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The integration of fluctuating renewable energies requires the availability of flexible and
dynamic energy systems. Circulating Fluidized Bed (CFB) gasifiers have the capacity to
offer a promising solution for stable syngas production and dynamic adaptability. This study
develops and validates a dynamic CFB gasifier model using APROS to Analyze part-load
behavior. It provides insights into temperature regulation, solid entrainment, and syngas
stability.

Simulations at 90%, 80%, and 70% load conditions reveal that the solid entrainment has
considerable influences on temperature distribution and overall performance of the gasifier.
Partial entrainment in the 90% case can slightly moderate the temperature fluctuations and
allows for a more gradual transition. However, rapid solid settling in the 80% and 70% cases
leads to faster but more thermally stressful stabilization. The study also confirms that syngas
composition remains stable across all scenarios. It illustrates the high capability of CFB
gasifiers for integration with gas turbines in hybrid energy systems. This stability is
particularly crucial to ensure consistent combustion performance and efficient power
generation.

These findings demonstrate the importance of dynamic modeling in optimizing gasifier
performance and ensuring stable operation under fluctuating energy conditions. The
validated model provides a foundation for further exploration of flexible energy systems
integrating CFB gasifiers.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A Area

c Concentration

d Diameter

F Force

H Enthalpy

h Static Enthalpy
m Mass

p Static Pressure

q Heat Flow

T Temperature

u Fluid Longitudinal Velocity
A% Volume

v Specific Volume

Greek characters

a Core-to-Annulus Split Coefficient
B Annulus-to-Core Split Coefficient
r Mass Transfer Rate

A Stoichiometric Air Ratio

n) Viscosity

p Density

mZ

kg/m3 or mol/m3
m

N or kg.m/s?
J/kgork]/kg
J/kgork]/kg

kg

Pa or N/m?
Wor]/s

°C, K

m/s

m3

m3/kg

kg/s ormol/s

Pa.sorkg/m.s

kg/m3

v



[0 Sphericity -

Constants

g gravitational acceleration 9,81 m/s

Dimensionless quantities

Ar Archimedes Number

k Pressure Loss Coefficient
Re Reynolds Number
Subscripts

ann Annulus Node

cha Char

g Gas

gra Gravitational

1 Node Number

ik Interface Between Phase I and Phase k
int Interface

k phase

1 Liquid

mf Minimum Fluidization
nod Node

oxy Oxygen

p Particle

S Solid



sol Solid

sup Superficial

ter Terminal

tur Turbulence

vel Velocity

vol Volatile

wal Wall

wal, k Interface Between Wall and a Single Phase
Abbreviations

BFB Bubbling Fluidized Bed

CFB Circulating Fluidized Bed

CFD Computational Fluid Dynamics

CLG Chemical Looping Gasification

CPFD Computational Particle Fluid Dynamics
DBFG Dual Fluidized-Bed Gasification

ER Equivalent Ratio

FVM Finite Volume Method

HTC Heat Transfer Coefficient

HTW High-Temperature Winkler

IHFBG Indirectly Heated Fluidized-Bed Gasification
IPCC The Intergovernmental Panel on Climate Change
KTGF Kinetic Theory of Granular Flow

KTGM Kinetic Theory of Granular Mixture
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LHV

MP-PIC

PDEs

PGZ

PSC

WGS

Low Heating Value
Multiphase Particle in Cell
Partial Differential Equations
Post Gasification Zone
Particle Storage Components

Water-Gas Shift
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1 Introduction

For several centuries, fossil fuels have been the primary sources of heat, fuel, and electricity.
In 2022, fossil fuels have totally accounted for around 85% of the global primary energy
consumption (Alobaid et al., 2024a). Fossil fuel consumption has several negative social,
political, and environmental impacts due to its CO, production (Safarian et al., 2019). The
atmospheric CO, concentration has risen from 280 ppm to 420 ppm during the pre-industrial
era to 2022. The Intergovernmental Panel on Climate Change (IPCC) forecasts CO, levels
could rise an additional 170 ppm, reaching 590 ppm by 2100. Consequently, global
temperatures have already augmented by roughly 1 °C compared to the pre-industrial era. If
current rates of emission persist, this could rise further to 1.5 °C between 2030 and 2052
(Fawzy et al., 2020). In response, international efforts such as the Kyoto Protocol (1997) and
the Paris Agreement (2015) aim to limit this temperature increase to within 2 °C by 2100.
However, conventional mitigation strategies are proving inadequate, highlighting the need

for alternative approaches (Fawzy et al., 2020).

Renewable energy sources like wind and solar offer one potential solution. Currently, around
12% of the global electricity demand is met by these renewable sources (Alobaid et al.,
2024a). The energy potential of biomass and solid wastes has also gained increasing
recognition for meeting global energy demands, addressing environmental concerns, and
compensating for the depletion of fossil fuel reservoirs. Biomass currently contributes
approximately 10-14% to the world's energy supply (Canabarro et al., 2013; Mignogna et
al., 2024).

However, the variability of renewable energy requires energy storage systems, as well as
greater flexibility and adaptability in fuel use. Transitioning to a sustainable energy system
still requires short-term use of fossil fuels, but in a more efficient and environmentally
friendly manner (Alobaid et al., 2024a). To achieve these objectives, multi-fuel reactors have
been introduced. One notable application of these reactors is in solid fuel gasification, a
conventional thermochemical process that produces value-added products with wide-
ranging potential applications (Sikarwar et al., 2016). In this five-stage process (Figure 1),
feedstock (solid or liquid) is converted into syngas, which can be used as fuel or a chemical

feedstock. The reduction reactions yield to combustible gases such as methane, hydrogen,



and carbon monoxide. This step is endothermic, and its required energy is supplied by the

char and volatiles partial combustion (Safarian et al., 2019).
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Figure 1. Gasification Stages (Reprinted from www.allpowerlabs.com)

Gasifiers are classified into two main types: fixed beds and fluidized beds. Although fixed
beds are less cost-intensive with cleaner syngas compared to fluidized beds, they have
deficient heat transfer and temperature homogeneity, and they cannot be scaled up as
fluidized beds are capable of (Safarian et al., 2019). As a result, fluidized bed systems are
recognized as advanced technology for various applications like fuel gasification, fuel

synthesis, calcination, and CO, capture (Alobaid et al., 2024a; Yates and Lettieri, 2016).

1.1 Literature Review

Recently, significant attention has been paid to Circulating Fluidized Bed (CFB) technology
due to its operational and fuel flexibility, high efficiency, large-scale power generation

capability, low temperature gradients within the riser, low-temperature combustion, and



reduced emissions of NOy and SO, (Huang et al., 2020; Li et al., 2022; Walter and Epple,
2017; Wang et al., 2023).

Key factors affecting gasification include boiler design, gas-solid hydrodynamics,
combustion, and heat transfer. Therefore, research is needed to thoroughly predict the
process of CFB gasifiers and their syngas compositions. However, solely experimental
examinations would be cost and time intensive. Advances in computational technology have
made numerical simulation a cost-effective way to achieve these goals (Jamalkhoo and
Moghiman, 2024). Numerical simulation of CFB boilers can be done using two approaches:
Computational Fluid Dynamics (CFD) and process simulation, in steady-state and dynamic
forms (Alobaid et al., 2024a). In the literature, there are several CFD studies related to the
CFB process with different mathematical formulas and accuracy levels (e.g. Eulerian-
Lagrangian) (Alobaid et al., 2022a). Table 1 summarizes key numerical studies on CFB
gasification conducted during the 2000s.

Table 1. Numerical Works on CFB Gasification in the 2000s

Authors & Year Model Type Condition Model Findings

» Good agreement with experimental data.
» Higher solids circulation rates and lower gas

Simple CFB velocities enhance CO concentration and
Coal carbon conversion due to longer residence
Gasification Steady times.
(Fang et al., 2001) District state » Higher temperatures and oxygen
Mathematical concentrations  further improve carbon
Model conversion rates.

» CFB gasifiers perform better with high-
reactivity coals.

CFB-
Gasification » Good alignment with experimental data.
Process (CFB- » Need for further experimental validation.
(Chen et al., 2004) GP) coupled Steady » The CFB-GP model captured hydrodynamics
with CFB- state and gas-solid interactions
Gasification » the CFB-GE model effectively predicted
Emissions nitrogen emissions.
(CFB-GE)
Non- Near » Good agreement with experiments
(Li et al., 2004) stoichiometric > ¢ agl L expe
) Equilibrium Steady Equilibrium model limitations
qMo del State »  Air ratio and temperature optimization
Pseudo 2D Unstead
(Petersen and Model (1.5D Y »  Good prediction of outcomes
. State & > N
Werther, 2005a) Comprehensive Semi- Useful model for process optimization and
’ Mathematical .. scaling.
Model) empirical



Pseudo-rigorous

(Corella and Sanz, Model (1D Steady »  Can predict gas composition, temperature
. profiles, and operational parameters effects
2005) Semi-rigorous State . A
»  Useful for design and optimization.
Model)
(Petersen and 3D (Core- »  Good agreement with previous experiments
Unsteady . L o
Werther, 2005b) annulus State »  More feeding points improve mixing
’ approach) »  Valuable tool in scale-up predictions
(Sanz and Corella, 1D Semi- Steady »  Good agreement with published experimental
2006) FigOrous State data and some random tests.
& »  Practical for estimating gas properties.
Fulerian— »  Good conformance with literature data
(Griébner et al., . »  High-Temperature Winkler Gasifier
Lagrangian Steady . .
2007) Approach using State Simulation
»  Useful for design evaluation
Flent
»  Core-annular flow
Gibbs Free »  Good agreement with published experimental
(Doherty et al. Energy data, . . .
’ Lo Steady »  Operating parameters such as equivalent ratio
Minimization .
2008) . State and temperature have great influence on
using ASPEN .
Plus syngas composition
»  Air preheating improves gas heating value

Based on these foundational studies, researchers have developed various models to simulate
biomass gasification in CFB systems. Capata et al. (2012) investigated the suitability of a
1.5D CFB coal combustion model to simulate biomass gasification. They aimed to improve
gasifier design and syngas quality control. Although the model matched empirical data for
coal, computational errors occurred with biomass. The model worked well for low values of
stoichiometric air ratio (A) but could not simulate the entire gasification process. In another
study, Ardila et al. (2012) simulated biomass gasification in a CFB gasifier using the Gibbs
free energy minimization method within ASPEN Plus. They examined temperature and
equivalence ratio under steady-state conditions. Their study found that the model accurately
predicted syngas composition, conversion efficiency, and heating value, aligning with

published data.

Liu et al. (2013) developed a 3D CFD model to simulate biomass gasification in a CFB
reactor, integrating the standard k-¢ turbulence model with the Kinetic Theory of Granular
Flow (KTGF). They studied the effects of turbulence models, thermal radiation, the Water-
Gas Shift (WGS) reaction, and Equivalence Ratio (ER) on gasification performance. Their
model aligned well with experimental data, confirming that while turbulence had minimal
impact, thermal radiation and WGS reactions required careful attention. They also found that

increasing ER led to lower amounts of combustible species and higher gasifier temperatures.



As research progressed, Miao et al. (2013) developed a 1D comprehensive mathematical
MATLAB model to study the steady-state biomass gasification in a CFB. Their model
successfully predicted key parameters such as gas composition, bed temperature,
gasification efficiency, syngas yield, Low Heating Value (LHV), and carbon conversion.
The model's predictions aligned well with experimental data, proving its accuracy and
reliability. Meanwhile, Gungor et al. (2013) further advanced the field by developing a 2D
model to simulate an atmospheric CFB biomass gasifier, using a particle-based approach to
simultaneously predict both hydrodynamic and gasification processes. They included tar
conversion in their model. The model effectively predicted bed temperature and syngas
composition as well as tar concentration. The validation against experimental data showed

acceptable accuracy.

Klimanek et al. (2015) offered a different perspective by focusing on coal gasification with
a CFD model using a Eulerian—Lagrangian approach. The model used ANSYS FLUENT to
simulate particulate flow and particle interactions via the KTGF. The coal surface
heterogeneous reactions were modelled using finite rate chemistry, while homogeneous gas
phase reactions were simulated with finite rate and eddy dissipation models. Though the
model showed discrepancies in gas composition, particularly for the WGS reaction, these

issues were addressed by adjusting reaction rates.

Liu et al. (2016) further contributed to the field by simulating the methanol production using
syngas derived from biomass gasification in a CFB gasifier. Their model was developed in
Aspen Plus and the study focused on key operational parameters such as steam/biomass ratio
(S/B), ER, gasification temperature, and biomass particle size. Their model demonstrated
good agreement with experimental data from the literature, confirming the reliability of the
simulation. In the same year, Mirmoshtaghi et al. (2016) performed a statistical analysis on
CFB gasifiers to determine optimal operating conditions and the key factors affecting syngas
quality. They identified ER, temperature, bed material, particle size, and biomass carbon

content as the most influential parameters.

Chen et al. (2017) shifted focus to coal and biomass co-gasification. They employed a multi-
fluid Eulerian approach coupled with Kinetic Theory of Granular Mixture (KTGM) to
simulate the process within an internal CFB in a transient fashion. The results from this

model aligned well with experimental data. They found that biomass particles had higher



granular temperatures than coal, and these temperatures depended on solid volume fraction

and overall temperature.

Hassan and Makkawi (2018) carried out a 3D CFD model of riser hydrodynamics in a CFB
biomass gasifier within ANSYS FLUENT based on Eulerian-Eulerian approach coupled
with constitutive equations from the KTGF. The study revealed the importance of particle
recirculation in enhancing heat and mass transfer. They found that the phenomenon was
highly sensitive to the effects of solid-solid momentum exchange. In a quite similar study,
Yu et al. (2018) evaluated the hydrodynamics of a CFB gasifier using a pseudo steady state
developed CFD model. The study showed good agreement with experimental data and
simulated the spatial pressure distribution in the CFB riser for the first time. They concluded

that smaller particles improved fluidization and heat transfer efficiency.

Klimanek and Bigda (2018) also investigated gasification and focused on CO,-enhanced
coal gasification in a pressurized CFB to predict syngas composition. They developed two
CFD models using ANSYS FLUENT and Computational Particle Fluid Dynamics (CPFD)
Barracuda. While local gas compositions varied between the models, the predicted syngas
and temperature distributions matched experimental data. They concluded that adding CO,
would increase CO yield and lower O, demand. In the same year, My6hénen et al. (2018)
developed a steady-state semi-empirical 3D model to simulate indirect steam gasification in
coupled CFB gasifier-combustor systems. The study focused on woody biomass and the
model Analyzed fluid dynamics, reactions, and heat transfer. Although the model effectively
predicted trends from literature, further validation with full-scale measurements was

recommended.

Tokmurzin and Adair (2019) simulated coal gasification in an atmospheric CFB reactor in a
3D fashion with the help of a CPFD model using the Multiphase Particle in Cell (MP-PIC)
approach. The model was based on experimental biomass gasification data and validated
against literature and a Euler-Euler simulation. Their results agreed well with experimental
data on gas composition and temperature distribution. Concurrently, Sharma and Agarwal
(2019) provided further insights by comparing Bubbling Fluidized Bed (BFB) and CFB
gasifiers. They developed a 3D simulation to compare the fluidization regimes on
hydrodynamics, temperature, and gas composition in these two gasifiers, utilizing ANSYS
FLUENT with a quasi-steady state perspective. They concluded that CFB gasifiers produced

flue gases with more desirable components and lower tar content than BFB gasifiers.



Yang et al. (2020) advanced the field further by creating a comprehensive 3D numerical
study on biomass gasification in a pilot-scale CFB gasifier. The MP-PIC approach was used
in their developed model. The study explored the thermochemical and physical properties of
biomass gasification process, and the outcomes were in good agreement with experimental

data.

More recently, Kartal et al. (2022) developed a steady-state equilibrium model in Aspen
HYSYS to simulate biochar gasification in a CFB gasifier. The study examined steam and
CO, gasification of different biochar samples to Analyze the effects of temperature, pressure,
and gas/solid ratios on syngas composition. In agreement with experimental data, the model
showed that high-carbon biochar produced H,-rich syngas, especially under steam

gasification.

In a subsequent study, Wang et al. (2024) developed and validated a 3D numerical model
using CPFD to simulate biomass gasification in a CFB gasifier. They explored different
operational properties on the spatial distribution of syngas components. They found that
higher gas velocity and air equivalent ratio reduced combustible gas concentration, while
higher gasification temperature increased CO and H, concentrations. Meanwhile, Du et al.
(2024) performed a 3D CFD simulation of the Chemical Looping Gasification (CLG)
process for lignite in a CFB using a Eulerian-Eulerian model. They Analyzed particle
hydrodynamics, temperature distribution, and heat transfer characteristics. The simulation
showed that smaller particle sizes improved gas-solid mixing and heat transfer with CO as

the primary syngas component.

While these CFD models have demonstrated strong predictive capabilities, they often prove
to be highly time-consuming, particularly in detailed 2D or 3D simulations (Alobaid et al.,
2024a). On the other hand, using process simulations, calculation domain can be reduced to
zero- or one-dimensional solutions, which is very time-effective. Additionally, the process
simulation can be enhanced by empirical correlations of the flow microscale structures
(particle-particle and gas-solid interactions) (Zonglong et al., 2023). Moreover, despite
significant advancements in CFB simulations, a gap remains in dynamic simulations,
particularly in the context of variable renewable energy outputs. Given the critical role of
CFB technology in renewable energy systems, dynamic simulations are essential to optimize
performance under variable conditions, an area that current research lacks. This study aims

to fill this gap by simulating dynamic syngas production using APROS software. The



validation of these models will rely on experimental data from a 450 kW, CFB gasifier, one

of the largest pilot plants of its kind running in the Technical University of Darmstadt.

1.2 Research Objectives

As previously discussed, a significant gap exists in the simulation of CFB gasifiers,
particularly in dynamic analysis. Dynamic gasification simulations are crucial for several

reasons:

1) They allow for the evaluation of full-load operation, part-load conditions, and the

transitional phases between them.

2) They facilitate the utilization of surplus electricity generated from renewable energy

sources to enhance the gasification process.
3) They enable the assessment of fuel variation impacts within the gasification process.

Gas turbines are commonly employed to provide baseload power in electrical grids.
However, With the growing integration of renewable energy sources, the challenge of supply
and demand mismatches has become more pronounced. Since gas turbines can be connected
to gasifiers to utilize syngas as fuel, synchronizing gasifier operations with fluctuating
renewable energy production could serve as a potential solution. By aligning syngas
production with actual energy demand, the power output of gas turbines could be adjusted
accordingly. However, achieving this goal first requires the development of a reliable
dynamic model of CFB gasifiers. Therefore, the main aim of this study is to develop a
dynamic model of CFB gasifiers and Analyze their behavior under various part-load

conditions.

The structure of this thesis is as follows: The next chapter introduces and explains different
gasification methods. Subsequently, the governing equations and methodology of this study
are presented. This is followed by the modeling and validation chapter, where the model is
developed, validated, and dynamic simulations are performed. Finally, Chapter 5 provides a

comprehensive conclusion, including a summary of the key findings of this research.
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2 Gasification Methodologies

Gasification process can be implemented through several available technologies. The most
common ones are fixed-bed, entrained-flow, and fluidized-bed. Solar-driven gasification,
microwave-assisted gasification, Plasma gasification, and calcium-looping gasification are

also cutting-edge methods that have recently been proposed.

In the following, the most common gasification technologies are briefly explained. We have
overlooked the cutting-edge methods explanation since they are out of this research scope.
However, more information can be found in Basu (2010), Bell et al. (2010), and Mishra and

Upadhyay (2021).

2.1 Fixed-bed Gasifier

Fixed-bed gasifiers (moving-bed gasifiers) use coarse feedstock (6 to 50 mm) and operate
under high pressure (1 to 100 bar) and temperatures (500 to 1200 °C). Generally, this method
requires low oxygen for the process while it brings high cold gas efficiency (> 90%).
However, the products have high proportion of tars. As shown in Figure 2, in this method,

the oxidant can flow counter-current, co-current, or cross-current.

In counter-current (updraft) fixed-bed gasifiers, fuel enters from the top, and the gasification
agent (air, oxygen, or steam) is introduced from the reactor bottom. Therefore, several
distinct zones are shaped within the gasifier which are from top to bottom: fuel drying and
pyrolysis, char gasification, and remaining char combustion. The combustion stage is
essential for supplying the required heat for gasification process and help the process to
operates at 700 to 900 °C. The products of this method are rich in methane and tar, with
methane content of 10 to 15% at lower temperatures (<700 °C) (Alobaid and Epple, 2025).

In the literature, co-current and cross-current gasifiers are referred to as downdraft fixed-bed
gasifiers. In this method, the fuel enters from the top, and the gasification agents are injected
into the gasifier from the top or sides. Hence, the fuel and gasification agents flow co-
currently to the bottom part of the gasifier where the products exit. The temperature of the

reaction zone, located at the bottom of the configuration, is also high in this method (700 to

11



1200 °C), and thus, the high-quality products leave the reactor with a lower tar concentration
compared to updraft gasifiers (Bhattacharya and Pham, 2001). Although these types of fixed-
bed gasifiers have several advantages like high char conversion, reduced ash entrainment,

and quick response to load changes, they are just suitable for small-scale applications.
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Figure 2. Schematic of different types of fixed-bed gasifiers: a) counter-current, b) co-current, and c) cross-current
(reproduced from Alobaid and Epple, 2025).

2.2 Entrained-Flow Gasifier

Entrained-flow gasifiers differ significantly from fixed-bed gasifiers in terms of particle size.
They use fine-grained fuel and a pressurized oxidant (air or oxygen) and/or steam, which

enter from the top of the reactor, as shown in Figure 3. This setup allows the oxidant and

12



steam to carry the fuel particles in a dense cloud through the gasifier. These gasifiers operate
under high pressure (typically 30 bar) and extreme temperatures (usually above 1400 °C,
sometimes exceeding 2000 °C) (Higman, 2008). It ensures that the product gas reaches
thermodynamic equilibrium and remains free of hydrocarbons, producing high-quality,
methane-free syngas. The high reaction rates allow for complete conversion within seconds,
breaking down oil, tar, phenols, and other pyrolysis byproducts into hydrogen, carbon

monoxide, and small amounts of light hydrocarbons.

Due to the extreme temperatures, nearly all carbon in the feedstock is converted, achieving
carbon conversion efficiencies of 98% to 99.5%. Around 60% of the ash exits as molten
slag, while the remaining 40% becomes fly ash, which is later separated in gas purification
processes. Entrained-flow gasifiers can process almost any type of coal, and they produce
clean syngas without tar contamination. However, they require more oxygen than fixed-bed
and fluidized-bed gasifiers and have lower cold gas efficiency. To withstand the high
temperatures, they must be insulated with refractory lining or equipped with a water-cooled

wall (Alobaid and Epple, 2025).
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Figure 3. Schematic of entrained-flow gasifier (reproduced from Alobaid and Epple, 2025).
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2.3 Fluidized-Bed Gasifier

Gas-solid fluidized-bed systems are broadly used in various processes, with their
development closely tied to gasification. The first large-scale application was the Winkler
gasifier (Germany, 1922). In these systems, the gasification agent (air, oxygen, or steam)
enters from the bottom, while fuel is fed from the side. Partial combustion provides the

necessary heat, with product gas exiting at the top and ash removed from the bottom.

The fluidized bed contains inert material (e.g., sand), ensuring stable temperature gradients
and efficient fuel mixing, even with varying particle sizes or low-calorific-value fuels. These

gasifiers are classified as BFB gasifiers and CFB gasifiers as shown in Figure 4.

(a) (b)
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III III
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Figure 4. Schematic of different types of fluidized-bed gasifiers: a) bubbling fluidized bed, and b) circulating fluidized
bed (reproduced from Alobaid and Epple, 2025).

Fluidized-bed gasifiers are suitable for particle sizes below 25 mm. Their operating
temperatures is between 800 to 1100 °C which is below the ash melting point and prevent
ash agglomeration (Higman, 2008). Compared to entrained-flow gasifiers, they operate at
lower temperatures, require less oxygen demand and have higher cold gas efficiency (around
85%). However, this results in lower carbon conversion (<97%) and higher tar and methane

content due to slower fuel decomposition (Higman, 2008).

The high-temperature Winkler (HTW) gasifier (Figure 5) is a modified version of the

Winkler gasifier. It operates at higher pressure and has a high-temperature Post-Gasification
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Zone (PGZ) which reduces tar formation. It also has a refractory-lined cylindrical design
with a conical bottom. The steam and oxygen injection through nozzles can shapes uniform
fluidization within the reactor. Fuel is fed from the side, while ash is continuously removed
from the bottom to maintain a steady inventory. The PGZ, located above the fluidized bed,
injects extra oxygen to raise the temperature and break down long-chain hydrocarbons,

improving syngas quality (Renzenbrink et al., 1998).
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Figure 5. Schematic of HTW gasifier (reprinted from Alobaid and Epple, 2025).

The product gas leaves the riser from the top and passes through a cyclone separator, where
solid particles are removed and recirculated to the gasifier. The gas is then cooled using a
raw-gas cooler, which can be a tubular heat exchanger or a shell-and-tube heat exchanger.
The HTW gasifier can handle a wide range of fuels, including coal, municipal solid waste,
peat, and pellets. It has been successfully tested with different fuel types under various
conditions, including higher pressures up to 25 bar. The system has demonstrated efficient
syngas production with reduced tar content, making it a reliable technology for cleaner

gasification processes (Higman, 2008; Keller, 1990; Toporov and Abraham, 2015).
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2.4 Emerging Gasification Technologies

Gasification technology has evolved with various process designs to improve efficiency,
product gas quality, and environmental performance. Among the most promising
advancements are Dual Fluidized-Bed Gasification (DFBG), and Indirectly Heated
Fluidized-Bed Gasification (IHFBG) which illustrated in Figure 6. These processes offer
unique benefits such as improved hydrogen production, CO, separation, and enhanced

gasification efficiency.
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Figure 6. Schematic process flow diagram of a) DFBG and b) IHFBG (Alobaid and Epple, 2025).

The DFBG process consists of two interconnected fluidized-bed reactors: a gasifier and a
combustor. The gasifier operates at 800 to 850 °C, where steam is injected as a gasification
agent and convert the feedstock into a nitrogen-free product gas. Since steam gasification is
endothermic, heat is supplied externally. This heat is generated in the combustor, where char
and additional fuel burn at 900 to 950 °C with air. The hot inert bed material (e.g., sand or
olivine) circulates between the reactors. Therefore, it transfers heat and ensures continuous

operation. DFBG’s advantages include hydrogen-rich gas production, low tar content, and
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no need for an air separation unit. Moreover, catalyst bed materials can further enhance tar

reduction and CO, absorption (Karl and Proll, 2018; Kuba et al., 2018).

Like DFBG, IHFBG employs two fluidized beds. However, this technology completely
separates gasification and combustion to enable the use of different operating conditions in
each reactor, and the heat transfer occurs indirectly. Early designs used helium as a heat
transfer fluid, but modern versions incorporate heat exchangers or high-temperature heat
pipes. These heat pipes use alkali metals such as sodium or potassium, achieving efficient
heat exchange with reduced equipment size. This approach enables higher efficiency,

pressurized operation, and the potential for CO, capture applications (Karl, 2014).
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3 Mathematical Background

To model the gasification process in a CFB reactor, the process simulation software APROS
is employed. This software has been developed by two renowned Finnish organizations
named Fortum and VTT (the Technical Research Center of Finland). APROS contains
special component libraries to model different industrial processes in both dynamical and
steady-state conditions. In the following, the governing equations implemented in APROS,

and the utilized methodology of this study are presented.

3.1 Governing Equations

There are two thermal-hydraulic modules in APROS: 1) the heterogeneous flow, and 2) the
homogeneous flow models. The 1D homogeneous flow model is recommended for single-
phase flows such as flue gas, steam, or water. The 1D mass, momentum, and energy
conservation equations for the homogeneous Partial Differential Equations (PDEs) are as

follows (Alobaid et al., 2024a):

dp  0(pu)
L (1)
d(pu) 9d(pu?) dp

3t + Fraa + Fyrq + Fyq + f(val + form + pu) )
d(phy) = d(puhy) dp

ot 0z - E Awail (3)

Here p, p, u, and h, represent the density, static pressure, fluid longitudinal velocity, and
static enthalpy, respectively. Additionally, Fy.q, Fyq, and g4 denote the gravitational
force, frictional force, and wall heat flow, all expressed per unit volume, respectively. The
pressure losses are taken into account with function f. These losses result from valves (val),
form friction (form), pump pressure force (pu), and hydrostatic pressure difference. In
addition, the source term (§) in equation (1) represents the mass flow sources or sinks within

the system.

For heterogeneous flows, APROS has a flow model consists of six equations which allows
a non-equilibrium state between phases. While considering the equal pressure for both

phases, it calculates the temperature and velocity for each phase. Although this model is
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primarily utilized for water-steam mixture with notable interphases heat and mass transfer,
it is highly capable of modeling other heterogeneous flows like gas-solid analysing. The 1D
PDEs for heterogeneous flows are as follows (Alobaid et al., 2024a):

OXkPr) | OXkPre) r
T PR )
0 (XiPrcUi) a()(kpkulzc) dp
T + 57 =Xk, + Ty + Fyrax + Fwark + Fix (5)
O(Xkprhor) O Xkprurhok) dp
ot + 57 =Xreget Tikhoik + ik + Qwark + Firelik (6)

Here, the subscript k represents g (gas) or [ (liquid). The ik denotes the interface between
phases, while wal, k represents the interface between wall and a single phase. This type of
modeling, which includes interaction terms such as interfacial and wall frictions (Fix, Fyyq1 k),
interfacial and wall heat flows (q;k, Gwai k), and interphase mass transfer rate I';, is highly

complex. These models are typically solved using empirical correlations.

3.2 Solution Methodology

To represent the 1D PDEs in the form of algebraic equations, the Finite Volume Method
(FVM) is implemented. In addition, to calculate the abovementioned equations numerically,
they need to be discretized in respect to space and time. Moreover, the non-linear terms must
be linearized. The different material properties like density, specific heat capacities, dynamic
viscosities, temperatures, and thermal conductivities are considered to be a function of
enthalpy and pressure. Additionally, the saturation enthalpies and temperatures depend only

on pressure.

The calculation of friction and heat transfer is mainly based on empirical equations of wall
friction, wall heat transfer, interfacial heat transfer, and interfacial friction. These
fundamental equations are integrated with the conservation equations. In space
discretization, the staggered discretization scheme is utilized in which the flow related
variables (e.g. velocity) are determined at the border of two mesh cells while the state
variables (e.g. density, pressure, and enthalpy) are defined in the central node of the cells.
Additionally, several schemes such as first-order upwind, second order central differencing,

and the quadratic upwind interpolation can be employed.
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For time discretization, a fully implicit solution is utilized. During this procedure, the linear
equations of enthalpy, pressure, and void fraction are sequentially solved. Then, the densities
are evaluated as functions of enthalpies and pressures. This process continues iteratively
until the convergence of mass conservation equation. The linear equations sets are solved
using the direct method. If the courant limit is not exceeded significantly, the Jacobi iterative
method can also be used to solve the enthalpies and void fractions. Under-relaxation factors
are sometimes required to converge the phenomenon’s stiff sets of linear equations.
However, using under-relaxation factors causes slow convergence and they are employed
only when it is essential. More information for solution methods implemented in APROS

can be observed in Hanninen and Ylijoki (2008) and Hanninen (2009).

To model the pilot plant, several components (e.g. valve, pipe, CFB boiler, heat exchanger,
fan) are utilized from the APROS library. The calculation of these process components can
be found in Alobaid et al. (2017) in details. However, the core annulus CFB model, also
known as 1.5D model which is an advanced model specifically used to represent the gas-
solid flow within a CFB, is explained here. Compared to a 1D model (where calculations are
done in one direction, usually along the height of the CFB), the 1.5D model adds some
complexity by allowing calculations in two directions: 1) Axial direction (along the height
of the CFB) with N nodes, and 2) Radial direction (across the width, from the center to the
walls) with 2 nodes. Therefore, it allows the model to capture both upward and downward
flows of solids, improving accuracy over simpler models and offers more realistic pressure
and temperature profiles. The core-annulus model is semi empirical, meaning that it uses a
combination of empirical correlations (derived from experiments) and 1D PDEs to simulate
the flow. This balances computational simplicity and accuracy. In this method, mass and
energy transport equations are solved in axial and radial directions. However, the model
applies a simple momentum balance without accounting for turbulence, which simplifies the
calculations while still being realistic enough for the application. In the following, a deep

introduction of this 1.5D model is presented.

3.2.1 Solid balance

Figure 7 illustrates the solid balance in the APROS CFB core-annulus model. The solids are

distributed in core and annulus calculation nodes. These nodes are depicted in Figure 7 in
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dark teal and turquoise rectangles, respectively. The gas calculation nodes, shown in dashed
rectangles, are the volume sums of core and annulus nodes. According to this figure, the
bottom calculation node, named high density bed, is not considered as a core-annulus pair
due to the well-mixed and uniform solid fraction at the bottom. Its density can also be
described by the interface layer. This density can significantly affect the solid entrainment
in the lean zone. At the riser’s top, the solids exit the reactor and enter into the cyclone from

the top calculation node and after some circulation, they return to the bottom node.

Cyclone

Uagnn Ugas Ucor

i+1

Interface Core Annulus
Layer Nodes Nodes
Gas —, Solid .~ Gas
o :Nodes Flow Flow

Figure 7. Process flow diagram schematic of solid balance structure
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In this solution method, the solids can flow upward and downward through the core
calculation nodes and annulus calculation nodes, respectively. Additionally, the solids can
partly be transferred from core nodes to annulus nodes and vice versa. The suspension
density of the core-annulus pair can also be determined by implementation of the following
equation (Alobaid et al., 2024a):

Meor,i (t) + Mann,i (t)
V; (7)

pi(t) =

In which V;, m¢,,, and mg,, are volume, solid mass of core, and solid mass of annulus of
the calculation node i, respectively. The solid mass balance of the core node i can also be

determined through equations (8) and (9) (Alobaid et al., 2024a).

dpcor,i(t) . . . .

%Vi = mcor,i—l(t) - mcor,i(t) + mannﬁcor,i—l(t) - mcorﬁann,i(t) (8)
mcor,i(t) =(1- ai)ucor,i(t)pcor,i(t)Ai 9)
mcorﬁann,i(t) = aiucor—mnn,i(t)pcor,i(t)Ai (10)

Here, m,,, represents the mass flow rate of solid particles to the core, 14, cor denotes the
solid mass flow rate from the annulus to the core, and M,y qnn Signifies the solid mass
flow rate from the core to the annulus. In addition, a; is the core-to-annulus split coefficient,
A; is the calculation node area, u.,,; represents the solid velocity leaving the core node i to
[+ 1, and Uspr—qnn ; 18 the core-to-annulus solid velocity at node i. A similar procedure can
be applied for calculation of solid mass balance in the annulus calculation node i under the

consideration of split coefficient from annulus to core (f5;) (Alobaid et al., 2024a):

dpann,i(t) . . . .

% Vi = mann,i+1(t) - mann,i(t) - mannacor,i—l(t) + mcorﬁann,i(t) (1 1)
mann,i(t) = (1 - ﬁi)uann,i(t)pann,i(t)Ai (12)
mann—mor,i(t) = Biuannacor,i(t)pann,i(t)Ai (13)

a; and f5; have values between zero to one. Using these split coefficients enables the solid
transfer between the core and its neighbouring annulus calculation node. The remaining

solids can then flow to the next upper node for further calculation.

The multiplication of the bottom bed density with solids velocity yields to the mass flux of
solids escaping the high-density bed to the lean zone. Decreasing in gas velocity leads to
reduced solids velocity, which in turn eventuates in a denser bottom bed. It results in lower

solids mass flux to the lean zone. Since the solids mass flux calculation is complicated, the
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solids density at the lean bed and bottom bed must be evaluated separately. Consequently,
APROS employed a theoretical interface layer dividing the high-density bed from the core-
annulus structure which represents the lean zone (Alobaid et al., 2024a). This structure is

illustrated in Figure 7.

The interface density p;,,; can be determined by the user. As provided in equation (14), the

solids mass flow rate leaving the bottom bed to the first core calculation node is as follows

(Alobaid et al., 2024a):
Mo () = Ucor,0 () Pine (D) Ao (14)

According to this equation, higher p;,; leads to higher entrained solids to upper calculation

node. In contrast, the lower values cause denser bottom region.

3.2.2 Pressure drop

APROS utilized equation (15) to evaluate the hydraulic head over a node. According to this
equation, the pressure drop of the fluidization gas in the riser is a result of the solids. Then,

using the equation (16), the pressure loss coefficient k is determined (Alobaid et al., 2024a).

Aph _ gmsol(psol - pgas) (15)

psolAnode

A
k = th
pgasugas

(16)

In which mg,; and p,; are total mass, and average solids density in the node, respectively.
3.2.3 Solid flow velocities

One of the most important factors influencing the riser hydrodynamics and solid balance
calculations are the solid velocities. These velocities contain core up-ward velocities,
annulus down-ward velocities, and core-annulus vertical velocities. The solid velocities
depend on the terminal velocity of a single particle. This velocity has a vital role in
determining the bed materials’ velocities. Therefore, the terminal velocity, which is the free-
fall velocity of the solid particle due to gravity, must first be calculated. To calculate the

terminal velocity of spherical particles, there are several correlations in the literature (Haider
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and Levenspiel, 1989). However, in real applications and the case study of this research, the
particles geometries are very complex. To eschew any noticeable error in calculating solids’
terminal velocities and then real solid velocities, the utilized equation should contain the
sphericity factor of the particles. Additionally, the terminal velocity determination requires
the particle drag coefficient calculation. This coefficient depends on gas velocity. There are
multiple correlations in the literature that calculate the drag coefficient (Bagheri and
Bonadonna, 2016; Holzer and Sommerfeld, 2008; Kriiger et al., 2015). A more
straightforward method is to calculate the dimensionless terminal velocity. However,
APROS utilizes the Haider and Levenspiel (1989) correlation to define the terminal velocity

for each calculation node i as follows:

18 4 2.335 — 1.744qbp
dz (o) 3 (o)

-1
Uper,i(0) = < ) , case 0.5< ¢, <1 (17)

Here ¢, is the sphericity of the particle and cip is dimensionless particle size. cip can be

calculated with Kunii and Levenspiel (2013) equation:

1
pgas,i(t) (psol - pgas,i(t)) g>3 (18)

dpi(0) = dy < 12400
gas,i

In this equation, dp,, Pgas, Psot» 9» and Lgqs are the particle diameter, gas density, particle
density, gravity acceleration, and gas-dynamic viscosity, respectively. Ultimately, the

terminal velocity of the particle can be presented as follows:

1
pgas,i(t) ) 3
.ugas,i(t) (psol - pgas,i(t))g

uter,i(t) = u;er,i(t) ( (19)

After calculating terminal velocity, the velocity of solid phase in calculation nodes can then
be calculated using the following equation:
usol,i(t) = ugas,i(t) - uter,i(t) (20)

Here, ugqs 1s local velocity of the gas and uq,, is the terminal velocity of the particle. The

Ugqs 18 modelled according to the homogenous flow model.

As the solid particles present in the core nodes cannot flow downward, hence, their velocities

are determined via the following equation:
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Ucor,i(t) = max (Usey,; (t); 0) (21)

When the particle terminal velocity is higher than the gas velocity, the solids stand in the

core node until moving to the neighbouring annulus calculation node.

In the annulus zone, the solids can move only downward. Therefore, to calculate the velocity

of the solids in this zone, a limitation like the core zone is required:
uann,i(t) = min (Kvel,annugas,i(t) - Kvel,clusteruter,i(t); 0) (22)

Kye1 ann 1 the wall velocity coefficient. Considering the wall effect on gas, this term reduces
the gas velocity and has a value between 0 to 0.5. In the annulus zone, the solids form clusters
that have the possibility to fall at a higher speed compared to typical value of the terminal
velocity of a particle. Thus, the K, ciyster Which is the cluster velocity coefficient be a value

in the range of 1 to 10.

Although solids radial velocities are calculated based on solids axial velocities, a restriction

should be stipulated to consider whether the core zone velocity is zero:

Ucor—ann,i(£) = Uann,i (1),
e {uann,mt) case tteor,(£) > 0 23)
’ 0 case Ugor,i(t) =0

This equation states that the solids velocity moving from core to the annulus is selected as
equal to the annulus zone velocity since the solids would not get trapped in the core
calculation nodes while they have lower gas velocities. Additionally, the annulus to core
solids velocities is either equal to the annulus zone velocity, provided that the core zone
velocity is positive, or zero, while the solids velocities in the core zone is zero. Consequently,
there will be no material transport from the annulus to the core, which lead to accumulation

of all bed material on the bottom bed.
3.2.4 Solid entrainment

A cyclone, a standpipe, and a loop seal are employed to recirculate the solids into the riser.
The modeling of these elements is performed by utilizing Particle Storage Component (PSC)
as OD. This issue can be done either by using several used volumes in series or by compacting

all volumes into a single calculation volume. The PSC method does not describe gas volume
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in the component and just focuses on the particles. As illustrated in Figure 7, in the core-
annulus model, solid particles move downward in the annular region and upward in the core.
Within each core node, the exiting solid mass flow is divided into two portions: one fraction
is redirected into the annulus, while the remaining portion continues upward to the next core
node. However, at the final node, where no further downstream node exists, the entire solid
mass flow is directed to the PSC. APROS calculates this recycled mass flow rate and
converts it into an input value for the PSC, which represents the cyclone. The PSC can be
considered as a solid inventory, and the particle transmitter modules can be used for mass

transfer modeling to help feed or extract mass move to or from the PSC.

3.2.5 Bed material distribution

To calculate the solids distribution in the vertical direction of riser (z direction), Wen and

Chen (1982) equation is used:

-acz

Esol = €0 T (Ssol,dens - gsol,w)e (24)

In this equation, the coefficient a, and the dense bed solid volume fraction &4, gens are as

follows (Alobaid et al., 2024a; Broadhurst and Becker, 1975; Hiller, 1995):

200dp°72

a, =———
c toer (25)

-0.72 4..—0.029 (Pgas 1
Esol,dens = 0.586¢, " “Ar~" 1- 13 o8 (26)
Psot 1+ T (tsup = tmy)
The factor f is:
—0.033

f = 02411+ 2.9¢73%%) (0.15 + (ugyp — tmy) ) 27)

Here, ugy, and u,,s are the superficial gas velocity and the minimum fluidization velocity,
respectively. In APROS, the u,, s is based on Ergun’s equation:

_ ﬂgasRemf

u
™ dppgas

(28)
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The following equations are also utilized to determine the Archimedes number and the

Reynolds number at the minimum fluidization:

1.75 150¢
—ReZ . + O Reyy—Ar =0
2 (29)
(1 - gsol,mf) (;bp (1 - Esol,mf) ¢p
dy
Ar = pgasg (psol - pgas) - (30)
Hgas

3.2.6 Gasification

Solid feedstock gasification is a value-adding process that converts low-grade, low-value
feedstocks into high-value chemicals and fuels. In a CFB system, gasification transforms
solid fuels into syngas, a mixture primarily composed of CO and H, (Heinze et al., 2023).
The process consists of three main steps: drying, pyrolysis, and partial oxidation of the
feedstock (Heinze et al., 2023). It relies on a controlled supply of oxygen and steam to
facilitate partial oxidation and gasification reactions. Unlike complete combustion, which
fully oxidizes fuel to CO,, gasification operates under oxygen-limited conditions to

maximize the production of CO and H,.

The key reactions in gasification include the partial oxidation of carbon to CO, the reaction
of carbon with steam to produce CO and H,, and the water-gas shift reaction, which converts
CO and water into CO, and H,. Moreover, methanation reactions may occur, leading to the
formation of methane. These reactions, implemented in APROS for modeling the

gasification process, are represented as follows:

Drying
RO: Raw Solid Fuel — Solid Fuel + H,0(y)

Pyrolysis
R1: Solid Fuel —— Char + Volatiles

R2: Volatiles + 02(g) d CO(g) + HZO(g)

1
R3: C(s) + EOZ(g) - CO(g) AH = —112 k]/mol (31)
R4: C(S) + 02(g) il COZ(g) AH = —395 k]/mol
1
1
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R8: C(g) + COyg) = 2C0, AH = +172.5 kj/mol
R9: C(s) + 2Ha(g) = CHaqg) AH = —74.8 kj/mol
R10: COgy + Hy0(g) = COyg) + Hag) AH = —41.2 kj/mol
R11: CHygy + H0(g) = CO(g) + 3Ha(y) AH = +206.1 kj/mol

R12: CpHpqgyy + MHa0(g) > nCOgy + (0 + 1/2m)Hyyy  AH > 0 kJ/mol

R13: CpHm(gr) + 2nC0yg) = 2nCO0 gy + 1/2mHy g AH > 0 kj/mol
When simulating the gasification process in the APROS software, certain relations and
reaction kinetics are used to describe the coupling between solids and gases in the fluidized
bed. Pyrolysis (R1) is always taking place when there is solid fuel. The release of species
from the solid fuel is directly proportional to the user-specified concentrations. The reaction
rate for char particle combustion, 7.5,, has been calculated assuming that the chemical

reaction is controlled by the diffusion of the boundary layer (Alobaid et al., 2024a):

(Poz - poz,sur)

= 249D
rCha dChaRTgaS (32)

In this context, py, refers to the oxygen average partial pressure, po, s, represents the partial
pressure of oxygen at the surface of the char particle, d ., is the diameter of the char particle,
and Ty, is the temperature of gas. The parameter D depends on the gas temperature, while
Y is equal to two for R3 and one for R4. The reaction rates of the volatiles are dependent
upon the concentration of the volatile species and oxygen as well as the mixing rate between
the oxygen and volatiles (i.e., turbulence level). A simplified version of the equation
originally proposed by Magnussen and Hjertager (1977) is applied:

4
Tvol = T_mln (cvorr Coxy/(n + m/4))pgasVnod (33)

tur

Here, 14y, is the turbulent mixing time scale, c¢,,; is the concentration of volatile species,
Coxy 18 the oxygen concentration, and Vy,,4 is the volume of the calculation node. The values
for n and m can be obtained from the fuel composition C, H,,. It is important to note that the
reaction mechanism used in APROS is not highly detailed and therefore other impurities
from fuel oxidation such as chlorine or mercury (which can be removed in actual plants, for

instance through biochar treatment (Jia et al., 2023)), cannot be modelled.
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3.2.7 Heat transfer

Heat transfer within the riser occurs through three distinct mechanisms: exchange between
the core and annular regions, interaction between the solid and gas phases, and heat transfer
between the bed materials and the reactor walls. In this gasification process, the solids also
move in the axial and radial direction in the riser, which generate internal recirculation that
transfers heat from the hot core to the cold annulus. This internal circulation together with
the turbulence of the flue gas and radiative heat transfer helps to reduce temperature

gradients between the core and the annulus.

In the gasification context, the main heat transfer mode is the solid convection and radiation
because of the large contact area of solids and gas. The movement of solids along the riser
walls enhances heat transfer mainly through the mechanism of solid convection rather than
conduction. However, gas convection also plays a part in heat transfer, although it is less

effective than solid convection and radiation.

To determine the total Heat Transfer Coefficient (HTC) between the bed materials and
reactor walls, APROS employs correlations for heat transfer through solid convection, gas
radiation, and solid radiation. The Dittus-Boelter correlation is utilized for both forced and
free convection across different heat structures. Meanwhile, the Hamrin-Sjostedt correlation
is applied to BFBs, and the Dutta-Basu correlations are specifically designed for water walls
and wing walls in CFBs. In the case of CFBs, the correlation developed by Mattman,
Molerus, and Wirth is used. In this study, the Mattman-Molerus-Wirth correlation is utilized

to model the complex interactions between solids and gas during the gasification process.
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4 Modeling and Validation

The modeling is conducted in APROS by selecting essential components such as CFB
reactor, valves, pipes, insulators, various controllers, etc. These components are then
interconnected through energy, material, or heat flows to complete the model. The required
data (e.g. medium composition, temperatures, and solid and fluid mass flows) can be
imported into the process and controlled via electrical and automation signals. Various
studies in the literature have utilized APROS models to dynamically simulate the behavior
of multiple processes, including thermal power plants. Most of these studies have focused
on validating numerical results obtained from APROS in diverse applications, such as
combined cycle power plants, nuclear power plants, pulverized coal power plants with
carbon capture, concentrating solar power plants, and waste incineration plants (Al-Maliki
et al., 2023; Alobaid et al., 2024b, 2018; Ata et al., 2020; Braun and Lou, 2021; Du et al.,
2022; Li et al., 2024; Starkloff et al., 2016; Tian et al., 2022; Zhu et al., 2023). Recently,
some APROS studies have also been done for CFBs (Alobaid et al., 2022b; Li et al., 2023;
Stefanitsis et al., 2020).

In this section, the experimental setup is first introduced, followed by a detailed explanation
of the different sections of the APROS model. Then, the developed model will be examined
and validated using experimental data obtained from the Institute for Energy Systems and
Energy Technology (EST) of the Technical University of Darmstadt (TUDa). Finally, the

developed model is used for dynamic simulation of various scenarios.

4.1 Experimental Setup

This section focuses on the design and implementation of the experiment that serves as the
basis for the simulation discussed in this study. First, the CFB gasifier used in the experiment
is described, along with a discussion of the fuels. Then, the APROS model is

comprehensively Analyzed and examined.
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4.1.1 The CFB QGasifier at TUDa

The simulation model used in this work replicates a real CFB gasifier that was built in the
EST at TUDa. The exact structure of the gasifier and the explanation of the simulated
APROS model are given in this section. The 3D model in Figure 8 illustrates a simplified

model of the 450 kW,;, CFB gasifier used in the experiment.
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Figure 8. The 3D model of the CFB gasifier used in the EST at TUDa

4.1.1.1 Experimental construction

The primary components of the plant include the medium system, the riser with its solid
recirculation systems, the solids conveying systems, the exhaust flue gas recirculation, and

the exhaust syngas:

Medium System: The medium required for the gasification process consists of oxygen and

steam, which are introduced into the system at six points: nozzles 10, 12, 14, 17, 18.1, and
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18.2 as shown in Figure 9. Each of these nozzles has specific height, medium mass fractions,

temperatures, and mass flows. Table 2 presents all these specifications.

Table 2. The medium specification of each nozzle.

Medium Composition

Steam Oxygen
Nozzle Height Total Mass Mass Temperature Mass Temperature
No. (m) Flow (kg/s) Fraction (%) (°O) Fraction (%) (°O)
10 0.2 0.0056 99.95 200 0.05 200
12 1.0 0.0046 43.73 200 56.27 200
14 1.7 0.0094 43.79 200 56.21 200
17 3.0 0.0031 45.06 200 54.94 200
18.1 3.6 0.0010 55.91 200 44.09 200
18.2 4.0 0.0020 55.91 200 44.09 200

The Riser and solid Recirculation System: The gasifier has an inner diameter of 0.4 m and
a total height of 12.5 m. The insulation, designed according to industry standards, has a
thickness of 0.295 m, resulting in an outer diameter of 0.99 m. Solid particles exit the riser
at the top and enter the cyclone separator, where captured particles are directed into the
circulation lock via the standpipe. These particles are then reintroduced into the riser through

the return section at a height of 1.6 m.

Solids Conveying System: During recirculation, fuel is fed into the system via a screw
conveyor with pressure sealing. Additionally, to maintain the desired gasifier inventory, bed
material is discharged from the circuit through a cooled screw conveyor located in the center

of the nozzle grid at the bottom of the riser.

Exhaust Flue Gas Recirculation System: The flue gas leaves the cyclone and flows into
the exhaust flue gas system. As shown in Figure 9, some of this exhaust gas recirculated to

the riser to shape the fluidization.

Exhaust Syngas: The remain exhaust gas exits the system as its products (syngas).

32



Svngas

To Flue Gas
Recircuation

Nozzle 18.2
(Steam + Oxvgen)

Nozzle 18.1 i
(Steam + Oxvgen) Riser

Nozzle 17
(Steam + Oxygen)

Nozzle 14 LOOp
(Steam + Oxveen)
T / Seal

Solid Fuel.
Sand

Nozzle 12
(Steam + Oxygen)

Nozzle 10
(Steam + Oxygen)

Flue Gas
Recirculation

I\/\/\/\/\/I—» Bottom Ash

Figure 9. Simplified diagram of the CFB gasifier implemented in EST at the TUDa.

4.1.1.2 Fuels

In the implemented CFB gasifier, Pine Forest Residue Pellets are utilized as fuel. Fuel
samples were collected from a supplier named “AB Torkapparater” which is located in

Sweden. The properties of this fuel are summarized in Table 3.

Table 3. Fuel properties

Pellet

lower calorific value (MJ/kg, as received)  18.30

lower calorific value (MJ/kg, dry) 19.14
Moisture (gw %, as received) 4.40
volatile substances (gw %, dry) 80.30
fixed carbon (gw %, dry) 17.40
Ash (wt %, dry) 2.30
bulk density (kg/m?) 690.00
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4.1.2 Experimental results

In the test series analysis, the gasification of pellet was investigated using a 450 kW, CFB
gasifier in EST at TUDa. Figure 10 illustrates the three important properties of gasifiers

which has been obtained in this experimental research: riser temperature, riser pressure, and

syngas composition.
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Figure 10. Experimental results a) Riser’s Temperature, b) Riser’s Pressure, and c¢) Syngas Composition.

34



4.2 Model Development

This section of Chapter 4 describes the structure of the APROS model used in the
simulations. Since a basic reactor model was already available, a complete reconstruction
was not required. However, modifications and extensions were necessary in certain areas to
adapt the model for the simulations, which are detailed in this section. Additionally, the
original model was designed for fuel co-combustion and had to be extended to accommodate

the gasification process.

For clarity, the model is divided into four key areas, each explained in detail below: (1) the
riser with cyclone, (2) the insulation, (3) the flue gas recirculation and syngas exhaust, and
(4) the inflow and outflow of fluids and solids. Figure 11 provides an overview of the
simulation model, with each section further explained in the following of this chapters.
Additionally, to make the model dynamic, two other important sections are needed: the
controlling section, and the ramps used for data input. These two sections are also explained

in detail through this section.
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Figure 11. Overview of the simulation model built in APROS
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4.2.1 The Riser and Cyclone

At the core of the simulation is the CFB reactor (Figure 12), designed to replicate the actual
reactor at TUDa. It has a height of 12.5 m and a total volume of 1.44 m3. As illustrated in
Figure 9, the riser used in this experiment features a conical shape at the bottom. To ensure
an accurate simulation, this characteristic was incorporated into the modeling, with the
riser’s cross-sectional area defined as a function of elevation. Hence, the riser diameters were
assigned as input values in APROS based on their corresponding heights. The specific

dimensions used for simulating this gasifier within APROS are detailed in Table 4.

Table 4. The dimensions of the CFB reactor used in APROS model.

Height (m)  Diameter (m)

0 0.15
0.01 0.15
24 0.4
12.5 0.4

The implemented reactor within the software is divided into 20 computational nodes, with
heights varying between 0.15 m and 0.8 m. The heights of these nodes are depicted on the
right side of the riser in Figure 12. The gas phase is modelled with a strictly vertical flow,
while the solid phase is represented using the core-annulus approach. In this method, each
node is split into a central core and an outer annular region, reflecting the typical behavior
of solid particles while they rise in the core and descend near the riser walls. In contrast,

gases flow uniformly in a single direction.

The cyclone separator, described in Section 4.1.1.1 , is modelled using a solids extraction
system that employs a particle transmitter at the riser’s upper end. This system facilitates the
transfer of solid particles into a storage facility. The standpipe and solids return mechanism
are simulated using another particle transmitter, which directs particles back from storage.
The riser regulates both the quantity and composition of solids discharged through the
cyclone, with these values transmitted to the particle transmitter module via two value
transmitters. These transmitters define the specified quantity and composition of solids
exiting the reactor. All components of this system are depicted on the right side of the riser

in Figure 12.
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Figure 12. Section of the simulation model, fluidized bed gasifier with solids recirculation

4.2.2 Insulation

The riser of the gasifier is insulated with three layers of different insulation materials, with
a total thickness of 295 mm. The properties, composition, layer thickness, and thermal
characteristics of these materials are summarized in Table 5. To model the insulation, as
depicted in Figure 13, individual insulation elements are connected to their corresponding
riser nodes and then linked to a reference point representing ambient conditions. These

physical and thermal properties are then incorporated into APROS for each insulation

module.
Table 5. Construction of the insulation
Layer Thickness  Heat Conductivity Density
Material Information s
(mm) (W /mK) (kg/m>)
layer 1 ~ CARSIT M10-6 +Atm 105 2.048 800
layer 2 L30 +Atm 76 0.491 800
layer 3 123 +Atm 114 0.175 800
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Figure 13. The insulation of the riser used in the simulation within APROS

4.2.3 The Flue Gas Recirculation and Syngas Exhaust

To shape the fluidization within the riser, recirculating some of the flue gases into the reactor
is required. It has been done through Nozzle 8 as shown in Figure 14b. Fluidization is a
critical process in CFB boilers, as it ensures the uniform distribution of solids and enhances
the contact between the gas and the solid phases. This improves the overall efficiency of
combustion and gasification and allows for better heat transfer, which is crucial for achieving

optimal performance in the reactor.

To maintain the precise composition of the recirculated flue gases, the composition of the
exiting flue gases must be transmitted to the point connected to Nozzle 8. This is achieved
through several value transmitters, as depicted in Figure 14a. The modules provide Nozzle
8 with the accurate values of molar fractions and concentrations of the components in flue
gases to achieve proper gas composition levels. The correct gas composition needs to be
maintained because it ensures consistent reactor reactions and optimizes particle dynamics
while protecting reactor stability. A system with stable composition and defined parameters
enables reliable and efficient fluidization needed to achieve proper reactor operational

parameters.
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The remaining flue gases, after subtracting the amount of gas recirculated, exit the process
as syngas. This syngas is a valuable product that can be further utilized, and its composition
is influenced by the precise control of the flue gas recirculation process. The well-defined
stable gas composition in the recirculated gases and the syngas can lead to more efficient

fluidization. It also enhances the overall reactor performance.
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Figure 14. Flue gas recirculation system: a) at the riser exit, and b) at the riser inlet.

4.2.4 The Inflow and Outflow of Fluids and Solids

To simulate the inflow and outflow of materials to and from the reactor, the pipes must be
connected to the riser at appropriate heights. As shown in Figure 12, multiple brown dots
are positioned on both sides of the riser, representing the connection points for fluids entering
or exiting the reactor. Additionally, yellow dots indicate the entry and exit points for solid
materials in the gasifier. The height of these connection points can be configured within the

reactor properties in APROS to align with the specifications of the actual riser.
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As we have already discussed the outflow of flue gas, flue gas recirculation, and solid
recirculation, the focus here is on three other main inflow and outflow processes in this
model, as illustrated in Figure 11 and Figure 15. These processes are the nozzles of

gasifying agents, fuel conveyors, and solid extraction.

Gasifying agents are injected through nozzles 10, 12, 14, 17, 18.1, and 18.2. The
composition, mass flow rates, and temperatures of these agents have already been presented
in Table 2. To simulate this process, both points and pipes have been employed, with the
necessary properties defined for each. Furthermore, to introduce dynamic behavior to the
model, the mass flow of the injected agents passing through the pipes is controlled via a

control system, which will be described in subsequent sections.

The model accommodates the introduction of three different fuels simultaneously; however,
this research specifically focuses on Pellet fuel. As depicted in Figure 15, storage facilities
and particle transmitter modules are used to supply the dried fuels. The fuel moisture content
is controlled via point and pipe modules. The mass flow rates of the fuels, solid particles,
and their moisture content are all managed by the control section of the model. This control
section is crucial for the ultimate goal of this study which is the transitioning from a

stationary model to a dynamic one.
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Figure 15. The inflow and outflow of fluids and solids.
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All CFB reactors require a solid extraction system to discharge excess ash and solid materials
from the reactor. In this model, as illustrated in Figure 15, the solid extraction system is
simulated using a storage facility and a particle transmitter module. The solid flow rate in
the particle transmitter module is controlled by the weight of the solid mass within the riser.
If the solid mass exceeds the required amount, the particle transmitter discharges more solids
from the reactor, and vice versa, ensuring that the solid mass remains balanced within the

system.

4.2.5 Ramps

To accurately describe the control section of this model, it is essential to first introduce the
ramp section. The ramp section serves as a key component for regulating the mass flow rates
of both solids and fluids. As illustrated in Figure 16, two function modules are implemented
within this section to control these mass flow rates dynamically. Through these modules the
model regulates time-dependent fuel material inflows that allow researchers to study

operational states ranging from full-load to part-load and transition periods.

The ramp section also incorporates several set points, as shown in Figure 16. The set points
enable an accurate control of different load conditions. They make it possible to specify the
required fuel input and the mass flow rates of various inflow mediums for both full-load
operation and part-load scenarios (e.g., 80%, 70%, etc.). This setup enables smooth
transitions between operational states. For example, the model can shift from 100% load to
80% load and then return to full load after a predefined time, which is configured within the

function modules.

To ensure all processes operate as a function of time, the function modules are linked to a
timer that defines the simulation timeline. The output values generated by these modules are
transmitted to the control section, where they regulate the primary modeling layer;

specifically, the CFB reactor’s operation.

Additionally, the model features a push-button mechanism, as depicted in Figure 16. It
facilitates automatic switching between steady-state and dynamic conditions. By pressing
this button, users can have a coherent transition between these states without manually

adjusting multiple switches. This feature enhances efficiency and reduces the time and effort
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required to switch between operational modes. It also ensures a smooth and controlled

transition.
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Figure 16. The utilized ramp for dynamic simulation of gasification process in APROS

4.2.6 Control System

The control section of the model, illustrated in Figure 17, governs various aspects of the
main system. It ensures precise regulation of solid mass flows, fluid mass flows, and the
total solid mass within the reactor. The section functions to sustain stability together with

dynamic adaptability throughout the simulation.

On the right side of this control layer, the fuel control section is visible. This section allows
users to define main fuel properties such as moisture fraction, ash fraction, and CaO fraction.
Based on these inputs, the controllers calculate the corresponding amounts of moisture, dried
fuel, and CaO. Subsequently, they transmit these values to the fuel conveyor system for

accurate processing.
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The left side of the control layer is dedicated to regulating the flow rates of the nozzles.
These controllers dynamically adjust the injected fluid quantities over time and enable

simulation under varying operational conditions.

Additionally, at the bottom of Figure 17, controllers responsible for inventory management
and other solid flow processes can be observed. These controllers regulate material flows
within the reactor. They also ensure proper distribution and discharge of solid particles as

required by the simulation parameters.
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Figure 17. The utilized controlling system for dynamic simulation of gasification process in APROS.

4.3 Model Validation

Model validation is a critical step in numerical studies, ensuring that the developed model
functions correctly and produces reliable results. Verification of the model’s accuracy is
essential before proceeding with further Analyzes or applying the model to different
scenarios. If the validation confirms the model’s reliability, the research can advance with

confidence.
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In this section, the results obtained from the proposed APROS model are compared against
experimental data to assess its accuracy. This comparison, presented in Figure 18, serves as

a key indicator of the model’s performance and its ability to replicate real-world behavior.
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As observed in Figure 18a, the APROS model accurately predicts the riser temperature,
showing strong agreement with experimental data up to a height of approximately 8 m, with
an error of less than 2%. However, beyond this height, a discrepancy arises: while the

simulated results indicate a stable temperature profile, the experimental data show a sharp

decline.

Since one of the key characteristics of CFB reactors is their ability to maintain a relatively
uniform temperature within the riser, the observed drop in the experimental data is
unexpected. Similar studies, such as the work of Fan et al. (2020) on industrial-scale CFB
gasifiers, have reported a nearly constant temperature distribution throughout the riser, as

illustrated in Figure 19.

Given this, the APROS model’s temperature predictions can be considered reliable,
especially considering its high accuracy up to 8 m. The discrepancy beyond this height may
stem from uncertainties or anomalies in the experimental measurements rather than a flaw
in the simulation. Despite this deviation, the error remains within 17%, suggesting that the

model maintains a reasonable level of accuracy even in the upper sections of the riser.
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Figure 19. The experimental results of temperature distribution along the riser height (Fan et al., 2020).
Another critical characteristic of a CFB reactor is the pressure distribution along the riser
height, as depicted in Figure 18b. According to this figure, the simulated pressure values
align exceptionally well with experimental data, with all deviations remaining below 1%.
This high level of accuracy further confirms the reliability of the APROS model in capturing

the pressure profile within the riser.
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Additionally, syngas composition plays a vital role in validating the model. As illustrated in
Figure 18c, the numerical and experimental results exhibit strong agreement. While APROS
is not inherently designed for advanced chemical reaction modeling, it effectively predicts
the composition of chemical species involved in the process. Therefore, the ability of this
simulation to accurately determine the molar fractions of syngas components represents a

significant and convincing achievement.

Considering these numerical results and their strong agreement with experimental data, it
can be concluded with high confidence that the developed model is reliable. Therefore, this
research can proceed with the analysis of dynamic scenarios, such as part-load conditions,

which will be explored in the next section of this chapter.

4.4 Dynamic Simulation

This section of the study focuses on the dynamic simulation of various part-load scenarios.
In each scenario, the gasifier initially operates at a steady-state full-load condition before

transitioning to part-load and subsequently returning to full-load capacity.

To adjust the load, a rate of 5% per minute, which is typical in industrial operations, is
applied. For example, reducing the load from 100% to 90% takes 120 seconds, and the same
duration applies when returning to full load. Since each scenario begins from an already
established steady-state condition, the part-load phase commences 720 seconds after the
simulation starts. The system remains at part load for a suitable period to reach steady-state
condition in the new capacity before ramping back up to full load. The second full-load
condition continues until 118000 seconds, ensuring the system reaches a thermal semi-

steady state.

Load variations are achieved by adjusting the fuel input, with all gasifying agents and flue
gas recirculation scaling proportionally. For instance, at 90% part-load, both the fuel and
medium flow rates are reduced to 90% of their original values, following the defined 5% per

minute change rate.

In the following scenarios, gas temperature and composition are Analyzed, as these
parameters are critical for the subsequent combustion of syngas in a gas turbine. The solid

mass weight of the dense bed is also Analyzed to justify the temperature variation.
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4.4.1 Dynamic Response of the Gasifier Under 90% Part-Load Operation

Figure 20 illustrates the variation in operational load throughout the 90% part-load scenario.
The gasifier begins from a steady-state condition, operating at full load for the first 720
seconds. Over the following 120 seconds, the load is gradually reduced from 100% to 90%.
The gasifier then maintains the part-load condition for 68400 seconds, ensuring thermal
equilibrium before returning to full load. This gradual load transition enables the gasifier to

stabilize and adjust its operation effectively during the load change process.
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Figure 20. Dynamic load transition: Reduction from 100% to 90% load and subsequent return to full load.

The fluid temperature within the riser is a critical parameter that requires detailed analysis.
When the load is reduced from 100% to 90%, distinct temperature variations are observed
at different heights in the reactor. As shown in Figure 21, the temperature in the lower
section of the riser decreases as the load falls and subsequently rises when the load returns
to full capacity. In contrast, the middle and upper sections exhibit an opposite trend: the
temperature initially increases with the reduction in load and then gradually declines. Once
the load starts returning to 100%, the temperature in these sections drops sharply before
stabilizing and gradually increasing back to its steady-state value in a logarithmic growth

pattern.
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This temperature behavior can be attributed to changes in solid particle fluidization and
subsequently the amount of solid mass within the dense bed. As the gasifier operates under
part-load conditions, the fluidization medium is reduced, which causes a higher
concentration of solid particles to settle in the dense bed, thus limiting their contribution to
heat transfer to the upper parts of the reactor. As illustrated in Figure 22, more solid particles
remain in the dense bed and do not participate in the heat exchange process, affecting

temperature distribution throughout the riser.

The gasification process consists of five primary stages: drying, pyrolysis, combustion,
cracking, and reduction. The drying process primarily occurs in the lower section of the riser,
so when solid particles settle in this region, the reduced fluidization medium and
simultaneous drying process lead to a drop in temperature in this area. In the middle section
of the riser, where combustion takes place, the temperature rises. This increase is further
amplified by the reduced solid flow, as the absence of an effective heat transfer medium
limits heat dissipation. In the upper part of the riser, endothermic reactions result in a lower
temperature than in the middle section. This temperature reduction is further influenced by
the limited presence of solid particles, which restricts uniform heat distribution. However,

the temperature trends in this region still follow those of the middle section.
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Figure 21. Variation of riser temperature during the 90% part-load scenario.
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As the system returns to full load, the cooled solid particles that had previously settled in the
dense bed suddenly re-enter the flow, causing an abrupt temperature drop in the middle and
upper sections of the riser. However, as fluidization increases, solid entrainment helps
restore the temperature, gradually achieving a steady-state condition with uniform heat

distribution.
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Figure 22. Variation in the mass weight of the dense bed during the 90% part-load scenario.
The syngas composition, as shown in Figure 23, exhibits a smooth and stable behavior
throughout the load change process. During the transition from full load to part load, the
composition shifts over a brief period and then quickly returns to its previous range. This
smooth transition is a result of the linear adjustment in the fuel and all injected mediums

within the reactor.

When connecting a dynamic gasifier to a gas turbine, several important criteria must be
considered. One of the most crucial factors is having a stable syngas composition, even if
the syngas flow rate changes. A stable syngas composition is essential for ensuring stable
combustion within the gas turbine and providing reliable control over the Brayton cycle.
With this control, the gas turbine can effectively match its power output with the fluctuating
power generation from renewable energy sources, minimizing the mismatch between supply

and demand.
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This demonstrates that CFB gasifiers possess significant potential to contribute to the
sustainability transition in the power sector. They can provide a stable syngas composition
and enable gas turbines to generate power in alignment with the fluctuating availability of
renewable energy. Thus, they can support grid stability and facilitate the integration of

renewable energy into the power system.
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Figure 23. Variation of syngas composition during the 90% part-load scenario.

4.4.2 Dynamic Response of the Gasifier Under 80% Part-Load Operation

The second scenario examined in this study involves reducing the gasifier load to 80% before
returning to full capacity. As in the previous case, the simulation begins from a fully steady-
state condition and operates at full load for the first 720 seconds. Following this, the nozzles
gradually shut off, decreasing the gasifier’s capacity to 80% over a span of 240 seconds. The
gasifier then remains at this part-load condition for 68400 seconds, ensuring consistency
across all scenarios for comparison. Following this period, it ramps back up to full load and
continue operating till reaches a new steady-state condition. This process is illustrated in

Figure 24.
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Figure 24. Dynamic load transition: Reduction from 100% to 80% load and subsequent return to full load.

As previously discussed, temperature, a key behavioral parameter, varies at different heights
within the riser during load changes (Figure 25). In the lower section, the temperature
decreases due to the endothermic drying process and the settling of solid particles. This
phenomenon is further illustrated in Figure 26, which shows the weight of solid particles in
the dense bed. When the plant capacity is reduced to 80%, all 128 kg of solid inventory
within the reactor accumulates in the dense bed, indicating weak solid recirculation. In this

state, the reactor functions similarly to a BFB.

The middle and upper sections of the riser follow a similar pattern to the previous scenario.
Initially, the temperature rises sharply due to the sudden reduction in solid entrainment and
partial combustion occurring in these regions. Over time, the temperature stabilizes.
However, as the plant capacity increases back to full load, strong solid entrainment occurs,
transporting cooled solids into the middle and upper sections. This results in a sudden drop
in temperature during the transition back to 100% capacity. Eventually, all sections stabilize

once again, following a logarithmic curve until a steady-state condition is reestablished.
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Figure 26. Variation in the mass weight of the dense bed during the 80% part-load scenario.
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The syngas composition once again exhibits a stable trend. While slight variations occur
during the load transition, the composition quickly returns to its initial state, demonstrating
a favourable characteristic for further utilization. This stable behavior ensures consistency
in downstream applications, such as gas turbine combustion. The syngas composition profile

during this scenario is illustrated in Figure 27.
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Figure 27. Variation of syngas composition during the 80% part-load scenario.

4.4.3 Dynamic Response of the Gasifier Under 70% Part-Load Operation

The final case in this study examines the plant's operation at 70% part-load. As in the
previous scenarios, the simulation begins from a steady-state condition and runs for 720
seconds before transitioning to the part-load phase over 360 seconds. The gasifier then
remains at 70% load for 68400 seconds before returning to full capacity, eventually reaching

thermal equilibrium. This process is illustrated in Figure 28.

The variations in temperature, solid mass weight within the dense bed, and syngas
composition are depicted in Figure 29, Figure 30, and Figure 31, respectively. As expected,

these trends closely follow those observed in the 80% part-load scenario.

53



105

100

95

90

85

Load (%)

80

75

70

65
0 20000 40000 60000 80000 100000 120000
Time (second)

Figure 28. Dynamic load transition: Reduction from 100% to 70% load and subsequent return to full load.
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Figure 29. Variation of riser temperature during the 70% part-load scenario.
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Figure 31. Variation of syngas composition during the 70% part-load scenario.

55



4.4.4 Comparison of Gasifier Behavior in Different Scenarios

The final section of this chapter is dedicated to comparing the dynamic responses observed
in the different part-load scenarios studied in this research. Figure 32 presents the
temperature variations at three different heights within the riser across all cases. It highlights

the critical role of solid particle entrainment in temperature regulation.

Starting with the bottom section of the riser, the 90% part-load case requires significantly
more time to reach thermal stability compared to the 80% and 70% cases, which follow a
nearly identical path and stabilize much sooner. This discrepancy can be attributed to the
behavior of solid particles. As shown in Figure 33, in the 80% and 70% part-load scenarios,
nearly all solid particles settle rapidly in the dense bed, increasing its weight to 128 kg. With
no significant solid entrainment occurring in these cases, temperature changes propagate
quickly, allowing the bottom section to reach stability in a shorter time. Conversely, in the
90% part-load case, a portion of the solid particles remains in circulation, moderating the

temperature transition and preventing abrupt changes.

The impact of solid entrainment is also evident in the middle and upper sections of the riser.
As illustrated in Figure 32, the presence of circulating solids mitigates sudden temperature
fluctuations and reduces peak temperatures in these regions. This behavior is particularly
important for minimizing thermal stresses within the gasifier, ensuring its structural integrity

during dynamic operation.

These findings prove that dynamic simulations are important to understand and optimize
gasifier performance. Modeling solid particle circulation dynamics together with
temperature regulation accurately enables better improvements in gasifier operational
stability and efficiency. The transition of industries toward flexible sustainable energy
systems requires dynamic analysis for gasifier design and operation because it will boost
gasifier reliability and efficiency and enable better integration of renewable energy
fluctuations. The proposed method gives gasifiers the capability to work under various
operational conditions thus enabling effective renewable energy integration into power

plants for sustainable and resilient energy systems.
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Finally, Figure 34 compares the syngas composition across the different part-load scenarios.
As shown, the syngas composition follows a similar pattern in all cases, demonstrating a
consistent behavior despite the variations in load. This stability is a key factor for dynamic
power generation in gas turbines, since this reliable and consistent syngas composition
ensures smooth combustion and efficient power production. The figure highlights the
capability of CFB gasifiers to produce syngas with stable composition, a crucial aspect for
the future of the gas turbine industry. As mentioned, this stability will be essential for
integrating gasifiers with fluctuating renewable energy sources, and it enables more flexible

and sustainable energy generation.
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Figure 34. Variation of syngas composition across all scenarios.
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5 Conclusions

This study successfully developed and validated a dynamic simulation model of a
Circulating Fluidized Bed (CFB) gasifier within APROS. The research aimed to bridge the
gap in dynamic analysis of gasifiers, especially in their response to part-load conditions and
transient operations. Through extensive simulations and validation against experimental
data, the results demonstrate the reliability of the proposed model in capturing key physical

and chemical phenomena within the gasifier.

The findings highlight the importance of solid entrainment and its role in temperature
regulation across different regions of the riser. The study revealed that in 90% part-load
conditions, a portion of the solid particles remains in circulation and moderates abrupt
temperature changes. In contrast, during 80% and 70% part-load scenarios, nearly all solid
particles settle rapidly in the dense bed which leads to faster stabilization. While this
premature stability accelerates thermal equilibrium, it may also contribute to thermal stress
in various components of the gasifier. This knowledge is crucial for ensuring the gasifiers'
operational stability under varying load conditions. Moreover, the stable syngas composition
observed across all scenarios demonstrates the potential of CFB gasifiers to provide a
consistent fuel source for gas turbines. This enables a more flexible and responsive power

generation system.

The analysis demonstrates why renewable energy systems require dynamic gasifier
simulation integration. The ability of gasifiers to dynamically adjust their operations will
support power grids in balancing intermittent renewable energy supply with power demand.
The research also provides a foundation for optimizing gasifier design, enhancing fuel
flexibility, and improving thermal efficiency under varying operational conditions.
Knowledge from this study will help develop adaptive control methods that improve power

plant performance when using gasification technologies.

Furthermore, the ability of CFB gasifiers to maintain stable syngas composition during
different load conditions demonstrates their suitability for hybrid energy systems. This
characteristic is particularly advantageous for integration with gas turbines, enabling steady
combustion and predictable power output. The findings suggest that dynamic simulations

can play a crucial role in optimizing the gasifier performance and the overall efficiency of
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gas turbine-based power plants. Such improvements could lead to better grid stability and a

more coherent transition toward cleaner energy solutions.

Although this study has valuable knowledge, it also has certain limitations. To enhance the
model’s accuracy and make it even more applicable to practical settings, it would be
beneficial to incorporate the real-time operational data from an industrial-scale gasifier.
There are several research topics that can be done for future studies. First, the gasifiers’
dynamic models can be utilized into full-scale energy systems to better understand their
impact on grid stability. Additionally, several control strategies for load transition can be
investigated. These models can also be utilized in fuel switching and test the gasification of
various fuels. Moreover, further exploration of thermal and chemical interactions within the
riser could offer deeper knowledge into improving gasifier performance under dynamic

conditions.

In conclusion, this research helps the understanding of dynamic CFB gasification. It
demonstrates the gasifiers’ potential in flexible and sustainable energy production. The
gained knowledge provides a valuable step toward improving gasifier performance and
integration with emerging energy technologies. It facilitates the way for more resilient and
adaptive power generation systems. The dynamic simulations, especially in gasification
processes, will remain essential due to the continued research of industries for efficient and
environmentally friendly solutions. They can help find the reliable and efficient operation of

future energy infrastructures.
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