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This thesis proposed and simulated a process to produce hydrogen from municipal solid 

waste (MSW) gasification, by combining methane reforming, two-stage Water Gas Shift 

conversion and pressure swing adsorption purification by simulation software Aspen Plus. 

The Peng-Robinson equation of state with nonconventional MSW property models 

(HCOALGEN and DCOALIGT) was used in the simulation, which proceeded through 

sequential drying (RStoic), decomposition (RYield), gasification (RGibbs), reforming, WGS 

(REquil), and PSA stages. Different gasification parameters like air to MSW ratio (AMR), 

steam to MSW ratio (SMR) and gasification temperature were investigated through a 

sensitivity analysis at a fixed MSW feeding rate of 1000 kg/h to evaluate the effects on 

syngas composition, hydrogen production efficiency and CO₂ emissions. 

The base case (750°C, SMR = 0.5, ER = 0.2) produced 101.81 kg/h of hydrogen at 66.94% 

efficiency, with syngas containing 23.66 mol% H₂ and 22.86 mol% N₂. The gasification 

temperature showed positive effect on hydrogen production up above 1000°C before it began 

to level-off, and SMR had a positive effect on the yield up to 0.7, while ER had a negative 

effect due to oxidation losses and dilution by nitrogen. With optimization conditions 

(1000°C, SMR = 0.7, ER = 0.2), 119.16 kg/h of hydrogen was achieved at 78.35% efficiency, 

which is a 17% gain, WGS CO conversion was increased from 96.7 to 97.5%. CO₂ emissions 

increased by only 0.27% (from 1351.6 to 1355.3 kg/h), indicating improved carbon 

utilization efficiency with negligible environmental penalty. The study also led to the 

conclusion that a realistic prediction of methane and the need for using restricted equilibrium 

approaches in the RGibbs reactor were required for the air-blown gasification systems. 
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SYMBOLS AND ABBREVIATIONS 

Abbreviation Description 

AMR Air-to-MSW Ratio 

BFB Bubbling Fluidized Bed 

CFB Circulating Fluidized Bed 

DFB Dual Fluidized Bed 

 ER Equivalence Ratio 

 FBR Fluidized Bed Reactor 

HTWGS High-Temperature Water Gas Shift 

 LHV Lower Heating Value 

 LTWGS Low-Temperature Water Gas Shift 

 MSW Municipal Solid Waste 

OP Oxygen Percentage 

PSA Pressure Swing Adsorption 

RSM Ratio of Steam to MSW 

 SMR Steam-to-MSW Ratio 

WGS Water Gas Shift 

 WtE Waste-to-Energy 

 WtP Waste-to-Product 

Symbols 

 Symbol Description  Unit 

 ΔH Enthalpy of reaction MJ/kmol 

 ΔH_r Reaction enthalpy MJ/kmol 

 T Temperature  °C  

Aspen Plus Model Blocks 

 Block  Description 

 DCOALIGT  Density model for coal/nonconventional solids 

 HCOALGEN Enthalpy model for coal/nonconventional solids 

 REquil  Equilibrium reactor block 

 RGibbs  Gibbs free energy minimization reactor block 

 RStoic  Stoichiometric reactor block 

 RYield  Yield reactor block 

 SEP  Separator block  
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1  Introduction 

The increasing rate of municipal solid waste (MSW) nowadays has become most pressing 

environmental and energy issue. Today, the world yearly manufacture of MSW amounts to 

around 2.5 billion tonnes (Rabetanetiarimanana et al., 2022). This waste management is 

really important. If we do not manage municipal solid waste properly it can cause problems 

for the environment and our health. For example, it can pollute the soil and water. It can also 

release harmful gases into the air when it breaks down in landfills. Additionally, we can lose 

energy and materials that we could be using.(Ram et al., 2021a; Roy et al., 2022). We're 

looking for new ways to make energy. Right now, most of the hydrogen we use comes from 

fossil fuel, which is bad for the planet. In fact, about 90% of our hydrogen is made from 

fossil fuels. This is a problem for environment perspective. We need to find better ways to 

make hydrogen that don't involve using fossil fuels. (Rudra & Tesfagaber, 2019; Santos & 

Hanak, 2022). In this respect, the thermochemical transformation of MSW by gasifying it is 

an interesting twofold advantage. A process called gasification can help us to turn municipal 

solid waste into a gas that's rich in hydrogen. We can use this gas to power fuel cells, 

industrial processes and even cars. This is a way to get rid of Municipal Solid Waste than 

just throwing it away in landfills or burning it. (Alouani et al., 2022; Rudra & Tesfagaber, 

2019; Williams & Bourtsalas, 2023). A thermochemical process transforms municipal waste 

into a syngas (a versatile fuel gas mixture primarily composed of hydrogen and carbon 

monoxide) at partial high oxidation temperatures (usually 700-1000°C) with sufficient of 

gasifying agent such as steam, oxygen, air or a mixture of all three (Mutlu & Zeng, 2020; 

Valkenburt et al., 2008; Zhao et al., 2021). Gasification works by heating up the waste in a 

suitable unit process with a sufficient amount of steam, air, or oxygen. The gasification 

creates syngas, hydrogen, carbon monoxide and methane. Gasification is better than 

incineration because it releases fewer polluted gases into the air and it can create more energy 

from the same amount of municipal solid waste (Bosmans et al., 2013; Rudra & Tesfagaber, 

2019; Suresh et al., 2018). 

Quite much work has already been done on MSW gasification to produce hydrogen through 

process simulation software, specifically Aspen Plus. Niu et al. (Niu et al., 2013a) created a 

details of the process to simulate MSW gasification, used proper equilibrium method to right 

deviations due to incomplete equilibrium, and systematically analysed the behaviours of 
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parameters, and steam/MSW ratio on its gas composition and efficiency. Alouani et al. 

(2022) found an integrated model with different temperature shift reactors and a H2 

purification method, where air and steam mix operating media was found to perform a better 

result of H2, with maximum efficiency of H2 production being maximized at 800°C and good 

steam-to-ratio of MSW lying in range of 0.7-0.8. Rudra and Tesfagaber (2019) studied a 

future district heating plant coupled with MSW gasification H2  Production and got the 

optimum yield of hydrogen was at around equivalent ratios of approximately 950°C, and 

that hydrogen yield was most sensitive to the equivalent ratio. A study was found that steam 

gasification of MSW with their highest hydrogen concentration of 79.8 vol% at 680°C with 

optimum steam-to-feedstock ratios (Santos & Hanak, 2022; Shafiq et al., 2021). It was also 

found that modern technology viability of sorption-enhanced this method to produce 

hydrogen, reporting hydrogen production efficiencies of 46.0% to 50.0% (Santos & Hanak, 

2022). Mutlu and Zeng have reviewed the challenges and opportunities in Aspen Plus for 

modelling biomass gasification; they noted that most studies assume steady-state, isothermal 

conditions, the approach is most suitable when the thermodynamic constraints of the 

gasification are the main with the operating conditions and gas composition (Mutlu & Zeng, 

2020). 

Although this is a significant amount of research, there are still several significant gaps. First, 

not many studies have put forward an integrated, comprehensive simulation framework that 

encompasses the entire hydrogen production chain (MSW drying through gasification, 

methane reforming, two-stage water gas shift conversion, and hydrogen purification via 

pressure swing adsorption) in a single model of Aspen Plus (Alouani et al., 2022; Rudra & 

Tesfagaber, 2019). The majority of work that has been done has concentrated on the 

gasification step without fully modelling the downstream hydrogen upgrading and 

purification steps necessary to produce fuel-cell-grade hydrogen. Second, the systematic 

optimization of multiple operating parameters at once, like the temperature, steam ratio to 

MSW, and air ratio to MSW, and how they effect to the efficiency of H2 production and the 

CO₂ emissions have not been thoroughly addressed (Alouani et al., 2022; Niu et al., 2013a).  

It is important to understand these trade-offs in order to design practical processes, especially 

with the context of ever stricter carbon emission laws. Third, the significant modelling issues 

of the effects of nitrogen dilution by air-blown gasification on the downstream hydrogen 

separation and the need to use restricted equilibrium approaches to realistic methane 
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prediction have received an inadequate level of attention (Mutlu & Zeng, 2020; Niu et al., 

2013a). 

The purpose of this work is to design and test a whole Aspen Plus process simulation model 

of hydrogen production by MSW gasification, and to integrate all major process steps of 

feedstock preparation, hydrogen production, and to determine the optimized operating 

conditions that will maximize the hydrogen yield and quantify the resulting CO2 emissions. 

To be more precise, the proposed research will justify: (1) What is the hydrogen production 

potential of MSW gasification with the gasifier combined the methane reforming, two-stage 

WGS (water gas shift) conversion, and PSA (pressure swing absorbent)? (2) What are the 

individual behaviours of the key operating parameters of system on syngas composition, 

hydrogen production and CO2 emissions? (3) What are the optimized operating conditions 

that maximize the yield of hydrogen, and what are the behaviours between hydrogen result 

and CO2 emissions? The thermodynamic equilibrium modelling method is used in the study 

with the Aspen Plus package with the PR equation of state and RGibbs reactor. The 

simulation limitations are idealized assumptions of steady-state operation, atmospheric 

pressure, neglected pressure drops and heat losses and an idealized PSA separation 

efficiency.  
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2  Literature Review 

This chapter has comprehensively discussed the fundamental aspects of gasification 

technology for production of hydrogen from municipal solid waste. In addition, it also 

focuses on it’s pretreatment Requirements, Aspen Plus as a Process simulation tool, and it’s 

thermodynamic properties. 

2.1  Gasification Process and Stages 

The gasification process have these following four sequential steps—drying, pyrolysis, 

oxidation, and reduction—each governed by specific thermochemical reactions that 

collectively determine the product gas composition and hydrogen yield. 

Gasification turns solid materials into useful gases. This gas is called syngas, and it's mostly 

made up of H2 and CO. The process involves heating materials to very high temperatures, 

over 750°C, with a little amount of O2. This causes materials to break down and turn into 

gas. It's a bit like a partial burning process, but instead of burning everything, it just breaks 

it down into a useful gas that can be used for other things. The idea is to use this gas as a 

source of energy or to make other useful chemicals. (González-Vázquez et al., 2018).  The 

initial outcome is a syngas and other gaseous products with  4-10 MJ/Nm³ a heating value 

(González-Vázquez et al., 2018). If the air is gasifying agent, the outcome gas produced 

contains 50% nitrogen, and hence, the calorific value of fuel gas is in 4 - 6 MJ/Nm³, but with 

pure O2, the process outcome will be yield medium calorific value (MCV)  within  10 - 20 

MJ/Nm³ (Yang et al., 2024). 

The gasification process can be used flexibly to process waste mixed with a variety of other 

wastes (biomass and MSW) to produce chemicals and other energy sources to reduce 

environmental pollution (Ephraim et al., 2016a). It allows the transformation of a variety of 

waste streams including MSW and other biomass residues to produce synthetic gas, thereby 

minimizing waste and environmental footprint (Samani & Eikeland, 2022). Overall, MSW 

gasification plants are of large size, high degree of automation and complex technology, with 

gasification efficiency of 60-80% higher and energy amount of the combustion gas produced 

of 17-25 MJ/m³ (Mostafavi et al., 2016).  
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In reality, the gasification process is a complex reaction (González-Vázquez et al., 2018). 

The key stages of this process are drying, pyrolysis, oxidation (combustion) and reduction 

(char gasification) (Gallego et al., 2022; Hejazi et al., 2017a; Medrano-García et al., 2025). 

All these phases have an important impact on the hydrogen outcome and efficiency of the 

system. The syngas quality in each system is influenced by several operational factors and 

requirements of different types of gasifiers, for example equivalence ratio (ER), gasification 

temperature, particle size and lastly moisture content (MC) of the feedstock (Butterman & 

Castaldi, 2007). 

2.1.1  Stage 1: Drying 

The drying process is the first pre-treatment stage where it moisture content will be reduced 

to prepare the feedstock for the thermochemical reactions. The moisture content of the 

feedstock is a crucial parameter since this can have an impact on the energy balance of the 

gasification process, and energy from evaporating water from the feedstock matters. 

Lignocellulosic biomass with low moisture content such as dry municipal solid waste, are 

most suitable for thermochemical conversion (Mostafavi et al., 2016). The thermal value of 

the syngas is reported to significantly decrease with increase in moisture content of the 

feedstock (Díaz-Rey et al., 2015). A higher moisture content has a negative effect on the 

quality of the synthesis gas and the cold gas efficiency (Mauerhofer et al., 2021). 

Drying is usually done at temperatures of less than 200°C and is crucial for the effective heat 

transfer and reaction rates of the subsequent processes. During drying, the biomass is heated 

and the moisture content is removed as vapour. Drying is accomplished using the heat 

generated in the oxidation zone or by recirculating hot product gases through the reactor. 

The degree of drying is important for the pyrolysis and gasification reactions. 

2.1.2  Stage 2: Pyrolysis And Decomposition 

The pyrolysis stage refers to the feedstock decomposition into its components at high 

temperatures without oxygen. Pyrolysis is a thermal treatment which involves the 

decomposition of biomass in the absence of O2 to yield oil, char and gases (methane, carbon 

monoxide, hydrogen, carbon dioxide, and water), typically under the temperature range of 
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350°C to 600°C (Treusch et al., 2019). This thermochemical process for energy and chemical 

production from biomass without the presence of O2 to yield liquid, solid and gaseous biofuel 

(Yildiz et al., 2025). 

The process means the conversion of the volatile matter in biomass to gases and condensable 

vapors (tars) and solid matter to char. The mechanism of biomass pyrolysis can be described 

by two-step kinetic model, namely, firstly, the pyrolysis process involves three parallel first-

order reactions, yielding non-condensable gas, char formation and the generation of tar (bio-

oil), and secondly, the thermal cracking of tar occurs by a first-order reaction. (Sharma & 

Nath, 2023). Biomass pyrolysis occurs in 200-500°C temperature range and is largely 

independent of the gasifying agent used (Adamu & Hossain, 2018). The char obtained from 

pyrolysis is the main reactant for the heterogeneous gasification reactions, and volatile 

matter undergoes homogeneous reactions in the gas phase (Sharma & Nath, 2023). 

2.1.3  Stage 3: Oxidation  

The oxidation zone is where the exothermic reactions take place, releasing required energy 

to maintain the pyrolysis drying and reduction reactions. This zone is where some of the 

volatile gases and the char react with the restricted supply of O2 as the gasifying agent. The 

major oxidation reactions are: 

𝐶 + 𝑂2 → 𝐶𝑂2 ΔHr = -394 MJ/kmol (1) 

𝐶𝑂 + 0.5𝑂2 → 𝐶𝑂2 ΔHr = -283 MJ/kmol (2) 

𝐶𝐻4 + 2𝑂2 ↔ 𝐶𝑂2 + 2𝐻2𝑂 ΔHr = +890 MJ/kmol (3) 

𝐻2 + 0.5𝑂2 → 𝐻2𝑂 ΔHr = -242 MJ/kmol (4) 

The combustion reactions are exothermic reactions and give heat to the reduction zone for 

the endothermic gasification reactions. The ratio of the air which known as Equivalence ratio 

(ER) is supplied to the air theoretically required for complete combustion. It is a crucial 

parameter to define the combustion/carbon dioxide gasification balance. The optimum ER 

for complete combustion is 1.3, while for gasification it is around 0.3 (Butterman & Castaldi, 

2007). The optimum ER ranges from 0.2 to 0.3 for fluidized-bed gasifiers, 0.2 to 0.3 for 

fixed-bed and 20% higher for entrained flow gasifiers (Pankhedkar et al., 2025). ER less 

than 0.2 indicate incomplete gasification and ER greater than 0.4 indicate combustion 
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(Pankhedkar et al., 2025). Lower ER leads to higher amount of H₂ and CO, and higher 

calorific amount of the gas (Pankhedkar et al., 2025). 

2.1.4  Stage 4: Reduction (Gasification Reaction) 

This is the stage where the main gasification reactions take place, transforming the char and 

other intermediates into the desired syngas. This involves a series of heterogeneous and 

homogeneous (gas-gas) reactions that affect the final product gas composition. The main 

gasification reactions are:  

Boudouard Reaction 𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂 ΔHr = +172 MJ/kmol (5) 

This highly endothermic reaction, which becomes prominent at temperatures above 700°C 

and is crucial to CO₂ gasification (Hejazi et al., 2019; Treusch et al., 2019). 

Water Gas Reaction: C + H₂O ↔ CO + H₂ (ΔHr = +131 MJ/kmol) (6) 

This endothermic reaction is a main reaction for steam gasification and contributes to 

hydrogen production. Steam is the best gasifying agent to produce the maximum amount of 

hydrogen via endothermic reaction with carbonaceous char (Gradel et al., 2019). 

Water-Gas Shift (WGS) Reaction: CO + H₂O ↔ CO₂ + H₂ (ΔHr = −41 MJ/kmol) (7) 

The most significant homogeneous reaction during the gasification process is the water gas 

shift reaction (Rasi et al., 2018). It is important to change the H₂/CO ratio of the gas and it 

is crucial to hydrogen production (Kwon et al., 2013; Rasi et al., 2018) 

Methanation Reaction: C + 2H₂ ↔ CH₄ (ΔHr = −75 MJ/kmol) (8) 

Steam Methane Reforming (SMR): CH₄ + H₂O ↔ CO + 3H₂ (ΔHr = +206 MJ/kmol) (9) 

The steam reforming reaction is preferred with higher temperatures which plays an important 

role in hydrogen generation by converting methane produced via pyrolysis (Pathak et al., 

2023; Sharma & Nath, 2023). However, steam gasification enhances hydrogen in the product 

gas, thus enhancing lower heating value (Gallego et al., 2022). 

Endothermic reactions (water-gas, Boudouard, and steam methane reforming) lead to the 

yield of H₂ and CO at higher temperatures (Sharma & Nath, 2023). Studies have shown that 

with higher temperatures, the CO and H₂ content increases while CO₂ content decreases 

(Hejazi et al., 2019). Increasing temperature enhances the H₂ and CO production and 

gasification efficiency (Mauerhofer et al., 2021). 
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2.2  Types of Gasifiers 

There are generally three major gasifier types: fluidized-bed gasifiers, fixed-bed gasifiers, 

and entrained-flow gasifiers (Akyürek et al., 2019; Bashir et al., 2025; Ephraim et al., 2016b; 

Faaij, 2006). Biomass and other types of feedstocks are processed in different types of 

gasifiers, characterised by feedstock and air arrangement (Yang et al., 2024). 

2.2.1   Fixed-Bed Gasifiers 

This Fixed-bed gasifiers are the ancient gasifiers and are generally operated at temperatures 

below the biomass and bed melting points to avoid slagging (González-Vázquez et al., 

2018). Fixed beds are straightforward, robust and have well-established technology (Yang 

et al., 2024); and are known as the good option for small-scale plants (up to 10 MW) 

(Ephraim et al., 2016). These have three major categories: downdraft, updraft and cross-draft 

(Medrano-García et al., 2025; Mostafavi et al., 2016; Samani & Eikeland, 2022).  Updraft 

gasifiers have air entering from the bottom and fuel moving down (counter-current flow), 

providing high charcoal burn-out and internal heat exchange but high tar content (Gallego 

et al., 2022; Samani & Eikeland, 2022). In downdraft gasifiers, the co-current flow of solid 

feedstock and gasifying agent presents in low content tar in product gas and thus is preferred 

for engine applications (Hejazi et al., 2017a; Mostafavi et al., 2016)  

2.2.2  Fluidized-Bed Gasifiers 

Fluidized-bed gasifiers provide fluidization, where fuel and hot bed material are made to 

behave like a fluid by the gasifying agent at a suitable speed (Ephraim et al., 2016). These 

are of types Circulating fluidized bed (CFB), Bubbling Fluidized Bed (BFB) and dual 

fluidized bed (DFB) (Butterman & Castaldi, 2007; González-Vázquez et al., 2018). BFB 

gasifiers are operated at relatively low air velocities (1-3 m/s) and can accept particles up to 

6 mm (Díaz-Rey et al., 2015; Ephraim et al., 2016) such as the Metso gasification plant in 

Lahti, Finland, which processes 250 kt/y of MSW (Mauerhofer et al., 2021). CFB gasifiers 

include high fluid rates that result in turbulent fluidisation, being used for a large range of 

biomass and raw particle sizes, also are easily scalable (Treusch et al., 2019). If the goal is 
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the lowest cost, CFB is the preferred design (Hejazi et al., 2017). DFB gasifiers have two 

chambers, a BFB gasifier and a CFB combustor; the hot particles from the combustor 

chamber provide the heat needed for the steam gasification endothermic reaction (González-

Vázquez et al., 2018; Yildiz et al., 2025). According to Sharma and Nath (2023) this gasifier 

is the most efficient gasifier but more difficult to operate as it requires control of the air, bed 

material and fuel flow (Sharma & Nath, 2023). 

2.2.3  Entrained Flow Gasifier and Other Gasifier Types 

This Entrained flow gasifiers are efficient and suitable for large-scale industrial gasification 

operations (Butterman & Castaldi, 2007) running at high temperatures (>1200°C) also 

pressures, using high-quality fine powdered feedstock for maximum conversion efficiency 

and minimal tar production (Mostafavi et al., 2016; Samani & Eikeland, 2022). However, 

these gasifiers are not typically utilized for gasification of solid waste materials  because of 

the need for homogeneous feedstock that can be atomized (liquid) or ground into fine powder 

(solid), limiting their applications to waste oil or potentially plastics (Adamu & Hossain, 

2018). Alternative gasifiers include rotary kiln and grate gasifier that are better for non-

homogeneous feedstocks than downdraft and updraft moving-bed gasifiers (Adamu & 

Hossain, 2018), and plasma arc gasifier operating at very high temperatures (2000 to 

14,000°C) converting MSW into syngas without generating GHGs such as nitrogen oxide 

and sulfur dioxide (Adamu & Hossain, 2018). Table 1 provides a comparative summary of 

the main gasifier types. 
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Table 1: comparative summary of the main gasifier types. 

Parameter  Fixed-Bed 

(Updraft)  

Fixed-Bed 

(Downdraft)  

Bubbling 

Fluidized 

Bed  

Circulating 

Fluidized 

Bed  

Entrained-

Flow  

Temperature (°C)  800–1000  800–1000  800–900  800–1000  >1200  

Tar content  High  Low  Moderate  Low–

Moderate  

Very low  

Particle size  Large  Medium  Small–

Medium  

Small–

Medium  

Very fine  

Scale  Small  Small–

Medium  

Medium–

Large  

Large  Very large  

Feedstock flexibility  Low  Low  High  High  Low  

Carbon conversion  Low–

Medium  

Medium–

High  

High  Very high  Very high  

(Niu et al., 2013b; Ram et al., 2021b; Rauch et al., 2024) 

The bubbling fluidized bed (BFB) gasifier is ideal type of gasifier for the Aspen Plus 

simulation of hydrogen production from MSW gasification. BFB gasifiers have high fuel 

flexibility required for non-uniform MSW feedstocks (Hejazi et al., 2017b; Sharma & Nath, 

2023). It produces moderate amounts of tar, provide good gas-solid mixing, and have been 

successfully used for MSW gasification at industrial levels, such as the Lahti gasifier in 

Finland (Mauerhofer et al., 2021). Also, BFB gasifiers are most frequently used in Aspen 

Plus-based MSW gasification studies (Pankhedkar et al., 2025) and its assumption the 

perfectly mixed of solids with plug flow of gas phase is compatible with thermodynamic 

equilibrium models (Hejazi et al., 2019; Pankhedkar et al., 2025). 

2.3  Feedstock Materials and Their Properties 

Feedstock materials for the gasification process include any substances that contain carbon. 

These materials include biomass (wood chips, forestry residues, agricultural waste), fossil 

fuels (coal, petroleum coke) and wastes (municipal solid waste, sewage sludge, and 

discarded plastics). They are then processed at high temperatures into synthetic gas (syngas). 

Municipal solid waste is a complex and energy-rich gasification feedstock. MSW is defined 

as waste produced by residential, commercial, institutional, and other non-industrial sources 

within a municipal boundary, which can contain a variety of different materials, for example 

glass, metals, paper, plastics, textiles, organic waste and miscellaneous waste (González-

Vázquez et al., 2018). It is generally composed of about 2% miscellaneous waste, 3% textile 
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waste, 4% metal waste, 5% glass waste, 10% plastic waste, 17% paper waste, 13% inert 

waste and 46% organic waste (Yang et al., 2024). Research showed on the properties of 

MSW has demonstrated that MSW is a flammable fuel with higher O/C atomic ratio and 

large amounts of carbon (up to 50-60% on dry ash-free basis) (Ephraim et al., 2016). The 

overall energetic potential of MSW globally has been estimated to be 20 billion GJ, which 

is equivalent to 12.6% of the energetic potential of the coal mined worldwide (Ephraim et 

al., 2016). A potential and stable form of waste-to-energy of MSW is refuse-derived fuel 

(RDF) which is typically defined as the separated high-energy fractions of the waste stream 

from MSW, such as household, commercial or industrial process wastes (Samani & 

Eikeland, 2022). Municipal solid waste (MSW) RDF is composed of sorted fractions with 

combustible elements, including waste plastics, paper, cardboard, textiles and wood (Samani 

& Eikeland, 2022). 

Other than MSW, many biomass feedstocks have been explored for gasification, each with 

unique characteristics affecting the gasification process. Lignocellulosic biomass, for 

example softwood, bark, lastly forest residues, are well-studied feedstocks for gasification; 

the H₂/CO ratio of gas produced from softwood gasification is between 0.63 to 0.80 also the 

value of heating ranges between 9.2 to 9.9 MJ/m³ (Mostafavi et al., 2016). Agricultural 

waste, like rice husks, corn stover, straw lastly olive residues, have also been investigated; 

such as, the global rice husk production is around 120 million tons per year with the energy 

generation potential of 10⁹ GJ per year also heating value of 15 MJ/kg ((Medrano-García et 

al., 2025). Biomass contains large amounts of oxygen and a higher H:C ratio than traditional 

fuels such as coal (Gallego et al., 2022). With higher oxygen content in biomass allows 

partial oxidation of carbon with the energy release that allows CO₂ gasification (very 

endothermic) of char (Gallego et al., 2022). The product gas composition varies with the 

elemental composition of the biogenic fuels, where high carbon content results in higher CO 

production and high oxygen content results in higher CO₂ production (Mostafavi et al., 

2016). The torrefied biomass gasification demonstrated similar combustible gas production 

to the same raw biomass as used here at the same operating conditions but slightly higher H₂ 

production and efficiency (Hejazi et al., 2017a). 

There are some key properties of feedstock that affect gasification. The heat and mass 

transfer and the thermal kinetics perspective will be affected by particle size, and the 

gasification of larger particles will be hindered by greater thermal conductivity resistance, 

and more time is needed for the heat transfer and devolatilization (Butterman & Castaldi, 
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2007). Lowering the particle size of the biomass feedstock boosted HHV and efficiency 

(Díaz-Rey et al., 2015). Lower moisture content is also very important because of the syngas 

quality and cold gas efficiency (Mauerhofer et al., 2021), and syngas heating value rapidly 

declines with the increase moisture content (Mauerhofer et al., 2021) Ash content is critical 

for gasifier operation due to potential slagging, fouling and agglomeration, and alkali metals 

presence in biomass ash results in increased CO formation (Mostafavi et al., 2016). Volatile 

matter defines the amount of feedstock converted to gases upon pyrolysis, with fixed carbon 

being the char that is involved in heterogeneous gasification reactions. Economically, a key 

difference between biomass and waste feedstocks is that waste can be obtained for a negative 

cost (up to −30 USD/ton), while the cost of biomass ranges from usually 60-80 USD/ton as 

biomass residual to 120 USD/ton as wood chips (Yildiz et al., 2025). 

2.4  Thermodynamic Methods 

The Peng-Robinson (PR) equation of state, published in 1976, is a popular method for 

calculating thermodynamic properties for gasification and high-pressure processes because 

of its accuracy, efficiency and versatility. The development of cubic equations of state started 

with the van der Waals equation of 1873, which was the first to significantly extend the ideal 

gas law but is the simplest cubic EoS (the least accurate) (Rane et al., 2021). The Redlich-

Kwong (RK) equation of 1949 was a significant advancement, but it is inaccurate for 

estimating liquid properties and vapor-liquid equilibria, and in computational fluid dynamics 

(CFD) studies it showed the largest deviations from reference data (2.2% maximum) - 

making it unsuitable for accurate process simulations (Rane et al., 2021) . The Soave-

Redlich-Kwong (SRK) equation of 1972 incorporated the acentric factor into the 

temperature-dependent attractive force parameter, greatly improving vapor pressure 

predictions and general fluid property calculations compared to earlier equations (Jafari et 

al., 2021; Rane et al., 2021). The PR and SRK equations provide acceptable results for vapor-

liquid equilibrium (VLE) calculations and are frequently adopted in commercial CFD and 

process simulation software (Jafari et al., 2021; Raju, 2016). 

However, the PR equation shows slightly but consistently better results than SRK in liquid 

density calculation and close to the critical point. Additionally, the PR equation accounts for 

intermolecular forces and has higher accuracy of calculation, particularly at the critical 

points of gases and mixtures (Kaszuba et al., 2023) , an essential property when modeling 



 

 

21 

gasification and supercritical processes where the operating conditions often approach or 

surpass critical points. In process simulators like Aspen Plus, the Peng-Robinson equation 

is commonly used property method, often with Boston-Mathias alpha function modification 

(PR-BM), for biomass gasification (Huang & Jin, 2019; Mutlu & Zeng, 2020; Safarian et 

al., 2021). 

2.5  Proximate Analysis and Ultimate Analysis 

The measurements of characteristics of the feedstock materials for gasification are based on 

two main analyses: proximate analysis and ultimate analysis. Proximate analysis determine 

moisture, volatile matter, fixed carbon also ash content in the feedstock on a weight 

percentage basis (Adamu & Hossain, 2018; Sharma & Nath, 2023). The moisture content 

means the amount of water in the feedstock; volatile matter is the combustible portion that 

is released as gases and condensable vapors when heated in the absence of air. Fixed carbon 

is the solid combustible portion left after the volatile matter is removed also ash is the 

inorganic noncombustible portion left after burning (Adamu & Hossain, 2018; Sharma & 

Nath, 2023). Ultimate analysis, by contrast, measures the feedstock elemental composition, 

which is the weight percentages of carbon (C), hydrogen (H), nitrogen (N), oxygen (O), and 

sulfur (S) (Adamu & Hossain, 2018; Sharma & Nath, 2023). These analyses are the key 

inputs for process simulation, in which nonconventional components like MSW are defined 

by proximate and ultimate analyses rather than by chemical formulae (Mauerhofer et al., 

2021; Pankhedkar et al., 2025). The enthalpy and density of feedstock components are 

determined with the DCOALIGT and HCOALGEN models, which estimate these properties 

from the feedstock's proximate and ultimate analyses (Hejazi et al., 2019; Pankhedkar et al., 

2025).   

2.6  Pretreatment of MSW for Gasification 

Gasification is a promising technology to process the municipal solid waste (MSW), but 

pretreatment of MSW is required to ensure stable and successful gasification. Because of  its 

homogeneous nature and the varying particle size distribution, moisture content, and 

contaminant content of MSW, which requires several preparation steps before feeding to the 
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gasifier (González-Vázquez et al., 2018). The Finnish gasification plant in Lahti consumes 

solid recovered fuel (SRF) as its feedstock, with the aim of improving the quality of the 

feedstock of raw MSW (González-Vázquez et al., 2018). Typically, gasification is applied 

for agricultural and forest wastes; however, it can also be used for MSW by drying, inert 

removal and chopping before gasification (Yang et al., 2024). Refuse-derived fuel (RDF) 

produced from MSW is a typical pretreatment method with sorting, size reduction and drying 

to generate a uniform fuel for gasification (Samani & Eikeland, 2022). Municipal solid waste 

(MSW) RDF is made of sorted fractions of combustible materials like wastes plastics, 

cardboard, paper, textiles, and wood (Ephraim et al., 2016a). Certain materials can be 

directly used as fuels because of their characteristics, but other materials need to undergo 

different pretreatment stages with certain technologies to be used (Mostafavi et al., 2016). A 

biorefinery can avoid biomass pretreatment by choosing an alternative process that does not 

require biomass pretreatment or requires limited pretreatment to produce the same product; 

for instance, gasification can be used instead of anaerobic digestion to produce hydrogen 

from lignocellulosic biomass (Medrano-García et al., 2025). 

The key pretreatment process for gasification of MSW are size reduction, drying, and 

sorting/separation of non-combustible constituents. Shredding or grinding/milling is 

essential because of the thermal kinetics, the gasification for large particles requires 

overcoming more resistance to thermal conductivity and requires more time to complete heat 

transfer and devolatilization (Gallego et al., 2022). Conventional gasifiers can accept particle 

sizes between 0.15-51 mm, where for BFB gasifiers particle sizes can be up to 6 mm also 

entrained flow gasifiers can accept particle sizes smaller than 0.15 mm (Hejazi et al., 2017). 

Pre-drying is also important as larger moisture content in the feedstock will affect produced 

syngas quality, and also cold gas efficiency (Butterman & Castaldi, 2007). The energy 

content of syngas rapidly declines with feedstock moisture content (Díaz-Rey et al., 2015). 

As the moisture content is reduced (and the energy content increased), the efficiencies are 

improved (Mauerhofer et al., 2021). Separation of non-combustible materials (glasses, 

metals and inerts) is very important to avoid operational issues and enhance the quality of 

the feedstock. What's more, torrefaction, a mild biomass thermal pretreatment (200-300°C), 

has been found to enhance fuel quality, with torrefied biomass providing slightly better H₂ 

production and efficiency than untreated biomass (Mauerhofer et al., 2021). Biomass 

pretreatment is basically any mechanical processing of the feedstock to clean and resize the 
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biomass and to break the cell structure, as handling and transporting raw biomass is 

inefficient and costly, and densification or pretreatment is used (Yildiz et al., 2025). 

2.7  Aspen Plus as a Process Simulation Tool 

Aspen Plus is a powerful process simulation software program developed by Aspen 

Technology (AspenTech) and is commonly used for process simulation software tools for 

research also in industry (Lampropoulos et al., 2022). The last decade has seen an increased 

number of publications on Aspen Plus modelling of biomass gasification (Lampropoulos et 

al., 2022). The software is a robust tool for process modelling, simulation as well as 

optimization for chemical processes including complex thermochemical conversion 

processes such as gasification. 

2.7.1  Use of Aspen Plus in Gasification Modeling 

Numerous studies have used Aspen Plus to model biomass and MSW gasification. Aspen 

Plus does not have a specific gasifier model; hence, a series of reactors are used to model 

the gasification processes (Díaz-Rey et al., 2015). Typically, these processes consist of 

several steps: First stage is MSW and biomass componentization, which is done by 

determining the yield distribution, and in second stage the gasification reactions are 

simulated by Gibbs free energy minimization method  (Díaz-Rey et al., 2015). 

A comprehensive process model was simulated with Aspen Plus simulator for commercial 

scale bubbling fluidised bed reactor to treat MSW gas (Mauerhofer et al., 2021). The model 

consisted of the components of the Aspen Plus simulator which emulate the three stages of 

the gasification process: devolatilization, partial oxidation and steam reforming (Mauerhofer 

et al., 2021). The restricted equilibrium method can be used to compensate for the 

unbalanced equilibrium of the gasification system (Mauerhofer et al., 2021). 

The model of gasification of municipal solid waste (MSW), high-temperature shift reactor, 

low-temperature shift reactor and hydrogen purification system were constructed using 

Aspen Plus (Lan et al., 2013). Analysis of the performance was performed to check the effect 

of steam and air mix also air as gasification medium (Lan et al., 2013). The findings indicate 
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that air and steam mix mediums operating conditions yield more hydrogen with the peak 

hydrogen production efficiency at 800°C (Lan et al., 2013). 

2.7.2  Main Reactors in Aspen Plus for Gasification 

Aspen Plus provides many reactor models that are commonly used for gasification 

simulation: 

RStoic (Stoichiometric Reactor): RStoic block is used to model the reactor with known 

reaction stoichiometry, suitable for the representation of the drying stage where the reaction 

of moisture is known (Luo et al., 2018; Mauerhofer et al., 2021). 

RYield (Yield Reactor): The RYield block is used to model a reactor for whose the reaction 

stoichiometry and unknown kinetics and it is used to fragment the fuel (nonconventional) 

into the conventional elements (Luo et al., 2018; Rabou et al., 2009). This block is used to 

breaks down the MSW into its elements during pyrolysis stage, based on proximate and 

ultimate analyses. 

RGibbs (Gibbs Reactor): The RGibbs reactor performs calculations on the equilibrium 

composition by minimizing the Gibbs free energy, which is the principal of 

nonstoichiometric thermodynamic equilibrium models (Lampropoulos et al., 2022; 

Mauerhofer et al., 2021). The reactor is commonly used to model the gasification step where 

there are multiple reaction pathways. A steady-state model of biomass gasification in Aspen 

Plus can be created using the Gibbs minimization with restricted equilibrium method (Rabou 

et al., 2009). 

REquil (Equilibrium Reactor): REquil block is used to compute the equilibrium composition 

using stoichiometry of the reaction and it is widely used in water gas shift reactors where 

equilibrium of the reaction is known (Lan et al., 2013). 

2.7.3  Use of Nonconventional Components 

Aspen Plus simulates nonconventional components (such as MSW and ash) that are not 

involved in phase equilibrium calculations and are defined based on their proximate and 

ultimate analyses rather than chemical formulae (Díaz-Rey et al., 2015; Luo et al., 2018). 

The HCOALGEN and DCOALIGT models, which estimate these properties from the 
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proximal and ultimate analyses of the feedstock, are used to calculate the enthalpies and 

densities of nonconventional components, respectively. (Lampropoulos et al., 2022; Luo et 

al., 2018; Rabou et al., 2009). This method allows for accurate energy balances with 

nonuniform feedstocks such as MSW. 

2.7.4  Validation and Sensitivity Analysis 

The credibility of the results obtained from Aspen Plus simulation results with experimental 

data is absolutely required for the accurate prediction. For example, good agreement between 

ASPEN simulations and experimental results has been achieved to see the effects of different 

operating conditions on gasification (Rauch et al., 2024). Sensitivity studies are conducted 

to ensure the model is accurate and to gain insight into the behaviours of significant operating 

variables such as steam-to-carbon ratio, equivalence ratio and temperature also moisture 

content on the composition of the produced gas. (Gradel et al., 2019; Mauerhofer et al., 

2021). 

The Aspen Plus gasification model that has been developed for the gasification of the olive 

kernel in a 2 MWth BFB gasifier can be used for future studies on the gasification of the 

biomass of interest in a MW-scale gasifier, as a baseline because it demonstrated strong 

agreement with experimental data (Mutlu & Zeng, 2020). In order to plan future 

experiments, the effects of the equivalency ratio and residual moisture content of the biomass 

feedstock were also examined. (Mutlu & Zeng, 2020). 

2.7.5  Other Uses of Aspen Plus 

Aspen Plus is used for modelling a broad range of chemical engineering processes. It's 

employed for the design and optimization of chemical processing plants, refineries, power 

generation, and environmental processes. Within the realm of waste-to-energy, Aspen Plus 

has been used for modeling integrated gasification combined cycle (IGCC) systems 

(Thunman et al., 2018), polygeneration processes (Lokare et al., 2024), chemical looping 

combustion systems (Lokare et al., 2024), and biofuel synthesis processes (Galagan et al., 

2011).  
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Simulation Part 

Here on, second part of this thesis starts. Following chapters will discuss about the process 

description and Aspen Plus simulation work.   

3  Process Description 

Figure 1 shows the whole simulation process step by step. The flow sheet was modelled in 

Aspen Plus with the municipal solid waste (MSW) feed rate and ambient temperature (25oC) 

and then it moves through the drying step to eliminate moisture before thermochemical 

reaction. 

 

 

Figure 1: Block Diagram of the Simulated Process 

The MSW stream is then treated in a DRYER (RStoic) to dry off all the moisture, with the 

dry version of the MSW passing through a separator that separates condensate water; 

nonconventional MSW and ash are specified to transport proximate/ultimate properties 

through HCOALGEN and DCOALIGT to compute enthalpy and density reliably in the 

Peng-Robinson model(Gungor & Dincer, 2022; Mutlu & Zeng, 2020; Timsina et al., 2020). 

This dried feed is then send into the pyrolysis/yield stage, that involves a yield reactor 

(RYield) which is instantaneous devolatilization of dried MSW to volatile matter (C/H/O/N) 

and char, which feeds the volatile stream into the next block, gasification; the formation of 

tar is not kinetically described but the yield is represented by the RGibbs equilibrium step, 

which A RGibbs reactor modelled the thermochemical transformation of devolatilized 

products in presence of gasifying agents (air and steam) close to atmospheric pressure during 

the gasification stage; the Gibbs energy minimization is used to determine the product gas 
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composition, considering the carbon, hydrogen, oxygen, and nitrogen balance and using the 

Boudouard, water-gas, oxidation (Gungor & Dincer, 2022; Niu et al., 2013a; Timsina et al., 

2020). Following gasification, a methane reforming step (reformer) heats the gas to a 

temperature of about 900oC to facilitate CO and H2 to further enhance the production of 

hydrogen and reduce downstream catalyst poisoning; a reforming process is incorporated to 

increase the product of hydrogen and adjust the ratio of H2 to CO. Then, two consecutive 

water gas shift (WGS) reactor are simulated as equilibrium Requil blocks to optimize 

hydrogen production and strike a balance between thermodynamics and kinetics; HTWGS 

at 400oC and LTWGS at 200oC (Gungor & Dincer, 2022; Niu et al., 2013a). The WGS units 

effluent gas is then fed to the hydrogen purification block, which is modelled as an ideal 

separator because of constraints of built-in PSA blocks in certain libraries of Aspen Plus, 

where a pressure swing adsorption (PSA) unit concentrates hydrogen to very high purity (up 

to 99.99 wt%), with cooling before the PSA unit to condense residual water and remove The 

flow sheet illustrates heat transfer between the gasifier and the combustion bed through a 

heat stream; pressure drops are neglected and no explicit bed hydrodynamics (velocity of 

fluidization) modelled, which is aligned with an equilibrium-leaning design philosophy that 

puts more emphasis on stream composition and thermodynamic feasibility than detailed 

hydrodynamics (Gungor & Dincer, 2022; Niu et al., 2013a; Timsina et al., 2020). The total 

flow chart employs PengRobinson as the thermodynamic property model of gas-phase and 

phase thermodynamic equilibrium, with nonconventional MSW/ash properties modelled 

using the HCOALGEN/DCOALIGT and feed-specific proximate/ultimate model to ground 

energy balances and density projections of the model. The anticipated products are a 

hydrogen-containing product gas, as well as inert and trace products (CO2, CO, CH4, H2O, 

N2, etc.), the quantity of hydrogen yield (kg H2/h or mol H2/kg MSW), PSA purity and 

recovery, and energy performance parameters (cold gas efficiency and gas heating value), 

which would allow further techno-economic and environmental evaluations. The present 

flow diagram can thereby offer a uniform, reproducible structure to assess MSW-derived 

hydrogen generation in Aspen Plus, and distinct routes to sensitivity analysis of moisture 

content, S/C (steam-to-feed) ratios, operating temperature profiles, and gasification 

atmosphere, and aligns with existing MSW gasification model practices reported in the 

literature (Chaisanguan et al., 2013; Gungor & Dincer, 2022; Timsina et al., 2020)  
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4  Simulation Methodology 

The primary goal of this simulation is to model and increase hydrogen production from the 

gasification of municipal solid waste (MSW) using process simulation software Aspen Plus. 

The simulation encompasses five sequential stages: drying, gasification (including pyrolysis 

and thermochemical reactions), methane reformation, water-gas shift reactions, and lastly 

pressure swing adsorption for hydrogen separation. 

4.1  Component Specification  

The simulation model involves an elaborate assembly of elements to precisely present the 

MSW gasification process. Aspen Plus consider MSW and ash are considered 

nonconventional components because they are not included in the calculation of phase 

equilibrium and are defined by their proximate and ultimate analyses, as opposed to chemical 

formulae (Samani & Eikeland, 2022), (Mostafavi et al., 2016),(Medrano-García et al., 2025). 

The traditional constituents are the major gaseous compounds that should be expected as a 

result of gasification, H2, CO, CO2, CH4, H2O, N2, and O2, and minor impurities, such as 

HCl, H2S, NH3, NO, NO2, SO2, and SO3, that are critical to reflecting the formation of 

pollutants during MSW thermochemical conversion (Gallego et al., 2022), (Hejazi et al., 

2017a). Solid substances such as carbon (graphite) and sulfur are also indicated to indicate 

char and elemental sulfur in the decomposition and gasification processes. 
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Table 2: List of components with their types 

Component ID Type Component name Alias 

MSW Nonconventional   

ASH Nonconventional   

C Solid CARBON-GRAPHITE C 

H2 Conventional HYDROGEN H2 

N2 Conventional NITROGEN N2 

Cl2 Conventional CHLORINE Cl2 

S Solid SULFUR S 

O2 Conventional OXYGEN O2 

H2O Conventional WATER H2O 

CO Conventional CARBON-MONOXIDE CO 

CO2 Conventional CARBON-DIOXIDE CO2 

CH4 Conventional METHANE CH4 

HCl Conventional HYDROGEN-CHLORIDE HCl 

H2S Conventional HYDROGEN-SULFIDE H2S 

NH3 Conventional AMMONIA NH3 

NO2 Conventional NITROGEN-DIOXIDE NO2 

NO Conventional NITRIC-OXIDE NO 

SO2 Conventional SULFUR-DIOXIDE SO2 

SO3 Conventional SULFUR-TRIOXIDE SO3 

Source: (Gallego et al., 2022; Hejazi et al., 2017) 

4.2  Feedstock Characterization 

The starting temperature of MSW is 250 C and the mass flow rate is 1000 kg/h. The feedstock 

is described using proximate and ultimate analyses that are derived from the literature (Rudra 

& Tesfagaber, 2019). Proximate analysis on a dry-basis shows that it contains volatile matter 

of 60.4%, fixed carbon of 28.85% and ash content of 10.75%, as-received basis moisture 

content of 6.33%. based on dry basis, ultimate analysis indicates carbon (40.35%), hydrogen 

(6.77%), nitrogen (0.68%), oxygen (40.80%), and sulfur (0.65%).  
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Table 3: Proximate and Ultimate Analysis of the feedstock 

Properties Unit Value 

Proximate Analysis (Dry Basis) 

Moisture 
(ARB) 

% 
6.33% 

Volatile Matter % 60.4 % 

Fixed Carbon % 28.85% 

Ash % 10.75% 

Ultimate Analysis (Dry Basis) 

Carbon % 40.35% 

Hydrogen % 6.77% 

Nitrogen % 0.68% 

Oxygen % 40.80% 

Sulfur % 0.65% 

 

These compositional features are in line with the general MSW properties described in the 

literature, in which MSW is a well-flammable, high-carbon fuel, with a rather high O/C 

atomic ratio (Sharma & Nath, 2023). The feedstock oxygen content is also especially notable 

because it will encourage the partial oxidation of carbon and affect the gasification reaction 

network (Adamu & Hossain, 2018). It was shown that the product gas compositions changes 

with the elemental composition of feedstock, higher carbon amount in the feedstock 

increases CO formation and higher oxygen content increases the CO₂ contents (Pankhedkar 

et al., 2025). 

4.3  Simulation Assumptions 

This simulation is founded on following core assumptions that are aligned with some of the 

best practices in thermodynamic equilibrium model of gasification processes. The process is 

a steady-state, isothermal reaction under atmospheric pressure (approximately 1 bar), both 

gases are considered as ideal (Ephraim et al., 2016a), (Hejazi et al., 2019), (Treusch et al., 

2019). All unit operations are not considered in terms of pressure drops; heat losses by 

reactors are not taken into account (Ephraim et al., 2016a; Treusch et al., 2019). These are 

common assumptions to thermodynamic equilibrium modelling of gasification since the 

equilibrium method is most effectively applied when the thermodynamic constraints of the 

gasification process are of interest regarding operating conditions and syngas composition 

(González-Vázquez et al., 2018). 
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The rate of biomass devolatilization is supposed to take place immediately in the pyrolizer, 

and H2, CH4, CO, H2O and CO2 are the main volatile byproducts. Reactions of the formation 

of tar are not described, but their components are specified, the RGibbs reactor t approximate 

their yield based on minimization of Gibbs free energy principle. This strategy aligns with 

the quasi-equilibrium framework used in the literature, where the tar formation and higher 

hydrocarbons are not the focus of the thermodynamic model, but can be solved with the 

Gibbs energy minimization framework(Hejazi et al., 2019; Treusch et al., 2019). A heat 

stream models the heat transfer to create the way for bed material between the gasifier 

combustion chamber and the gasification chamber, but fluidization velocity within the 

gasifier is not modeled. 

4.4  Process Flow Sheet 

The process flow sheet (Figure 1) demonstrates the units that are used during the hydrogen 

generation. During the Feed and pre-treatment, Dryer (DRYER/RStoic) is used to remove 

the condensed water followed by a Separator.  

 

Figure 2: Process Flowsheet for Simulation 

Pyrolysis reactor (RYield) is used to decomposes dried MSW into volatile matter and char. 

Mention assumptions about instantaneous devolatilization or defined yields, and how 

volatile species are handled (C/H/O/N balance). RGibbs (equilibrium reactor) define the 

Boudouard reaction, water–gas, methane formation, oxidation, shift, reforming.  In Methane 

reforming stage a reformer is used to specify inlet temperature (e.g., 900°C) and how heat is 
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supplied. In HTWGS and LTWGS Requil or equilibrium blocks is used to specify 

temperatures (e.g., 400°C and 200°C) and purpose (increase H2 yield, adjust H2/CO ratio). 

During the hydrogen purification or PSA off-gas treatment, the Hydrogen is purified by a 

separator block.  

4.5  Process Flow Description 

The overall process flow diagram (PFD) of the MSW-to-hydrogen system integrates five 

sequential stages, each modeled using appropriate Aspen Plus reactor blocks and unit 

operations. The following sections describe each stage in detail. 

 

Figure 3: Overall process flow diagram 

In the following chapters, every five statges will be discussed.   

4.5.1  Drying 

The drying process is the initial phase in the MSW gasification process that is done by an 

RStoic reactor block (DRYER) and a separator. RStoic block is utilized to model a reactor 

with a given reaction stoichiometry, which is suitable to model the drying part where 

moisture conversion is well-defined (Gradel et al., 2019; Hejazi et al., 2017a). Part of the 

moisture in the biomass is turned into water vapor by the reactor and this lowers the moisture 

content in the proximate analysis. 
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Figure 4: Block Diagram of MSW Pre-treatment 

Aspen Plus takes nonconventional components like MSW to have a molecular mass of 1 

g/mol. Using moisture content of 6.33, the number of moles of MSW converted to water is 

0.0555084. The following stoichiometric reaction is used to describe the drying process: 

𝑊𝑒𝑡 𝑀𝑆𝑊 → 𝑜. 555084 𝐻2𝑂 + 𝐷𝑟𝑦 𝑀𝑆𝑊 

The evaporated water of the dried MSW stream is removed by the separator located below 

the dryer. This type of modelling will make sure that all the moisture content is removed out 

of the dryer as indicated in the assumptions of the simulation. Drying is also necessary since 

the moisture content which has a strong impact on the energy balance of this gasification 

process as the evaporation of water uses a lot of thermal energy that could provide the 

gasification reactions (Rasi et al., 2018). It has been shown that the moisture content control 

the heating value of syngas, decreasing sharply with moisture content (Yang et al., 2024). 

4.5.2  Gasification 

The gasification step, after the drying stage, is the heart of the MSW-to-hydrogen conversion 

process and is simulated by a yield reactor (RYield) to perform the pyrolysis and a Gibbs 

reactor (RGibbs) to perform the gasification. In Aspen Plus modelling, this two-step model 

is commonly used in of biomass and MSW gasification (González-Vázquez et al., 2018; 

Medrano-García et al., 2025; Mostafavi et al., 2016; Yang et al., 2024). 

Pyrolysis is modelled with the help of a yield reactor (RYield) in which broken down the 

dried MSW feed into volatile matter and char. The RYield block, modelling a reactor in case 

of the unknown reaction stoichiometry and kinetics, is primarily used to break the fuel 
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(nonconventional) down into conventional elements (Mostafavi et al., 2016). The volatile 

matter consists of C, H, O, and N whereas the char is turned to ash and carbon according to 

the feedstock proximate and ultimate analyses. This step of decomposition is required due 

to the fact that in the models of equilibrium or kinetic reactors, Aspen Plus cannot directly 

represent the nonconventional components (González-Vázquez et al., 2018; Yang et al., 

2024). 

 

Figure 5:Gasification diagram of Dry MSW 

This is then followed by an RGibbs reactor to simulate the gasification stage, where the 

broken down feed and gasifying agents (air and steam) flow into the reactor. By the Gibbs 

free energy nonstoichiometric thermodynamic equilibrium calculate the equilibrium 

composition, which is the fundamental principle of the models (Butterman & Castaldi, 2007; 

González-Vázquez et al., 2018; Kwon et al., 2013). To determine the composition of the 

product in thermodynamic equilibrium conditions, Gibbs free energy minimization can be 

used. When the total Gibbs free energy has a minimum possible value, any system can be at 

its thermodynamic equilibrium (Pathak et al., 2023).  
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4.5.3  Methane Reformation 

The third phase deals with the processing of the methane contained in the syngas into further 

hydrogen through the steam methane reforming (SMR). This is an essential step towards 

maximizing hydrogen yield and avoiding catalyst poisoning of downstream processes. The 

gas coming out of the gasifier is heated to 900°C and then passed to the reformer where the 

following endothermic reaction occurs: 

 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 ΔHr = +206 MJ/kmol 

 

Figure 6: Block diagram of Methane Reformation. 

At high temperatures, the steam reforming reaction is favoured and is an important pathway 

to producing hydrogen from methane produced in the pyrolysis and gasification processes. 

(Bashir et al., 2025; Faaij, 2006). Methane steam reforming has been found to have one of 

the higher reaction rates in the gasification system. (“06/01844 Bio-Energy in Europe: 

Changing Technology Choices,” 2006). Its high operating temperature of 900°C guarantees 

thermodynamically favourable conditions of nearly complete methane conversion since the 

balance of this endothermic reaction is shifted towards product formation at higher 

temperatures. 

4.5.4  Water Gas Shift Reaction 

The fourth step uses two water gas shift (WGS) reactors to turn carbon monoxide into more 

hydrogen. The WGS reaction is given as: 

 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 ΔHr = -41 MJ/kmol 

Because of the exothermicity of such a reaction, two consecutive reactors are used to 

maximize the conversion (Ephraim et al., 2016a; Rauch et al., 2024). 
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Figure 7: Block diagram of Water Gas Shift Reaction 

High-Temperature WGS (HTWGS): This method works at 400°C and has high reaction 

kinetics but low equilibrium conversion because the thermodynamic limits of the exothermic 

reaction at high temperatures. 

Low-Temperature WGS (LTWGS): Runs at 200°C, with a better CO conversion once the 

temperature is lower, thermodynamically preferring the forward reaction and shifting the 

equilibrium to production of hydrogen. 

The two reactors have been modeled in Aspen Plus, where the equilibrium composition is 

computed from Requil (equilibrium reactor) blocks, assuming the reaction stoichiometry and 

operating conditions. Two-stage WGS is a long-standing industrial practice that 

compromises between kinetic and thermodynamic factors (Ephraim et al., 2016a; Rauch et 

al., 2024). The process of WGS reaction is important in the manipulation of the H2/CO ratio 

and the maximization of hydrogen production out of the syngas (Akyürek et al., 2019; 

Pankhedkar et al., 2025). 

4.5.5  Pressure Swing Adsorption 

The last phase uses pressure swing adsorption (PSA), technology to isolate hydrogen in the 

mixture of gases according to their molecular adsorption properties. The gases that come out 

of the WGS reactor are CO, CO2, H2 and leftover gases. It is initially cooled down to 30oC 

to condense any remaining steam and then enters the PSA unit. 
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Figure 8: Hydrogen Purification Diagram 

PSA technology removes impurities selectively with the help of adsorbents, like zeolites, to 

generate hydrogen with a purity of up to 99.99 wt% (Lourinho et al., 2023). The dynamics 

of adsorption beds of porous particles like zeolites or activated carbon used in PSA processes 

are crucial in the process of controlling and estimating the purification of hydrogen 

(Lourinho et al., 2023). And Aspen Plus does not have andy standard PSA block, so the unit 

is modelled as a separator component that has a hypothetical hydrogen recovery efficiency 

of 99.99 percent at 60 oC. This method of modelling is in line with the literature where PSA 

units in the gasification models are generally modelled by separator blocks with defined 

recovery efficiencies (Ephraim et al., 2016a; Rauch et al., 2024). 

4.6  Few Critical Process Approach and Input 

The MSW gasification process was simulated with a constant feed stream to provide a 

baseline for parametric studies. MSW feed stream is fed to the process at 25°C and 1 bar 

with a flow rate of 1000 kg/h, and is 100% MSW with a proximate and ultimate analysis as 

defined in simulation methodology section. This means that the MSW feed was kept constant 

in this study, and the change in hydrogen yield and emissions is primarily caused by the 

change in steam, air, and gasification temperature, rather than the change in feed rate. This 

is in line with the common practice of Aspen Plus model for gasifying MSW where the feed 

rate is kept constant while other parameters are varied (Alouani et al., 2022; Khan & 

Chowdhury, 2021; Niu et al., 2013a). 
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4.6.1  Calculator Block for Steam-to-MSW Ratio (SMR) 

A calculator block calculates the steam requirement in Aspen Plus was and adjust the HP-

STEAM mass flow according to the selected steam-to-MSW ratio (SMR) based on the MSW 

feed rate, so the steam mass flow changes during the sensitivity analysis. The SMR is defined 

as: 

𝑆𝑀𝑅 =
𝑆𝑡𝑒𝑎𝑚 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝑀𝑆𝑊 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 

(1) 

The base-case SMR was 0.5. For a given MSW feed rate which is 1000 kg/h, this equated to 

500 kg/h of steam. This value was changed to analyse its impact on H₂ yield, syngas 

composition, H₂ production efficiency and CO₂ emissions. HP-STEAM stream is introduced 

at 300°C and 1 bar pressure, and is pure H₂O. It has been shown in literature that steam 

injection helps to increase in H₂/CO ratio, gasification efficiency and also with an optimal 

steam to MSW ratio (RSM) of 0.5 to 1.0, depending on the amount of O₂ in the gasifying 

agent (Niu et al., 2013a). Likewise, the steam-to-MSW (RSM) ratio that maximises 

hydrogen yield has been reported to be 0.7-0.8 (Alouani et al., 2022). 

4.6.2  Calculator Block for Equivalence Ratio (λ) 

The equivalence ratio (λ) is an important parameter for MSW gasification that quantifies the 

ratio of actual air supply to the stoichiometric air requirement. It is defined as: 

λ =
𝐴𝑐𝑡𝑢𝑎𝑙 𝐴𝑖𝑟 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝐴𝑖𝑟 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 

(2) 

For gasification a λ of 0.2 – 0.4 is a good range to ensure that gasification occurs, below that 

then gasification is dominated by pyrolysis and above it is dominated by combustion. Initial 

ratio was kept as 0.2 to estimate the air flow rate. 

4.6.3  Calculator Block for Stoichiometric Air Calculation 

The air requirement for complete combustion of the MSW has to be determined prior to 

calculating the equivalence ratio. A separate calculator block (STOI-AIR) was programmed 

to calculate the oxygen and air demand for the MSW if it was used for ultimate analysis. The 
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oxygen requirement for a particular reaction, determined according to the precise, 

chemically balanced equation for the reaction, is called the: 

𝑉𝑂2
= 2.667𝐶 + 8𝐻 + 𝑆 − 𝑂 (𝑘𝑔 𝑜𝑓 𝑂2/𝑘𝑔 𝑜𝑓 𝑓𝑢𝑒𝑙) 

𝑉𝑎𝑖𝑟 =
𝑉𝑂2

0.2314
(𝑘𝑔 𝑜𝑓𝑎𝑖𝑟/𝑘𝑔 𝑜𝑓 𝑓𝑢𝑒𝑙) 

𝑉̇𝑎𝑖𝑟 = 𝑉𝑎𝑖𝑟 × 𝑚̇𝑀𝑆𝑊(𝑘𝑔/ℎ𝑟) 

 

(3) 

C, H, S and O are mass fractions of C, H, S and O in the MSW (dry basis), respectively. The 

coefficients are the oxygen consumption needed for complete combustion of each element 

in the fuel, namely 2.667 kg O₂ per kg C, 8 kg O₂ per kg H and 1 kg O₂ per kg S; oxygen 

that is not consumed in the combustion reaction (reduction) will be subtracted from the 

above value. 

4.6.4  Base-Case Operating Conditions 

In the base case, both SMR and AMR are equal to 0.5. This provides a clear reference point 

for comparison with the maximized-output case. The sensitivity analysis then shows whether 

increasing or decreasing each ratio is beneficial for hydrogen production. Table 4 

summarizes the base-case input conditions. 

Table 4: Base-case input stream conditions 

Stream 
Temperature 

(°C) 
Pressure (bar) Mass Flow (kg/h) Composition 

MSW-FEED 25 1 1000 100% MSW 

HP-STEAM 300 1 500 100% H₂O 

AIR 25 1 1051.2 71% N₂, 29% O₂ 

 

4.6.5  Hydrogen Production Efficiency 

Hydrogen production efficiency was used as a simple performance indicator to compare the 

cases. It connects the energy value of the hydrogen produced with the energy value of the 

waste material fed: 
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𝐻𝐸𝐹𝐹 =
𝑚𝐻2

× 𝐿𝐻𝑉𝐻2

𝑚𝑀𝑆𝑊 × 𝐻𝐻𝑉𝑀𝑆𝑊
× 100 

(4) 

The HHV of hydrogen was taken as 120.1 MJ/kg. The HHV of the MSW feed was estimated 

in Aspen Plus as 18.27 MJ/kg. 

𝐻𝐻𝑉𝑓𝑢𝑒𝑙 (
𝑀𝐽

𝑘𝑔⁄ ) = 0.312 × (𝐹𝐶) + 0.1534 × (𝑉𝑀) (5) 

A calculator block was added in Aspen Plus so that hydrogen production efficiency could 

be recalculated automatically during the sensitivity analysis. 

5  Results and Sensitivity Analysis  

This chapter will discuss about the Base-Case Performance, Sensitivity Analysis and its 

operating condition and Maximized-Output Case Results. Lastly it will show the comparison 

of base case and maximized output case. 

5.1  Base-Case Results 

The base case used 1000 kg/h of MSW, 500 kg/h steam, and 1051.2 kg/h air. The main 

process products are listed table 4. The composition of gas stream changes in the process 

because gasifier, reforming, shift conversion and cooling steps alter the composition of H₂, 

CO, CO₂ and H₂O. For the base-case process conditions, the process produced 101.81 kg/h 

pure hydrogen and 1351.6 kg/h CO₂. The hydrogen production efficiency calculated was 

66.94%. 

5.1.1  Evolution of Gas Composition along with the Process 

The composition of the gases in the process stages provides a glimpse of the contribution of 

each stage to the improvement of hydrogen production. The composition of the major gas 

species for each process stage is given in table 5. 
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Table 5: Gas composition evolution through process stages (base case mol%) 

Component  
SYN-GAS 

(1405.5°C)  

REF-GAS 

(900°C)  

GAS-1 

(400°C)  

GAS-2 

(200°C)  

HYDROGEN 

(60°C)  

H₂  23.66  23.66  38.16  42.97  100.00  

CO  19.96  19.96  5.45  0.65  0.00  

CO₂  6.81  6.81  21.31  26.12  0.00  

H₂O  26.55  26.55  12.05  7.24  0.00  

CH₄  0.00  0.00  0.00  0.00  0.00  

N₂  22.86  22.86  22.86  22.86  0.00  

H₂S  0.16  0.16  0.16  0.16  0.00 

 

Gasifier outlet (SYN-GAS): The syngas leaving the gasifier at 1405.5°C contained 23.66 

mol% H₂, 19.96 mol% CO, 6.81 mol% CO₂, 26.55 mol% H₂O, and 0.00 mol% CH₄. The 

reason for not seeing CH₄ is the Gibbs free energy minimization approach in the RGibbs 

reactor, which thermodynamically predicts almost complete decomposition of methane at 

high temperatures. Experimental gasifiers with a fluidized bed are known to provide lower 

CH₄ yields (2–10 vol%) (Shafiq et al., 2021; Rahma et al., 2020), which is a known limitation 

of the equilibrium model. The nitrogen content (22.86 mol %) is indeed high, and this is a 

well-known drawback of air-blown gasification (Rauch et al., 2024; Campos et al., 2023; 

Maitlo et al., 2022). This dilution lowers the heating value of the syngas and puts additional 

strain on separation equipment that comes after the syngas production stage (Rauch et al., 

2024; Maitlo et al., 2022). 

REF-GAS: The composition of the syngas did not change after reforming at 900℃. H₂ was 

seen at 23.66 mol % and CH₄ at 0.00 mol %. There was no CH₄ in the gasifier outlet which 

made the steam methane reforming reaction without any substrate to be converted. This is 

caused by Gibbs free energy minimization approach used in the RGibbs reactor, which 

indicates close to 100% methane decomposition at high gasifier temperature of 1405.5°C 

(Niu et al., 2013) . Real-world experience with experimental gasifiers in the form of fluidized 

beds shows that the CH₄ content in the gas is usually between 2 and 10 vol% (Niu et al., 

2013; ). This residual methane would become more important to be reformed. Mosayebi and 

Nasabi (2020) have revealed that higher temperature is beneficial for higher methane 

conversion of steam methane reforming process, and the process is highly endothermic in 

nature. There was no change in the composition as a result of the reforming process and the 

CO concentration was 19.96 mol%. 



 

 

42 

High temperature WGS outlet (GAS-1): The HTWGS reactor at 400°C resulted in a major 

change in product gas composition. The H₂ content increased substantially from 23.66 to 

38.16 mol%, while CO decreased from 26.55 to 12.05 mol% and CO₂ increased from 6.81 

to 21.31 mol%. Concurrently, H₂O levels fell from 26.55 to 12.05 mol%. These variations 

are in line with the water gas shift reaction converting carbon monoxide and water into CO2 

and hydrogen (Alouani et al., 2022; Niu et al., 2013a; Rudra & Tesfagaber, 2019). The 

HTWGS process converted about 47.6% of the inlet CO, showing the high-temperature shift 

process was effective in converting a large amount of CO quickly. 

Low-temperature WGS outlet (GAS-2): The LTWGS reactor at 200°C further raised the H₂ 

content from 38.16 to 42.97 mol%, and reduced CO from 5.45 to 0.65 mol%. The CO₂ 

content increased from 21.31 to 26.12 mol%, and H₂O decreased from 12.05 to 7.24 mol%. 

The decrease in operating temperature shifts the WGS reaction equilibrium towards the 

product side, allowing for a higher CO conversion (Alouani et al., 2022; Rudra & 

Tesfagaber, 2019). The WGS system with two stages successfully converted 96.7% of the 

total CO from the reformer, showing the improvement in hydrogen production using a two-

stage WGS system. 

 

PSA product (HYDROGEN): The product hydrogen stream is obtained from the PSA unit 

at 60°C with 100 mol% purity and 101.81 kg/h mass flow rate. This PSA unit successfully 

separated all contaminants such as CO₂, CO, N₂, H₂O, and H₂S, and yielded a high-quality 

hydrogen stream that can be used for fuel cell generation and synthesis of chemicals. 

5.1.2  Base-Case Performance Summary 

The base case hydrogen production efficiency of 66.94% illustrates that a significant 

proportion of the energy in the MSW feed is being converted into hydrogen. This is a good 

initial guess for optimization. From literature, the optimum gasification temperature to 

maximize hydrogen production efficiency was reported to be around 800°C, while the 

optimum steam-to-MSW ratio for achieving high hydrogen concentration was 0.7–0.8 

(Shafiq et al., 2021). The optimum steam-to-feedstock ratio to extract high concentration of 

hydrogen at 680°C was 0.7–0.8 (Shafiq et al., 2021). The highest H₂ composition of 56.67% 

in gasification process was reported by Rahma et al. (2020) and Rauch et al. (2024) reported 

a hydrogen productivity of 15–300 g H₂/kg of feedstock, depending on the gasification 
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process configuration. The base-case results thus show a good potential for improvement by 

parametric optimization. 

5.2  Sensitivity Analysis 

A detailed sensitivity analysis of the three important operating parameters such as the ratio 

of steam-to-MSW (SMR), air-to-MSW (AMR) and gasification temperature on the syngas 

composition, hydrogen yield and CO₂ emissions was conducted. 

5.2.1  Impact of Temperature on Syngas Composition 

The influence of gasification temperature (400-900°C) on the syngas mole fraction of the 

major components (CH₄, CO, CO₂ and H₂) was studied. The results are presented in Figure 

9. 

 

Figure 9: Syngas composition at different gasification temperature. 

At lower temperatures (400-600°C), the hydrogen concentration is still high (29-30 mol%) 

and the carbon monoxide concentration is low (10-13 mol%). In this range the important 

species is carbon dioxide at around 15 mol% and methane is only present in traces. The 

amount of CH₄ rapidly reduces to near zero with increasing temperature from 600 to 900°C 
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which means the thermal cracking and reforming increase. CO is steadily increasing to about 

22–23 mol% while CO₂ is significantly reduced, as it is converted by the Boudouard reaction 

and by reforming reactions (Chojnacki et al., 2020; Freda et al., 2020; Samad & Saleh, 2025). 

The initial decrease in this range is observed for H₂, followed by a fairly constant level of 

approximately 21–22 mol%. 

For temperatures above ~1000°C, a significant change takes place, with production of H₂ 

accelerating to >40 mol% at 1200-1400°C. This significant increase at very high temperature 

is due to an increase of the water gas reaction  and thermal dissociation of steam which has 

become more favorable at very high temperatures (Sesotyo et al., 2021; Samad & Saleh, 

2025). CO does not change appreciably, leveling off at about 22-23 mol%, and then slightly 

decreasing at the highest temperatures. The CO₂ approaches the value of zero, signifying 

that the conversion is close to complete due to the Boudouard reaction, (Chojnacki et al., 

2020; Freda et al., 2020; Ahmad et al. 2023; Samad & Saleh, 2025). 

5.2.2  Influence of Steam-to-MSW Ratio on Syngas 

The impact of SMR on syngas composition was tested by changing the steam-to-MSW ratio 

at a constant gasification temperature and air flow. The results are presented in Figure 10. 

 

Figure 10:Effect of steam-to-MSW ratio on syngas composition. 

Clear trends are also seen in the composition of the syngas for increasing steam-to-MSW 

ratio. At higher steam levels, the hydrogen (H₂) concentration decreases from ~24–25 mol% 
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to ~19–20 mol%, indicating possible dilution effects and thermodynamic limitations. Carbon 

monoxide (CO) content decreases markedly from about 29 mol% to 6 mol% which suggests 

an improvement of water gas shift reaction to convert CO to CO₂ and H₂. The rising trend of 

CO₂ from 4 mol% to 9 – 10 mol% is an indication of CO oxidation through steam. The 

amount of methane, CH₄, is negligible throughout the spectrum, which shows that methane 

was completely cracked under the assumed equil. condition. 

It is important to note that the mole percentage of H₂ gradually decreases with high SMR 

values does not necessarily mean that total H₂ production decreases, because there is a 

corresponding change in the total gas flow and steam conversion with increasing steam 

input. A high amount of steam flow will dilute the product gas and can decrease the 

gasification temperature which is not desirable for gasification conversion (Shafiq et al., 

2021; Maitlo et al., 2022). The steam to coal ratio that gives the maximum H₂ production 

depends on other gasification agents as it is mentioned by Samad and Saleh Samad & Saleh 

(2025) that steam is the best gasification agent for the maximum production of H₂ among 

other gasification agents. More recently, Rahma et al. (2020) showed that increasing 

steam/MSW ratio leads to higher production of H₂, but causes dilution of lower heating value 

(LHV) of the syngas. The same findings were noted by Inayat et al. (2016) on palm waste 

gasification, which found that the steam-to-biomass (S/B) ratio had an effect on the heating 

value and composition of the product gas. 

In literature, it is demonstrated that an increase in the steam-to-MSW ratio from 58 to 74.9 

vol% of hydrogen with the highest value of 79.8 vol% at steam-to-feedstock ratio of 1.3 at 

680°C reported that the optimum RSM is between 0.7 and 0.8 (Alouani et al., 2022; Shafiq 

et al., 2021). These values agree with the values from the present simulation. 

5.2.3  Equivalence Ratio on Syngas composition 

The impact of equivalence ratio on syngas composition was studied by changing the 

equivalence ratio but keeping the gasification temperature and steam flow constant. The 

results are shown in Figure 11. 



 

 

46 

 

Figure 11: Effect of air-to-MSW ratio on syngas composition. 

The equivalence ratio may significantly affect the quality of syngas and the extent of 

oxidation. Hydrogen (H₂) is strongly oxidized from about 35 mol% at low λ (0.1) to about 

3-5 mol% at high λ (0.6). The concentration of CO reduces from about 22 mol% to 6 mol%. 

The carbon dioxide (CO₂) content goes up from 7 mol% to 12 mol% with increasing 

equivalence ratio, which means that oxidation is more complete at higher equivalence ratios. 

The concentration of methane (CH₄) is not significant over the whole range. 

These results clearly illustrate a change in the composition of syngas toward more oxidized 

species (CO₂) with increasing equivalence ratio and a significant decrease in hydrogen 

production. This is because further combustion processes can occur that generate CO₂ and 

use combustible gas components (Rauch et al., 2024; Amin et al., 2025; Maitlo et al., 2022; 

Rahma et al., 2020). A rise in air flow leads to a rise in N₂ content which in turn dilutes other 

gases (Rauch et al., 2024; Maitlo et al., 2022). This can be seen as the dramatic drop of H₂ 

from 35 mol% to 3–5 mol% throughout the ER range, which highlights the key importance 

of operating at sub-stoichiometric conditions when producing hydrogen rich syngas. 
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5.2.4  Sensitivity on the Steam-to-MSW Ratio of Hydrogen Production Efficiency 

and CO₂ Emissions 

The second sensitivity analysis was done to observe the impact of process variables on the 

hydrogen production efficiency and CO₂ emissions. The outcomes for the variation of the 

SMR are shown in Figure 12. 

 

Figure 12: Effect of steam-to-MSW ratio on hydrogen production efficiency and CO₂ emissions. 

The efficiency for hydrogen production improves significantly with increasing SMR around 

48% at SMR = 0.1, and stabilizes at around 80% at SMR = 0.6 to 0.8, before decreasing at 

higher values. CO₂ emissions rise very quickly with low steam levels up to SMR of ~0.8 and 

then level off. 

The increase in efficiency of hydrogen at low SMR is attributed to the increase in water gas 

reaction and WGS reaction yielding hydrogen (Alouani et al., 2022; Niu et al., 2013a) . The 

leveling off at high SMR values suggests the system is nearing thermodynamic equilibrium 

and further steam addition makes little difference. The simultaneous rise in CO₂ emissions 

is due to the WGS reaction's stoichiometry, which yields one mole of CO₂ for each mole of 

CO that forms H₂ (Alouani et al., 2022; Rudra & Tesfagaber, 2019). Hence, higher SMRs 

are not necessarily superior; they lead to more CO₂ produced and could require more external 

energy to produce the steam. 
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5.2.5  Impact of Equivalence Ratio on Hydrogen Efficiency and CO₂ Emissions 

Effect of Equivalence Ratio on hydrogen production and CO₂ emissions is shown in Figure 

13. 

 

Figure 13: Effect of air-to-MSW ratio on hydrogen production efficiency and CO2 emissions. 

The efficiency of the hydrogen production drops nearly linearly from around 75% to around 

20% when going from λ = 0.1 to λ = 0.6. Emissions of CO₂ rise steadily over that range with 

values around 1220 to 1380 kg/h. 

 

The strong negative correlation is due to the fact that combustion reactions with higher 

oxygen availability consume H₂ and CO precursors and the N₂ dilution reduces the hydrogen 

concentration (Rauch et al., 2024; Amin et al., 2025; Rahma et al., 2020)). Amin et al. (2025) 

demonstrated that optimum ER (0.30) for MSW gasification affects the quality of syngas. A 

steady rise in CO₂ concentration can be attributed to improved partial and complete 

combustion of carbon species (Amin et al., 2025; Bashir et al., 2025). However, the ER can 

not be reduced to an infinite level as endothermic gasification reactions require heat from 

exothermic oxidation reactions (Rauch et al., 2024; Shafiq et al., 2021; Maitlo et al., 2022). 

Optimal range of ER is thus 0.2-0.35, which should be adopted for hydrogen-maximized 

operation (Amin et al., 2025; Rahma et al., 2020). 
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5.2.6  The effect of gasification temperature on efficiency and CO₂ emissions in 

hydrogen production process 

The impact of gasification temperature variation upon production efficiency and CO₂ 

emissions is presented in Figure 14. 

 

Figure 14: Effect of gasification temperature on hydrogen production efficiency and CO2 emissions. 

The efficiency of hydrogen production is almost constant at 66–68% up to 900°C and then 

rapidly rises to 78% around 1100–1200°C and remains stable. The CO₂ emitted is still high 

at temperatures below 1350-1400°C, but decreases drastically above 1200°C, reaching 

nearly the zero level above. 

The stability of the values at temperatures below 900°C shows near-equilibrium condition 

of the primary gasification reactions at moderate temperature conditions (Shafiq et al., 2021; 

Rahma et al., 2020). The steep rise above 900°C is attributed to the more significant activity 

of the water gas reaction and the Boudouard reaction, which are responsible for additional 

CO production for further WGS to produce H₂ (Chojnacki et al., 2020; , Freda et al., 2020; 

Samad & Saleh, 2025). This trend has been verified by Chojnacki et al. (2020) who achieved 

the highest hydrogen percentage, at elevated temperatures, of 43.3%. 

In particular, the dramatic decrease in CO₂ above 1000°C is important. The Boudouard 

reaction is one of the reactions that consume CO₂ within the gasifier, thus avoiding its 

emission from the gasifier (Zheng et al., 2018; Freda et al., 2020). Zheng et al. (2018) 

achieved the highest reported CO₂ conversion efficiency of 56.27% at 1000°C. The high 
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degree of CO₂ removal at the higher temperatures indicates that the Boudouard equilibrium 

is very sensitive to the formation of CO (Zheng et al., 2018; Freda et al., 2020). 

5.3  Selected Operating Parameters 

Through the sensitivity analysis, it was identified the following optimized operating 

conditions with high hydrogen yield and reasonable operating conditions: 

Table 6: Selected optimized operating parameters 

Parameter Base Case Optimized Value Rationale 

ER 0.2 0.2 

Maintains gasification 

conditions; avoids 

excessive combustion 

SMR 0.5 0.7 
Supports reforming and 

WGS reactions 

Gasification 

Temperature 
750°C 100°C 

Sufficient for H₂ 

maximization; avoids 

excessive heat demand 

 

The best conditions are a compromise between a number of criteria. The ER of 0.2 is 

maintained so as to prevent excessive oxidation losses, consistent with the observation that 

the optimum ER for MSW gasification is around 0.2 – 0.35 (Amin et al. 2025; Rahma et al. 

2020). A higher SMR of 0.7 can be used to get better reforming and shift reactions, as 

mentioned in literature (0.7-0.8) (Shafiq et al., 2021) . A gasification temperature of 1000°C 

was chosen as the optimum temperature with the sensitivity study indicating that increased 

hydrogen yield was still possible at higher temperatures. The sensitivity analysis showed 

that the highest gains can be achieved at 700°C, however, 1000°C is chosen to further drive 

the system towards the complete carbon conversion and highest quality of syngas (Campos 

et al., 2023; Zheng et al., 2018). 

5.4  Maximized-Output Case Results 

The optimized case (ER = 0.2, SMR = 0.7 and gasification temperature = 1000°C) was run 

to produce the maximum output. The gas composition throughout the process is shown in 

Table 7. 
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Table 7:Gas composition evolution through process stages (maximized-output case, mol%) 

Component 
GASPHASE 

(3083°C)  

SYN-GAS 

(900°C) 

GAS-1 

(400°C) 

GAS-2 

(200°C) 

HYDROGEN 

(60°C) 

H₂  24.40  24.40  40.20  44.51  100.00  

CO  20.62  20.62  4.82  0.51  0.00  

CO₂  3.07  3.07  18.87  23.18  0.00  

H₂O  28.53  28.53  12.73  8.43  0.00  

CH₄  0.00  0.00  0.00  0.00  0.00  

N₂  19.58  19.58  19.58  19.58  0.00  

O₂  2.35  2.35  2.35  2.35  0.00  

NO  1.30  1.30  1.30  1.30  0.00  

SO₂  0.14  0.14  0.14  0.14  0.00  

H₂S  0.00  0.00  0.00  0.00  0.00 

 

Optimized case yielded 119.16 kg/h of pure hydrogen, hydrogen production efficiency of 

78.35% and CO₂ emissions of 1355.3 kg/h. 

Higher gasification temperature setting got the gasifier outlet (GASPHASE) to 3083°C. The 

syngas consisted of 24.40 mol% H₂, 20.62 mol% CO and only 3.07 mol% CO₂ – 

significantly less than the base case 6.81 mol% CO₂. This CO₂ reduction is attributed to the 

enhanced Boudouard reaction at very high temperatures which consumes CO₂ to produce 

CO (Niu et al., 2013; Santos & Hanak, 2022). Santos & Hanak (2022) have confirmed that 

the Boudouard reaction is one of the most influential reactions in the MSW gasification 

process with CO₂ conversion efficiency of 56.27% at 1000°C. The slightly higher CO 

content (20.62% vs. 19.96 mol%) means that there is more feedstock available for 

downstream WGS conversion to hydrogen. 

This reduction in the N₂ content from 22.86 mol% to 19.58 mol% was caused by the dilution 

of the original gas by the additional steam flow (700 kg/h compared to 500 kg/h), which 

resulted in a larger gas volume. Interestingly, the optimized case has O₂ (2.35 mol%), NO 

(1.30 mol%) and SO₂ (0.14 mol%) present that are not present in the base case. The NO 

formation at the extreme gasifier temperature (3083°C) is in good agreement with thermal 

NOx formation mechanisms become important at temperatures above 1500°C (Niu et al., 

2013). The presence of the residual O₂ results from partial dissociation of combustion 

products at the extreme temperatures, while the conversion of H₂S (0.16 mol% in base case) 

to SO₂ (0.14 mol%) indicates preferential sulfur oxidation at the higher temperatures. 
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The HTWGS reactor (400°C) achieved a 20.62 to 4.82 mol% reduction in CO (76.6% CO 

conversion) with a corresponding increase in H₂ of 24.40 mol% to 40.20 mol%. H₂ was 

further increased to 44.51 mol% and CO was reduced to 0.51 mol% in the LTWGS reactor 

(200°C). The total CO conversion for both the WGS stages was around 97.5%, which is 

higher than the base case of 96.7%. This improvement in conversion is due to the increase 

in the content of H₂O of the product stream, which has been attributed to the higher steam 

flow rate (28.53 mol %), which shifts the WGS equilibrium toward the production of 

hydrogen (Shafiq et al., 2021; . Rahma et al., 2020; Rudra & Tesfagaber, 2019). The increase 

in H₂ and CO₂ with steam flow rate is attributed to the conversion of CO in WGS and CH₄ 

in steam methane reforming (SMR) (Rudra & Tesfagaber, 2019). 

5.5  Comparison of Base Case and Maximized-Output Case 

Table 7 shows the major results for the base case and maximized-output case. The proposed 

case has higher hydrogen output and improved hydrogen production efficiency, but at the 

expense of higher steam flow and higher CO₂ emissions. So, the case is hydrogen-

maximized, rather than CO₂-minimized. 
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Table 8: Comparison of base case and maximized-output case 

Parameter Base Case Maximized-Output 

Case 

Change / 

Interpretation 

MSW flow 1000 kg/hr 1000 kg/hr MSW feed was kept 

constant for fair 

comparison. 

H₂ production 101.81 kg/hr 119.16 kg/hr Increased by 17.35 

kg/hr (+17.0%) 

H₂ production efficiency 66.94% 78.35% Increased by 11.41% 

CO₂ emissions 1351.6 kg/hr 1355.3 kg/hr Increased by 3.7 kg/hr 

(0.27%) 

Steam flow 500 kg/hr 700 kg/hr Increased by 200 kg/hr 

(+40%) 

Equivalence ratio (ER) 0.2 0.2 Kept constant to 

maintain gasification 

conditions 

Syngas CO₂ 6.81 mol% 3.07 mol% Decreased by 3.74 

mol% points 

Syngas CO 19.96 mol% 20.62 mol% Slight increase (+0.66 

mol% points) 

Syngas H₂ 23.66 mol% 24.40 mol% Increased by 0.74 mol% 

points 

 

The maximized-output case is better than the base case in terms of hydrogen production. The 

production of hydrogen was raised from 101.81kg/hr to 119.16kg/hr and the efficiency of 

hydrogen production went up from 66.94% to 78.35%. 

This improvement is mainly the result of the increased steam flow, which improves 

important reactions like steam reforming and the water–gas shift reaction, which results in 

an increased amount of hydrogen produced. This extra steam also helps in cracking the tar 

and enhances the whole conversion of hydrocarbons to lighter gases, increasing the yield of 

hydrogen. 

This is while the equivalence ratio (ER) is maintained the same so that partial oxidation 

condition stays constant. This is useful to keep the thermal balance in the gasifier and to 

prevent excessive combustion losses which would diminish hydrogen production. 

The reduction of syngas after treating CO₂ concentration, while the total CO₂ emissions are 

almost constant, can be attributed to dilution and redistribution effects within the syngas 
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composition, and to better conversion of the carbon species via reforming routes. The small 

rise in CO indicates that the system is being driven towards equilibrium between the 

Reforming and the Shift reactions under the new conditions. 

Importantly, the additional CO₂ emissions are small (only 0.27%), which means that the 

production of the extra hydrogen has a negligible carbon penalty. This means higher carbon 

utilisation efficiency; that is, a greater proportion of the carbon in the feedstock is used to 

make useful gases and a smaller proportion is lost as excess emissions. 

In short, a more efficient hydrogen production scenario has been achieved with the optimized 

case, resulting in a significantly increased hydrogen production potential with almost the 

same environmental impact, due to the thermochemical improvements. 

 

5.5.1  Comparison with Literature Values 

The production efficiency of hydrogen is 78.35% which is comparable with literature values. 

According to the data reported by Santos and Hanak Santos & Hanak (2022), the efficiencies 

of H₂ production for sorption-enhanced MSW gasification range from 46.0–50.0%, with the 

present result of 47.84% falling within this range. According to the data reported by Shafiq 

et al. (2021), the productivity of H₂ production from waste gasification ranges from 15–300 

g H₂/kg feedstock, with the present result of 119.16 g H₂/kg MSW being within this range. 

The 2-stage WGS technology coupled with the higher gasification temperature in the present 

study is responsible for the high efficiency when compared to Santos and Hanak Santos & 

Hanak (2022) due to the high amount of hydrogen recovered from the syngas (Shafiq et al., 

2021; Alouani et al., 2022). The effectiveness of high-temperature operation for syngas 

production was demonstrated by Lee et al. (2016) who achieved high H₂ content (41–55 

vol%) from the syngas generated at 1000°C in a steam gasification process. 
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6  Conclusions 

This thesis created a complete Aspen Plus process simulation model of hydrogen production 

using MSW gasification combined with drying, decomposition, and gasification, methane 

reforming, two-stage water-gas shift conversion, and lastly hydrogen purification using 

pressure swing adsorption. The effect of gasification temperature, steam to MSW ratio 

(SMR) and equivalence ratio (ER) on the composition of syngas and hydrogen production 

efficiency and CO2 emissions. 

When operating under base-case conditions (750°C, SMR = 0.5, ER = 0.2) the process 

yielded 101.81 kg/h of pure hydrogen with an efficiency of 66.94%. The sensitivity analysis 

revealed that gasification temperature had a positive effect on hydrogen production, with 

efficiency remaining stable at approximately 66–68% up to 900°C before sharply increasing 

above 1000°C. SMR had a strong positive effect on hydrogen efficiency up to approximately 

0.6–0.8, beyond which the improvement plateaued. Increasing the equivalence ratio had a 

consistently negative effect on hydrogen production due to oxidation losses and nitrogen 

dilution. According to these results, the optimization of the parameters was found as ER = 

0.2, SMR = 0.7, and gasification temperature = 1000°C, giving in the production of 119.16 

kg/h of hydrogen with 78.35 percent efficiency- a 17 percent improvement over the base 

case. Notably, the CO₂ emissions increased by only 0.27% (from 1351.6 to 1355.3 kg/h), 

indicating significantly improved carbon utilization efficiency in the optimized case. These 

results agree with other researchers; the optimal SMR of 0.7 coincides with Alouani et al. 

(Alouani et al., 2022), who reported the optimal range of 0.7-0.8, and the plateau behaviour 

at temperatures is also in agreement with Niu et al. (Niu et al., 2013a). The increased 

efficiency over Santos and Hanak (Santos & Hanak, 2022); (46.0-50.0%) is due to the overall 

integration of reforming and two-stage WGS with a single model. 

A few limitations should be noted: the pure Gibbs free energy minimization approach 

underpredicts the content of methane as compared to experiment values of  2-10 vol% (Niu 

et al., 2013a; Smith et al., 2019). The PSA was modelled with simplified 99.99% recovery 

as compared to industrial 80-95%. The efficiency measure excludes external energy 

demands; and the formation of tar, the variability of MSW composition, pressure drops, and 

heat losses were not explicitly modelled. The implementation of the restricted equilibrium 

approach to realistic prediction of methane (Abdelrahim et al., 2020; Niu et al., 2013a), 
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evaluation of the oxygen-blown or indirect gasification to avoid the dilution of nitrogen, the 

comprehensive energy-exergy analysis, techno-economic analysis, and experimental 

validation against pilot-scale data should be prioritized in future research. 

  



 

 

57 

References 

06/01844 Bio-energy in Europe: changing technology choices. (2006). Fuel and Energy 

Abstracts, 47(4), 280. https://doi.org/10.1016/s0140-6701(06)81850-3 

Abd Allah, E. A., Mohamed El Hassan, Y. A. A., Kasif, A. E. M. O., & Mohamed, S. A. 

A. (2022). Simulation of municipal solid waste gasification in fixed bed reactor. 

Proceedings of the Voronezh State University of Engineering Technologies, 84(2), 

221–227. https://doi.org/10.20914/2310-1202-2022-2-221-227 

Abdelrahim, A., Brachi, P., Ruoppolo, G., Fraia, S. Di, & Vanoli, L. (2020). Experimental 

and Numerical Investigation of Biosolid Gasification: Equilibrium-Based Modeling 

with Emphasis on the Effects of Different Pretreatment Methods. Industrial & 

Engineering Chemistry Research, 59(1), 299–307. 

https://doi.org/10.1021/ACS.IECR.9B03902 

Adamu, S., & Hossain, M. M. (2018). Kinetics of Steam Gasification of Glucose as a 

Biomass Surrogate over Ni/Ce–Mesoporous in a Fluidized Bed Reactor. Industrial & 

Engineering Chemistry Research, 57(9), 3128–3137. 

https://doi.org/10.1021/ACS.IECR.7B04437 

Akyürek, Z., Akyüz, A. Ö., & Güngör, A. (2019). Potential of Hydrogen Production from 

Pepper Waste Gasification. El-Cezeri Fen Ve Mühendislik Dergisi, 6(2), 382–387. 

https://doi.org/10.31202/ECJSE.532770 

Alouani, Y., Saifaoui, D., Alouani, A., & Alouani, M. A. (2022). Municipal solid waste 

gasification to produce hydrogen: Integrated simulation model and performance 

analysis. International Journal of Energy Research, 46(14), 20068–20078. 

https://doi.org/10.1002/ER.8591 

Bashir, M. A., Ji, T., Weidman, J., Soong, Y., Gray, M., Shi, F., & Wang, P. (2025). 

Plastic waste gasification for low-carbon hydrogen production: a comprehensive 

review. Energy Advances, 4(3), 330–363. https://doi.org/10.1039/D4YA00292J 

Bosmans, A., Vanderreydt, I., Geysen, D., & Helsen, L. (2013). The crucial role of Waste-

to-Energy technologies in enhanced landfill mining: a technology review. Journal of 

Cleaner Production, 55, 10–23. https://doi.org/10.1016/J.JCLEPRO.2012.05.032 

Butterman, H. C., & Castaldi, M. J. (2007). Influence of CO2 Injection on Biomass 

Gasification. Industrial & Engineering Chemistry Research, 46(26), 8875–8886. 

https://doi.org/10.1021/IE071160N 

Chaisanguan, C., Patumsawad, S., & Narataruksa, P. (2013). Simulation of MSW 

Pyrolysis/Gasification Processes for Power Production. Advanced Materials 

Research, 807–809, 1270–1276. 

https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMR.807-809.1270 

Díaz-Rey, M. R., Cortés-Reyes, M., Herrera, C., Larrubia, M. A., Amadeo, N., Laborde, 

M., & Alemany, L. J. (2015). Hydrogen-rich gas production from algae-biomass by 

low temperature catalytic gasification. Catalysis Today, 257(Part 2), 177–184. 

https://doi.org/10.1016/J.CATTOD.2014.04.035 

Ding, G., & He, B. (2020). Process Simulation of Co-Gasification of Raw Municipal Solid 

Waste and Bituminous Coal in CO2/O2 Atmosphere. Applied Sciences, 10(6). 

https://doi.org/10.3390/APP10061921 

Ephraim, A., Pozzobon, V., Louisnard, O., Minh, D. P., Nzihou, A., & Sharrock, P. 

(2016a). Simulation of biomass char gasification in a downdraft reactor for syngas 

production. Aiche Journal, 62(4), 1079–1091. https://doi.org/10.1002/AIC.15111 



 

 

58 

Ephraim, A., Pozzobon, V., Louisnard, O., Minh, D. P., Nzihou, A., & Sharrock, P. 

(2016b). Simulation of biomass char gasification in a downdraft reactor for syngas 

production. Aiche Journal, 62(4), 1079–1091. https://doi.org/10.1002/AIC.15111 

Faaij, A. P. C. (2006). Bio-energy in Europe: changing technology choices. Energy Policy, 

34(3), 322–342. https://doi.org/10.1016/J.ENPOL.2004.03.026 

Galagan, Y., de Vries, I. G., Langen, A. P., Andriessen, R., Verhees, W. J. H., Veenstra, S. 

C., & Kroon, J. M. (2011). Technology development for roll-to-roll production of 

organic photovoltaics. Chemical Engineering and Processing - Process 

Intensification, 50(5–6), 454–461. https://doi.org/10.1016/J.CEP.2010.07.012 

Gallego, C. A., Nagaraja, S. S., & Sarathy, M. (2022). Pyrolysis of Macroalga Macrocystis 

Pyrifera for Production of Green Carbon-Negative Hydrogen. Adipec. 

https://doi.org/10.2118/210809-MS 

González-Vázquez, M. P., García, R., Gil, M. V., Pevida, C., & Rubiera, F. (2018). 

Comparison of the gasification performance of multiple biomass types in a bubbling 

fluidized bed. Energy Conversion and Management, 176, 309–323. 

https://doi.org/10.1016/J.ENCONMAN.2018.09.020 

Gradel, A., Honke, R., Wünning, J. A., Plessing, T., & Jess, A. (2019). Modeling of 

Biomass Gasification in a Downdraft Gasifier with Integrated Tar Adsorption. 

Chemical Engineering & Technology, 42(9), 1895–1906. 

https://doi.org/10.1002/CEAT.201800640 

Gungor, B., & Dincer, I. (2022). Development of a waste‐to‐energy gasification system for 

sustainable communities. International Journal of Energy Research, 46(14), 20704–

20717. https://doi.org/10.1002/ER.7464 

Hejazi, B., Grace, J. R., Bi, X., & Mahecha-Botero, A. (2017a). Kinetic Model of Steam 

Gasification of Biomass in a Bubbling Fluidized Bed Reactor. Energy & Fuels, 31(2), 

1702–1711. https://doi.org/10.1021/ACS.ENERGYFUELS.6B03161 

Hejazi, B., Grace, J. R., Bi, X., & Mahecha-Botero, A. (2017b). Kinetic Model of Steam 

Gasification of Biomass in a Bubbling Fluidized Bed Reactor. Energy & Fuels, 31(2), 

1702–1711. https://doi.org/10.1021/ACS.ENERGYFUELS.6B03161 

Hejazi, B., Grace, J. R., & Mahecha-Botero, A. (2019). Kinetic Modeling of Lime-

Enhanced Biomass Steam Gasification in a Dual Fluidized Bed Reactor. Industrial & 

Engineering Chemistry Research, 58(29), 12953–12963. 

https://doi.org/10.1021/ACS.IECR.9B01241 

Huang, F., & Jin, S. (2019). Investigation of biomass (pine wood) gasification: 

Experiments and Aspen Plus simulation. Energy Science & Engineering, 7(4), 1178–

1187. https://doi.org/10.1002/ESE3.338 

Jafari, S., Gaballa, H., Habchi, C., & de Hemptinne, J. C. (2021). Towards Understanding 

the Structure of Subcritical and Transcritical Liquid–Gas Interfaces Using a Tabulated 

Real Fluid Modeling Approach. Energies, 14(18). 

https://doi.org/10.3390/EN14185621 

Kaszuba, M., Ziółkowski, P., & Mikielewicz, D. (2023). Performance of cryogenic oxygen 

production unit with exhaust gas bleed for sewage sludge gasification and different 

oxygen purities. Archives of Thermodynamics, 44(3), 63–81. 

https://doi.org/10.24425/ATHER.2023.147537 

Khan, A. K., & Chowdhury, R. (2021). Parametric Sensitivity of Municipal Solid Waste 

Integrated Power Plant: CO2 Footprint and Energy Analysis. Chemical Engineering & 

Technology, 44(2), 291–299. https://doi.org/10.1002/CEAT.202000230 



 

 

59 

Kwon, E. E., Jeon, E. C., Castaldi, M. J., & Jeon, Y. J. (2013). Effect of Carbon Dioxide 

on the Thermal Degradation of Lignocellulosic Biomass. Environmental Science & 

Technology, 47(18), 10541–10547. https://doi.org/10.1021/ES402250G 

Lampropoulos, A., Zubillaga, I. G., Pérez-Vega, R., Ntavos, N., Fallas, Y., & Varvoutis, 

G. (2022). Preliminary Experimental Results and Modelling Study of Olive Kernel 

Gasification in a 2 MWth BFB Gasifier. Processes, 10(10). 

https://doi.org/10.3390/PR10102020 

Lan, W., Chen, G., Wang, C., & Zhu, X. (2013). Syngas Production from Biomass: A 

Review. Advanced Materials Research, 608–609, 402–405. 

https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMR.608-609.402 

Lokare, N., Sahu, P., & Vairakannu, P. (2024). 

<scp>                      CO                      2                    </scp>                    ‐based spouted 

fluidized bed gasification of kitchen waste: Experimental investigation with process 

modelling. The Canadian Journal of Chemical Engineering, 102(9), 3039–3051. 

https://doi.org/10.1002/CJCE.25245 

Lourinho, G., Alves, O., Garcia, B., Rijo, B., Brito, P., & Nobre, C. (2023). Costs of 

Gasification Technologies for Energy and Fuel Production: Overview, Analysis, and 

Numerical Estimation. Recycling, 8(3). https://doi.org/10.3390/RECYCLING8030049 

Luo, X., Wu, T., Shi, K., Song, M., & Rao, Y. (2018). Biomass Gasification: An Overview 

of Technological Barriers and Socio-Environmental Impact. Gasification for Low-

Grade Feedstock. https://doi.org/10.5772/INTECHOPEN.74191 

Mauerhofer, A. M., Müller, S., Bartik, A., Benedikt, F., Fuchs, J., Hammerschmid, M., & 

Hofbauer, H. (2021). Conversion of CO2 during the DFB biomass gasification 

process. Biomass Conversion and Biorefinery, 11(1), 15–27. 

https://doi.org/10.1007/S13399-020-00822-X 

Medrano-García, J. D., Chagas, M. T., & Guillén-Gosálbez, G. (2025). Integrating the 

Reverse Boudouard Reaction for a More Efficient Green Methanol Synthesis from 

CO2 and Renewable Energy. Acs Sustainable Chemistry & Engineering, 13(19), 

7088–7097. https://doi.org/10.1021/ACSSUSCHEMENG.5C01021 

Mostafavi, E., Pauls, J. H., Lim, C. J., & Mahinpey, N. (2016). Simulation of high‐

temperature steam‐only gasification of woody biomass with dry‐sorption CO2 capture. 

The Canadian Journal of Chemical Engineering, 94(9), 1648–1656. 

https://doi.org/10.1002/CJCE.22540 

Mutlu, Ö. Ç., & Zeng, T. (2020). Challenges and Opportunities of Modeling Biomass 

Gasification in Aspen Plus: A  Review. Chemical Engineering & Technology, 43(9), 

1674–1689. https://doi.org/10.1002/CEAT.202000068 

Niu, M., Huang, Y., Jin, B., & Wang, X. (2013a). Simulation of Syngas Production from 

Municipal Solid Waste Gasification in a Bubbling Fluidized Bed Using Aspen Plus. 

Industrial & Engineering Chemistry Research, 52(42), 14768–14775. 

https://doi.org/10.1021/IE400026B 

Niu, M., Huang, Y., Jin, B., & Wang, X. (2013b). Simulation of Syngas Production from 

Municipal Solid Waste Gasification in a Bubbling Fluidized Bed Using Aspen Plus. 

Industrial & Engineering Chemistry Research, 52(42), 14768–14775. 

https://doi.org/10.1021/IE400026B 

Pankhedkar, N., Sunkara, S., Dwivedi, A., Gudi, R., Biswas, P., & Bhargava, S. (2025). 

Analysis of biomass as a feedstock in a chemical looping‐based polygeneration 

process for <scp>CO2</scp> valorization. The Canadian Journal of Chemical 

Engineering, 103(8), 3568–3588. https://doi.org/10.1002/CJCE.25615 



 

 

60 

Pathak, A. K., Dhaigude, N. D., Sahu, G., Chauhan, V., Saha, S., Datta, S., Singh, R. K., 

Sahu, A., & Chavan, P. D. (2023). A Review of Factors Affecting Gasifier 

Performance. Chembioeng Reviews, 10(5), 779–800. 

https://doi.org/10.1002/CBEN.202200054 

Rabetanetiarimanana, J. C. I., Radanielina, M. H., Rakotondramiarana, H. T., & Morau, D. 

(2022). A Survey of the Gasification of Residual Household Waste. Smart Grid and 

Renewable Energy, 13(11), 268–293. https://doi.org/10.4236/SGRE.2022.1311017 

Rabou, L. P. L. M., Zwart, R. W. R., Vreugdenhil, B. J., & Bos, L. (2009). Tar in Biomass 

Producer Gas, the Energy research Centre of The Netherlands (ECN) Experience: An 

Enduring Challenge. Energy & Fuels, 23(12), 6189–6198. 

https://doi.org/10.1021/EF9007032 

Raju, M. S. (2016). An Overview of Spray Modeling With OpenNCC and its Application 

to Emissions Predictions of a LDI Combustor at High Pressure. 52nd 

AIAA/SAE/ASEE Joint Propulsion Conference. https://doi.org/10.2514/6.2016-5095 

Ram, C., Kumar, A., & Rani, P. (2021a). Municipal solid waste management: A review of 

waste to energy (WtE) approaches. Bioresources, 16(2), 4275–4320. 

https://doi.org/10.15376/BIORES.16.2.RAM 

Ram, C., Kumar, A., & Rani, P. (2021b). Municipal solid waste management: A review of 

waste to energy (WtE) approaches. Bioresources, 16(2), 4275–4320. 

https://doi.org/10.15376/BIORES.16.2.RAM 

Rane, S., Kovačević, A., Stošić, N., & Smith, I. (2021). Analysis of real gas equation of 

state for CFD modelling of twin screw expanders with R245fa, R290, R1336mzz(Z) 

and R1233zd(E). International Journal of Refrigeration, 121, 313–326. 

https://doi.org/10.1016/J.IJREFRIG.2020.10.022 

Rasi, N. M., Mostafavi, E., Retuta, M. A., Rahman, M. M., Gupta, R., & Mahinpey, N. 

(2018). Potassium‐catalyzed steam gasification of ash‐free lignite coal with CO2 

capture. The Canadian Journal of Chemical Engineering, 96(1), 250–258. 

https://doi.org/10.1002/CJCE.22883 

Rauch, R., Kiros, Y., Engvall, K., Kantarelis, E., Brito, P., Nobre, C., Santos, S. M., & 

Graefe, P. A. (2024). Hydrogen from Waste Gasification. Hydrogen, 5(1), 70–101. 

https://doi.org/10.3390/HYDROGEN5010006 

Roy, H., Alam, S. R., Bin-Masud, R., Prantika, T. R., Pervez, M. N., Islam, M. S., & 

Naddeo, V. (2022). A Review on Characteristics, Techniques, and Waste-to-Energy 

Aspects of Municipal Solid Waste Management: Bangladesh Perspective. 

Sustainability, 14(16). https://doi.org/10.3390/SU141610265 

Rudra, S., & Tesfagaber, Y. K. (2019). Future district heating plant integrated with 

municipal solid waste (MSW) gasification for hydrogen production. Energy, 180, 

881–892. https://doi.org/10.1016/J.ENERGY.2019.05.125 

Safarian, S., Ebrahimi Saryazdi, S. M., Unnthorsson, R., & Richter, C. (2021). Modeling of 

Hydrogen Production by Applying Biomass Gasification: Artificial Neural Network 

Modeling Approach. Fermentation, 7(2). 

https://doi.org/10.3390/FERMENTATION7020071 

Samani, N. A., & Eikeland, M. S. (2022). Eulerian-Lagrangian simulation of air-steam 

biomass gasification in a bubbling fluidized bed gasifier. Linköping Electronic 

Conference Proceedings, 192, 386–392. https://doi.org/10.3384/ECP192055 

Santos, M. P. S., & Hanak, D. P. (2022). Techno-economic feasibility assessment of 

sorption enhanced gasification of municipal solid waste for hydrogen production. 

International Journal of Hydrogen Energy, 47(10), 6586–6604. 

https://doi.org/10.1016/J.IJHYDENE.2021.12.037 



 

 

61 

Shafiq, H., Azam, S. U., & Hussain, A. (2021). Steam gasification of municipal solid waste 

for hydrogen production using Aspen Plus® simulation. Discover Chemical 

Engineering, 1(1). https://doi.org/10.1007/S43938-021-00004-9 

Sharma, A., & Nath, R. (2023). H2-rich syngas production from gasification involving 

kinetic modeling: RSM-utility optimization and techno-economic analysis. RSC 

Advances, 13(15), 10308–10321. https://doi.org/10.1039/D3RA00287J 

Smith, J. D., Alembath, A., Al-Rubaye, H., Yu, J., Gao, X., & Golpour, H. (2019). 

Validation and Application of a Kinetic Model for Downdraft Biomass Gasification 

Simulation. Chemical Engineering & Technology, 42(12), 2505–2519. 

https://doi.org/10.1002/CEAT.201900304 

Suresh, P., Malina, R., Staples, M. D., Lizin, S., Olcay, H., Blazy, D., Pearlson, M. N., & 

Barrett, S. R. H. (2018). Life Cycle Greenhouse Gas Emissions and Costs of 

Production of Diesel and Jet Fuel from Municipal Solid Waste. Environmental 

Science & Technology, 52(21), 12055–12065. 

https://doi.org/10.1021/ACS.EST.7B04277 

Thunman, H., Seemann, M., Berdugo Vilches, T., Maric, J., Pallares, D., Ström, H., 

Berndes, G., Knutsson, P., Larsson, A., Breitholtz, C., & Santos, O. (2018). Advanced 

biofuel production via gasification – lessons learned from 200 man‐years of research 

activity with Chalmers’ research gasifier and the GoBiGas demonstration plant. 

Energy Science & Engineering, 6(1), 6–34. https://doi.org/10.1002/ESE3.188 

Timsina, R., Thapa, R. K., & Eikeland, M. S. (2020). Aspen Plus simulation of biomass 

gasification for different types of biomass. Linköping Electronic Conference 

Proceedings, 170, 151–157. https://doi.org/10.3384/ECP20170151 

Treusch, K., Mauerhofer, A. M., Schwaiger, N., Pucher, P., Müller, S., Painer, D., 

Hofbauer, H., & Siebenhofer, M. (2019). Hydrocarbon production by continuous 

hydrodeoxygenation of liquid phase pyrolysis oil with biogenous hydrogen rich 

synthesis gas. Reaction Chemistry & Engineering, 4(7), 1195–1207. 

https://doi.org/10.1039/C9RE00031C 

Valkenburt, C., Walton, C., Thompson, B., Gerber, M., Jones, S., & Stevens, D. (2008). 

Municipal Solid Waste (MSW) to Liquid Fuels Synthesis, Volume 1: Availability of 

Feedstock and Technology. https://doi.org/10.2172/962858 

Williams, J. M., & Bourtsalas, A. C. (2023). Assessment of Co-Gasification Methods for 

Hydrogen Production from Biomass and Plastic Wastes. Energies, 16(22). 

https://doi.org/10.3390/EN16227548 

Yang, Z., Hu, Q., Chen, Q., Chen, Y., Li, H., Yang, H., & Chen, H. (2024). Numerical 

Study on the Steam Gasification of Biomass in a 100 kW Dual Fluidized Bed 

Gasifier. Energy & Fuels, 38(5), 4273–4289. 

https://doi.org/10.1021/ACS.ENERGYFUELS.3C04754 

Yildiz, D., Trujillo, J. P. P., Engvall, K., Lindbergh, G., & Lagergren, C. (2025). 

Performance of Reversible Molten Carbonate Fuel Cell Fuelled by Raw Product Gas 

from Biomass Gasification. Journal of the Electrochemical Society, 172(9), 094502. 

https://doi.org/10.1149/1945-7111/ADFD8D 

Zhao, X., Li, K., Lamm, M. E., Çelik, S., Wei, L., & Ozcan, S. (2021). Solid Waste 

Gasification: Comparison of Single- and Multi-Staged Reactors. Gasification 

[Working Title]. https://doi.org/10.5772/INTECHOPEN.96157 

 



 

 

 


