(Al-Zareer et al. 
2016; He et al. 

2013) 

Homogeneous reaction 

R- 5 H2 + 0.502 → H2O 
8.83 × 105e−

11997
T [𝑐H2×𝑐O2] 

(Al-Zareer et al. 
2016) 
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R- 6 CH4 + 2O2 → CO2

+ 2H2O 
3.55 × 1011e−

11997
T [𝑐CH4

× 𝑐O2
] 

(Al-Zareer et al. 
2016; Xie et al. 

2012) 

R- 7 CO + 0.5O2 → CO2 
6.36 × 103e−

11997
T [𝑐CO2

× 𝑐CO] 
(Al-Zareer et al. 

2016) 

R- 8 CO + H2O ↔ CO2 + H2 1:  2.78 × 103e−
1510

T  (Rabea et al. 
2022) 

2: 9.59 × 104e−
5609

T  

R- 9 CH4 + H2O ↔ CO + 3H2 1:  6.09 × 1014e−
30908

𝑇  (Rabea et al. 
2022) 

2:  3.12 × 102e−
3608

T  

where cC, cCH4 and cH2 are concentrations of C, CH4 and H2. PH2O, PCO, PCO2, PH2 and PCH4 are partial 

pressure of components (atm). xCO, xCO2, and xH2 are mol fractions of components. 

 

Reaction kinetic of pyrolysis in the process simulation  

The drying and devolatilization of biomass in the process simulation using Aspen 

Plus® can be modeled from the pyrolysis yields (Beheshti et al. 2015). In this approach, 

empirical correlations derived from experimental data are used. The pyrolysis reactions are 

presented below: 

𝐷𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 → 𝑎𝐶ℎ𝑎𝑟 + 𝑏𝐻2 + 𝑐𝐶𝑂 +  𝑑𝐶𝑂2 + 𝑒𝐶𝐻4 +  𝑓𝐻2𝑂(𝑔) +

𝑔𝐶𝑥𝐻𝑦𝑂𝑧 + ℎ𝑁2 (15) 

The volatile matter produced includes CO,  ₂,  ₂O, CO₂, C ₄, N₂, and Cₓ ᵧO𝓏, 

where Cₓ ᵧO𝓏 represents condensable gases and tar as an empirical chemical compound. 

Two main approaches are commonly used to characterize pyrolysis products: experimental 

methods and theoretical models, such as functional group models (Hobbs et al. 1992). The 

experimental approach was used in this study due to its simplicity and the availability of 

experimental data. The H2O production was estimated based on the cellulose, 

hemicellulose, and lignin content, as analyzed by Stefanidis et al. (2014). The experimental 

data between 700 and 1000 °C yields were used to determine the coefficients of the Eq 15. 

In addition, the elemental compositions (carbon, hydrogen, and oxygen) of dry biomass 

and char under these conditions were used to balance the pyrolysis equation, allowing the 

determination of the empirical formula for char and Cₓ ᵧO𝓏 values. Table 3 presents the 

product yield balances obtained from the pyrolysis of AB at different temperatures. 
 

Table 3. Product Mass Yields from Pyrolysis of AB at Different Temperatures 

Component 

Product Mass Yield (wt%) 

700 °C 800 °C 900 °C 950 °C 1000 °C 

CHAR 26.59 26.11 24.02 23.34 23.38 

CO 3.64 5.28 7.22 8.27 8.46 

H2 0.35 0.31 0.66 0.64 0.75 

CO2 8.21 9.45 11.10 11.14 11.96 

H2O 24.00 24.00 24.00 24.00 24.00 

H2S 0.00 0.00 0.00 0.00 0.00 

N2 0.40 0.40 0.40 0.40 0.40 

CH4 0.88 1.03 1.03 0.98 0.98 

CₓHᵧO𝓏 35.94 33.42 31.57 31.19 30.07 
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Process description and assumptions 

The pyro-gasification process involves three main stages: drying, devolatilization 

(pyrolysis), and char oxidation. The stages were modeled in sequence. The flowchart 

modeled in Aspen Plus® is shown in Fig. 2. Briefly, the pyrolysis of biomasses was 

simulated with a RYield block (PYROLYS). This block decomposes the dry biomass into 

CO,  ₂, CO₂,  ₂O, N₂, C ₄, Cₓ ᵧO𝓏, and char. The yield of each component is specified 

according to the experimental data. After pyrolysis, the products flow into the SEP-2 block 

to separate the pyrolysis gas and solid (char). The separator is configured as a split fraction 

separator, allowing the separation of gas-phase and solid-phase products based on their 

physical state. The gases from SEP-2 pass into a gas mixer (M-GAS). The char enters an 

RStoic model (CHAR-DEC)  to decompose into its elemental components (C, H, O, N, 

and ash), according to the ultimate analysis of the char. For non-isothermal gasification, 

these elemental compounds pass through a series of plug flow reactor (PFRs) gasifiers 

operating at different temperatures, from 700 to 1000 °C, increasing in 50 °C for each 

reactor (RHETE-1 to RHETE-7) for heterogeneous reactions and (RHOMO-1 to RHOMO-

7) for homogeneous reactions. For isothermal gasification, a stirred tank reactor (RCSTR) 

was used, with a residence time of 30 min. This reactor replaced the series of Plug Flow 

Reactors (PFRs) under isothermal conditions, ensuring the implementation of both 

homogeneous and heterogeneous reactions, as originally considered in the non-isothermal 

configuration. The details of each equipment are presented in Table 4. 

 

Table 4. Details of Each Block and its Conditions 
 

Block Model Function and Conditions 

DRYING  RYield  
Simulate biomass drying based on the value of the moisture content in the 
proximate analysis of biomass. The biomass with initial mass flow of 1500 
kg/h. 

PYROLYS  RYield 
Simulate biomass pyrolysis based on the results data of pyrolysis experiment 
of biomasses  

SEP-1 to 
SEP-3 

SEP 

The separator is configured as a split fraction separator, allowing the 
separation of gas-phase and solid-phase products based on their physical 
state. 

CHAR-DEC RStoic 
Decompose char into its elemental components (C, H, O, N, and ash), 
according to the ultimate analysis 

AIR-SEP FSplit 

Stream splitter. This separator was used to distribute the airflow equally to 
each reactor due to the non-isothermal condition of the process 

MIX-1 to MIX-
7 

Mixer 

This mixer combines the 'char' from the previous reactor with the airflow 
before entering the next reactor. It operates under the temperature and 
pressure conditions of the next reactor. 

RHETE-1 to   
RHETE-7 

RPlug 

Simulation of heterogeneous gasification reactions (R1 to R4) was conducted 
using seven reactors, each operating at a different temperature ranging from 
700 to 1000 ºC, with increments of 50 ºC per reactor. This approach was 
chosen to account for the non-isothermal nature of the gasification process. 

SE-1 to SE-7 SSplit Substream splitter (cyclone), this system allows the separation of solids, 
specifically char, from the reaction gases. 

RHOMO-1 
to 
RHOMO-7 

RPlug 

Simulation of homogeneous gasification reactions (R5 to R9) was conducted 
under the same conditions as the heterogeneous gasification, differing only in 
the reactions involved. 

M-GAS Mixer  
 

Mix the product gas: Combines pyrolysis and gasification product gases along 
with the water vapor generated during drying. 
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In process modeling, several technical assumptions were considered: 

• The process operates in a steady state. 

• The reactor is assumed to be adiabatic. 

• Non-condensable gases are limited to  ₂, C ₄, CO, and CO₂. 

• Char composition is modeled based on its ultimate carbon, hydrogen, nitrogen, 

oxygen, and ash content analysis. 

• The gasifier system is considered a perfectly mixed environment. 

• The operation is conducted at atmospheric pressure, with pressure drops in 

equipment neglected. 

• Biomass drying and devolatilization (pyrolysis) are assumed to occur 

instantaneously at 700 °C for non-isothermal gasification and at 900 and 950 °C for 

isothermal gasification. 

• NOx,  CN, and N ₃ concentrations were not taken into account; all biomass 

nitrogen is assumed to be inert (N₂).  

• Pyrolysis product yields serve as initial conditions in the gasification step. 
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Fig. 2. Simulation model flowchart in Aspen Plus®
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RESULTS AND DISCUSSION 
 

Comparison of CFD Modeling and Process Simulation with Experimental Data 
This section presents a comparative analysis of CFD modeling and process simulation 

results with experimental data for gasification processes. The analysis begins with non-

isothermal gasification outcomes, followed by an examination of isothermal gasification 

results. The experimental data were replicated with a maximum error of 7% across all cases. 

 
Non-isothermal gasification results 

The results of non-isothermal gasification, derived from experimental analysis using 

TGA, were compared with predictions from CFD and SIM simulations. This comparative 

analysis aimed to assess the accuracy and predictive capabilities of the models across a range 

of ABR values (0.187 to 1). Experimental data served as a reference, emphasizing the influence 

of ABR on the yields of non-isothermal gasification products, including biochar, bio-oil, and 

non-condensable gases (NCG or biogas), within the temperature range of 700 to 1000 °C. The 

ABR in this study plays a role analogous to the equivalence ratio (ER), as commonly discussed 

in gasification studies (Beheshti et al. 2015; Torres et al. 2019), governing the oxygen 

availability relative to biomass and influencing the oxidation-reduction dynamics of the 

process. Figure 3 compares the overall product yields as a function of ABR variation. 

 

 
Fig. 3. Comparison of experimental and simulation results for the main products yields of non-isothermal 
gasification at ABR values: a) biochar, b) NCG, and c) Bio-oil 

 

Both CFD and SIM exhibit deviations from experimental results, with the magnitude of 

these discrepancies varying based on the ABR. Figure 3a shows the comparison of biochar yield 

as a function of ABR. At low ABR values, such as 0.187, the SIM aligns closely with the 

experimental results, showing a minimal error of approximately 0.23 wt.%, whereas CFD 

slightly underestimates the biochar yield. However, as ABR increases, SIM overestimates the 

biochar yield, particularly at ABR = 0.375, where the error reaches 3.08 wt.%. In contrast, CFD 

consistently underestimates biochar yield across the entire ABR range, with the largest 

deviation observed at ABR = 0.375, reaching 3.55 wt.%. Both experimental and simulation 

results indicate that increasing ABR reduces biochar content, consistent with findings from non-

isothermal gasification studies, where higher ABR values enhance oxidation intensity, reducing 

biochar yield (Torres et al. 2019). 

The comparison of bio-oil yields indicates that the CFD model generally underestimates 

bio-oil yield at lower ABR values but aligns more closely with experimental data as ABR 

increases, as shown in Fig. 3b. For an ABR of 0.375, the prediction error of the CFD model was 
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1.04 wt.%, representing a better prediction under intermediate conditions. In contrast, the SIM 

model tends to overestimate the bio-oil yield at higher ABR value, with a notable maximum 

error of 5.87 wt.% at 0.25. This disparity highlights differences in how the models capture 

secondary reactions and product distributions. 

The NCG yields (Fig. 3c) reveal distinct predictive behaviors for the two models across 

varying ABR values. At low ABR (e.g., 0.187), the CFD model significantly overestimates 

NCG yields, while the SIM model underestimates them. This contrast reflects differences in 

how the models handle reaction dynamics under oxidation conditions. As ABR increases, both 

models improve their agreement with experimental results. At ABR=0.375, the SIM model 

closely matches the experimental data, with an error of 1.44 wt.%, whereas the CFD model 

slightly overestimates yields, with an error of 2.52 wt.%. At the highest ABR (e.g., 1.0), the 

CFD model achieves near-perfect accuracy with an error of 1.77 wt.%, while the SIM model 

slightly underestimates NCG yields, with an error of 2.13 wt.%. 

The analysis of individual non-condensable gases ( ₂, C ₄, CO, and CO₂) shows 

discrepancies between experimental data and model predictions across all ABR values, as 

shown in Fig. 4.  

 
Fig. 4. Comparison of experimental and simulation results for the NCG composition of non-isothermal 
gasification 

 

At low ABR (e.g., 0. 87), experimental results reveal higher  ₂ and CO ratios, reflecting 

the dominance of partial oxidation and water-gas reactions. The CFD model accurately captures 

these trends, with an error of  .0  wt.% for CO, but underestimates C ₄. In contrast, the SIM 

model exhibits larger deviations for  ₂ and CO, with errors exceeding 7. 7 wt.% in some cases. 

As ABR increases, reaction pathways shift, resulting in higher CO₂ production and reduced CO 
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and C ₄ ratios. Experimental data at ABR=0. 7  shows a significant increase in CO₂, which 

the CFD model predicts well, with errors below 3.62 wt.%. However, the SIM model 

underestimates CO₂ at higher ABR values, overestimates CO, and consistently underpredicts 

 ₂. Both models struggle with C ₄ predictions, consistently underestimating its composition, 

though the CFD model demonstrates slightly better alignment than the SIM model. 

Under non-isothermal conditions (700 to 1000 °C) and varying ABR (0.187 to 1), both 

models demonstrate significant predictive capabilities but show specific limitations. The SIM 

model exhibits greater accuracy in predicting global products, such as biochar, bio-oil, and NCG 

(gases), which can be attributed to its continuous-system approach and ability to capture general 

trends. However, certain discrepancies in the prediction of non-condensable gas compositions, 

such as  ₂, C ₄, CO, and CO₂, indicate that the model would require refinements in its kinetic 

description and aspects of thermodynamic models to better represent the phase equilibria under 

non-isothermal conditions studied.  

In contrast, the CFD model provides more accurate predictions of the non-condensable 

gas composition, better representing the thermochemical dynamics of the reactor, including 

reaction kinetics and heat transfer phenomena. However, discrepancies in the overall product 

yields were observed, suggesting the need for further refinement in modeling under these 

conditions.    

The comparative analysis showed the complementary strengths of both models. While 

the SIM model better predicts overall product trends, the CFD model better predicts gas 

composition. This suggests that a hybrid modeling approach, which takes advantage of the 

strengths of both frameworks, could significantly improve the accuracy of predictions for non-

isothermal gasification processes. 

 
Isothermal Gasification Results 

Figure 5 presents the comparison between experimental data and predicted values.  The 

results reveal that both CFD and SIM consistently overestimate biochar yields compared to 

experimental data. At 900 °C, the CFD model overpredicts by 7.24 wt.%, decreasing slightly to 

6.04 wt.% at 950 °C. Conversely, SIM exhibits more moderate overestimations, with 

differences of 3.6 w.% at 900 °C and 2.51 wt.% at 950 °C.  

 
Fig. 5. Comparison of experimental and simulation results for the main products yields of isothermal 
gasification 
 

Both models overestimate the experimental results for bio-oil. At 900 °C, the CFD 

model predicts a yield of 36.67 wt.%, exceeding the experimental value by 10.09 wt.%. This 

discrepancy increases to 11.59 wt.% at 950 °C. In contrast, SIM achieves better accuracy with 

deviations of 1.89 wt.% and 1.72 wt.% at 900 °C and 950 °C, respectively.  

In the case of NCG, both models underestimate experimental yields. The CFD 
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significantly underpredicts with differences exceeding 17 wt.% for both temperatures. While 

still underestimating, SIM exhibits smaller deviations of 5.49 wt.% at 900 °C and 4.24 wt.% at 

950 °C. Overall, the models overestimate biochar and bio-oil yields while significantly 

underestimating NCG. SIM aligns more closely with experimental data across all product types, 

whereas CFD exhibits more significant deviations, particularly in gas-phase reactions. Both 

models perform slightly better at higher temperatures (950 °C) but require further refinement 

for improved accuracy. Figure 6 shows that the analysis of gas compositions reveals distinct 

differences between experimental data and the predictions of CFD and SIM models at 900 and 

950 °C. 

 
Fig. 6. Comparison of experimental and simulation results for NCG composition of isothermal 
gasification 

 

At 900 °C, both models follow similar trends, slightly overestimating  ₂, C ₄, and CO 

while underestimating CO₂. For  ₂, the CFD model shows a deviation of 3.71 vol.%, whereas 

SIM demonstrates more accurate predictions with a smaller difference of 0.7 vol.%. Both 

models demonstrated minimal differences for CH4, with CFD deviating by 0.66 vol.% and SIM 

by 0.32 vol.%. For CO, CFD overestimates by 4.85 vol.%, while SIM shows a smaller 

difference of  . 4 vol.%. For CO₂, both models underestimate its content, with CFD showing a 

difference of 9.22 vol.% compared to 4.26 vol.% for SIM.  

At 9 0 °C, the CFD model slightly overestimates  ₂ content, with a deviation of  .   

vol.%, while SIM achieves greater accuracy, showing a difference of only 0.   vol.%. For C ₄, 

both models agree better with the experimental data, with differences of less than 0.8 vol.%. 

For CO, CFD underestimates the content by 2.98 vol.%, whereas SIM shows a smaller 

difference of 0.8  vol.%. Finally, for CO₂, both models achieve highly accurate predictions, 

with differences below 0.5 vol.%. Overall, SIM demonstrates better alignment with 

experimental data, particularly for  ₂ and CO at 9 0 °C, while CFD exhibits greater variability, 

especially at 900 °C, where it overestimates  ₂ and CO. Both models' persistent 

underestimation of CO₂ suggests a need for refining the kinetic dynamics under gasification 

conditions. 
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Although both models underestimate certain yields (biochar and bio-oil) under non-

isothermal gasification conditions, SIM generally agrees better with experimental data for 

overall product yields. However, the CFD model excels in predicting gas compositions, 

reflecting its ability to capture the dynamics of specific reactions, particularly under non-

equilibrium conditions, where temperature gradients may exist in the reactor. Under isothermal 

gasification conditions, where the system approaches thermal equilibrium, the SIM model 

accurately predicts overall product yields and gas compositions, consistent with its 

thermodynamic equilibrium-based assumptions. 

 
Sensitivity Analysis of Isothermal Gasification Processes 

The sensitivity analysis of isothermal gasification was conducted using CFD modeling 

and process simulations to evaluate the impact of the key parameters: (i) the isothermal 

gasification temperature, from 700 to 1500 °C; and (ii) the ABR values between 1 and 2.5. 

These factors were analyzed to determine their influence on the overall products yields in the 

process and the composition of the produced.  

 
Effect of ABR and temperature on overall products yields 

The yields of the main products —biochar, bio-oil, and NCG— are significantly 

influenced by temperature and ABR, as illustrated in Figs. 7 through 9. Biochar, as shown in 

Fig. 7, decreases progressively with increasing temperature. This reduction is attributed to the 

activation of heterogeneous reactions in the solid phase, particularly carbon oxidation (R- 1) 

(Al-Zareer et al. 2016; He et al. 2013; Wen and Chaung 1979) and the Boudouard reaction (R- 

3) (He et al. 2013). These endothermic reactions are favored at higher temperatures. Incomplete 

carbon conversion results in higher biochar yields at lower temperatures and ABR values. 

However, oxygen availability promotes oxidation as the ABR increases, accelerating biochar 

conversion into gases. In this context, CFD and SIM simulations exhibit similar trends, though 

CFD predicts higher biochar yields and a more gradual decline than SIM. This emphasizes the 

influence of modeling approaches on product distribution. 

 

 
 

Fig. 7. Effect of ABR and temperature on biochar yield: SIM and CFD comparison 
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Fig. 8. Effect of ABR and temperature on bio-oil yield: SIM and CFD comparison 

 

Bio-oil, primarily comprising condensable gas products and water vapor, is influenced 

by temperature and ABR, as shown in Fig. 8. During pyrolysis, biomass undergoes thermal 

decomposition, releasing vapors that condense into bio-oil. As the temperature increases, these 

vapors undergo secondary reactions, such as steam reforming and thermal cracking, promoting 

the formation of non-condensable gases (Sangaré et al. 2024b; Zhu et al. 2018). Additionally, 

during gasification, increased ABR enhances biochar oxidation through oxygen supply, further 

decreasing bio-oil production. The CFD and SIM models exhibit similar trends, but CFD 

predicts a more gradual decrease in bio-oil yield, whereas SIM shows an abrupt decline, 

indicating distinct modeling behaviors under similar conditions. 

 

 
Fig. 9. Effect of ABR and temperature on NCG yield: SIM and CFD comparison 
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The yields of NC , including  ₂, C ₄, CO, and CO₂, increase significantly with the 

increasing temperature and ABR, as shown in Fig. 9. This is due to the dominant role of 

heterogeneous reactions (R- 1 to R- 4) (He et al. 2013; Al-Zareer et al. 2016). At low ABR 

values and high temperatures, limited oxidation favors the production of combustible gases such 

as  ₂ and CO.  owever, as ABR increases, homogeneous oxidation reactions become more 

prominent, leading to a higher proportion of CO₂ (Jangsawang et al. 2015), increased overall 

yields, and reduced proportions of combustible gases. The CFD and SIM models exhibit similar 

trends, but their distributions differ: the SIM model predicts higher and more uniform NCG 

yields with increasing ABR, while the CFD model shows lower yields under similar conditions. 

Overall, the observed differences between CFD and SIM predictions highlight the 

influence of model assumptions on phase interactions and reaction dynamics. CFD offers a 

detailed perspective by explicitly accounting for heterogeneous and homogeneous phase 

reactions, while the SIM equilibrium-based approach results in a more uniform phase 

distribution. 

 

Effect of ABR and temperature on gas composition 

The effects of ABR and temperature on gas composition are presented in Figs. 10 

through 13. As depicted in Fig. 10, the volumetric fraction of  ₂ consistently increases with 

temperature in both models, reflecting the endothermic nature of heterogeneous gasification 

reaction (R- 2).  

 
Fig. 10. Effect of ABR and temperature on H2 composition: SIM and CFD comparison 

 

This reaction predominantly occurs on the solid surface and is facilitated by increased 

thermal energy, resulting in greater  ₂ production. Under low ABR conditions, where oxygen 

availability is limited,  ₂ reaches its maximum concentration as homogeneous oxidation 

reactions, such as R- 5, are constrained. Conversely, at higher ABR values,  ₂ is consumed in 

oxidation reactions to produce water vapor, reducing its concentration. This phenomenon, as 

described by Kumar and  Paul (2020), underscores the sensitivity of these endothermic reactions 

to temperature changes and their influence on gas composition during gasification process. Both 

heterogeneous and homogeneous reactions contribute to  ₂ production, yielding similar trends 

across the two models. 

The evolution of  ₂ is directly linked to the behavior of C ₄, as shown in Fig. 11. At 

low temperatures, C ₄ formation is dominated by the heterogeneous methanation reaction (R- 
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4), where solid carbon reacts with  ₂ in an exothermic.  owever, as the temperature increases, 

C ₄ undergoes decomposition via steam reforming (R- 9), an endothermic reaction that 

generates  ₂ and CO. Notably, most of the C ₄ in the gas mixture originates from pyrolysis. In 

both models, C ₄ concentrations decrease with increasing ABR, as oxygen promotes oxidation, 

which constrains C ₄ formation. Furthermore, high temperatures lead to a slight reduction in 

C ₄, particularly in the SIM results, due to enhanced gas-phase reaction reforming reaction (R- 

9). However, the CFD model predicts higher C ₄ concentrations than the SIM results, 

especially at high temperatures and low ABR values.  

 
Fig. 11. Effect of ABR and temperature on CH4 composition: SIM and CFD comparison 

 

The behavior of CO, shown in Fig. 12, highlights the important role of heterogeneous 

reactions such as the partial oxidation of solid carbon (R- 1), which produces CO and CO₂. The 

Z coefficient in Eq. 14 regulates this reaction, increasing with temperature and favoring CO 

production at low ABR values. As the temperature increases, the Boudouard reaction (R- 3) and 

the steam reaction (R- 2) dominate, converting CO₂ and water vapor into CO and  ₂. These 

heterogeneous reactions are key drivers of CO formation (Kumar and Paul 2020). However, at 

high ABR values, homogeneous oxidation reactions (R- 7) consume CO at high ABR values, 

reducing its concentration. While the CFD model better captures localized surface interactions, 

the SIM results align well with theoretical expectations, particularly at high temperatures and 

ABR values, which is likely due to its representation of the homogeneous CO oxidation reaction 

(R- 7). 

CO formation is predominantly driven by heterogeneous reactions in the solid phase, 

whereas CO₂ production is mainly associated with homogeneous reactions, such as CO 

oxidation (R- 7), C ₄ combustion (R- 6), and the Water-Gas Shift reaction (R- 8) at lower 

temperatures (Jangsawang et al. 2015). Figure 13 illustrates the interactions of ABR and 

temperature on CO₂ composition.  

 



 

PEER-REVIEWED ARTICLE                                    bioresources.cnr.ncsu.edu 

 

 

Sangaré et al. (2025). “Pyrogasification of biomass,” BioResources 20(2), 2844-2870.  2865 

 
Fig. 12. Effect of ABR and temperature on CO composition: SIM and CFD comparison 
 

 
Fig. 13. Effect of ABR and temperature on CO2 composition: SIM and CFD comparison 

 

Theoretically, CO₂ production is favored at low temperatures and high ABR due to the 

increased availability of oxygen, promoting oxidation reactions.  owever, CO₂ is consumed at 

higher temperatures via the Boudouard reaction (R- 3), resulting in its progressive decrease in 

high-temperature, low ABR conditions. Figure 13 also reveals differences between CFD and 

SIM predictions. The CFD model shows higher values for CO₂ concentrations compared to the 

SIM results, particularly at higher ABR and temperatures. This discrepancy may be linked to 

homogeneous reactions. Ajorloo et al. (2022) emphasize the significance of homogeneous 

reactions in determining CO₂ distribution. The CFD model explicitly separates heterogeneous 

reactions in the solid phase from homogeneous reactions in the gas phase, whereas the SIM 

model assumes a uniform distribution of solids and gases throughout the reactor. These 

differences in phase representation may lead to variations in how phase interactions and reaction 

dynamics are modeled. 
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In summary, the formation of  ₂ and C ₄ primarily arises from heterogeneous reactions, 

with both models showing similar trends. In contrast, while CO is mainly generated through 

heterogeneous reactions, it is subsequently consumed during homogeneous reactions to form 

CO₂. The discrepancies in CO and CO₂ trends between the models likely stem from differences 

in the treatment of homogeneous reactions, particularly CO oxidation, and the representation of 

phase interactions in each modeling approach. 

 
 
CONCLUSIONS 
 
1. This study has provided a detailed comparative analysis of computational fluid dynamics 

(CFD) and process simulation (SIM) approaches for modeling biomass pyro-gasification, 

supported by experimental data from agave bagasse. The findings emphasize the 

complementary strengths of these methodologies. Indeed, concerning modeling 

performance and applicability, CFD proved superior for non-isothermal conditions (700 to 

1000 °C), accurately capturing heat and mass transfer dynamics and localized reactions, 

which are critical for understanding reactor behavior under temperature gradients, while 

SIM demonstrated better alignment with experimental yields under isothermal conditions 

(900 to 950 °C), where equilibrium-based models provide reliable predictions. 

2. Sensitivity analysis showed the influence of temperature and ABR on overall product yield 

distributions and non-condensable gas compositions, demonstrating how these parameters 

can be used to optimize syngas production. Furthermore, the results underline the 

importance of selecting modeling methods based on process conditions. 

3. For instance, CFD is highly suitable for reactors with thermal gradients, while SIM offers 

reliable performance in systems operating at near-equilibrium conditions. A hybrid 

modeling approach combining the detailed insights of CFD with the scalability of SIM 

could facilitate the development of more efficient biomass conversion technologies. 

4. By leveraging the complementary capabilities of CFD and SIM, researchers and industry 

practitioners can address critical challenges in biomass pyro-gasification, accelerating the 

development of sustainable and efficient energy solutions. 
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