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ABSTRACT

The climate crisis and dependence on fossil fuels make the transition to renewable energy sources
imperative, with biomass standing out for promoting decarbonization and circular economy. In this
context, fluidized bed gasification emerges as an efficient route for converting waste into syngas,
applicable to power and hydrogen generation. Given the variability of real operating conditions,
dynamic models are essential to represent coupled fluid dynamic, thermal, and kinetic phenomena
over time. In this work, a dynamic phenomenological model was developed using a lumped 0D
approach, in which the reactor is divided into two interacting zones represented as continuous
stirred-tank reactors (CSTRs): a dense bed, where drying, devolatilization, and heterogeneous
reactions occur, and a freeboard, dominated by homogeneous gas-phase reactions. The model
was validated against experimental data from a bubbling fluidized bed gasifier, showing good
agreement for major syngas species (CO and H,, mean absolute error below 2%), with minor de-
viations for CH, due to simplified devolatilization and tar conversion kinetics. Transient simulations
revealed strong sensitivity of process performance to particle size and biomass composition.
Compared with the reference case (6 mm), reducing particle size to 1 mm enhanced hydrogen gas
efficiency, cold gas efficiency, and carbon conversion due to intensified heterogeneous reactions
and improved solid—gas heat transfer. Additionally, biomass switching simulations demonstrated
that real-time air flow control effectively stabilizes syngas quality under feedstock variability.
Overall, the model provides a computationally efficient tool for process optimization, control strat-
egy development, and integration of biomass gasification into flexible and hybrid low-carbon en-

ergy systems.

Keywords: Gasification, Fluidized-bed, Dynamic modelling, Biomass, Syngas.

INTRODUCTION

The global climate crisis, intensified by persistent
greenhouse gas (GHG) emissions, exposes the structural
vulnerability of fossil fuel-based energy systems, whose
geopolitical volatility and progressive depletion threaten
global energy security. In this context, the Paris Agree-
ment (2015) set ambitious targets to limit global warming
to 1.5 °C, requiring a 45% reduction in emissions by 2030
and the achievement of carbon neutrality by 2050 [1].

Biomass emerges as a strategic vector in this tran-
sition, combining decarbonisation with circular economy
principles by valorising agricultural, forestry and urban
waste. The biomass is highly significant in the circular
economy for both material products and energy provi-
sion, closing nutrient cycles and minimising waste [2].

According to the International Energy Agency's
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(IEA) Net Zero Emissions by 2050 Scenario, modern bio-
energy is expected to triple its contribution, reaching ap-
proximately 100 EJ/year by 2050 (up from the current 60
EJ) to supply 15-20% of global energy demand [3].

Among thermochemical conversion routes, gasifica-
tion stands out for its efficiency in producing syngas (CO
+ H,), offering versatile applications in power generation,
hydrogen production, and processes with the potential
for negative emissions. Within this field, fluidized bed
gasification is particularly notable due to its operational
flexibility in processing heterogeneous biomass feed-
stocks. This reactor type provides efficient heat transfer
and is well-suited for materials with compositional varia-
bility. Persistent challenges, though, including biomass
moisture management and optimal operating pressure,
require further development [4] .

In the case of real energy platforms, however, there

1398


https://doi.org/10.69997/sct.100913
mailto:jcdaraujo@univ-pau.fr%20

are load variations, fluctuations in fuel composition, and
real-time control demands, requiring dynamic models
that capture the coupled interactions between fluid dy-
namic, thermal, and kinetic phenomena over time [5].
While steady-state models are useful for point-in-time
analysis, dynamic modeling is essential for design, oper-
ational optimization, and integration with hybrid systems.
This approach is all the more necessary given the high
complexity of thermochemical conversion processes,
such as gasification, which involve non-linear parameters
and high-dimensional conversion processes. Mathemati-
cal models therefore become indispensable tools for de-
signing, optimizing, and intensifying these processes [6].
They make it possible to determine a system's optimal
operating conditions, evaluate the impact of different
variables on outcomes, and anticipate trade-offs be-
tween energy efficiency, thermal stability, and syngas
quality. Furthermore, these models can be used for real-
time control and optimization, as well as for predicting
critical process performance parameters. These capabil-
ities accelerate the technological maturity of processes
toward industrial-scale deployment [7].

In this context, the present work aims to develop a
numerical tool based on dynamic modeling capable of
predicting the behavior of a biomass fluidized-bed gasi-
fier when processing different types of biomass, each
with distinct chemical composition, moisture content,
and physical properties. The model seeks to capture, in a
transient manner, the effects of these variations on the
composition and yield of syngas, enabling the evaluation
of their influence on process efficiency, operational sta-
bility, and the quality of the generated energy product.

METHODOLOGY

Model Description

A dynamic phenomenological model was developed
to describe biomass gasification in a bubbling fluidized
bed reactor, a schematic representation of the system
and the boundaries of the domain studied is presented in
the Figure 1. The objective of the model is to capture the
main hydrodynamic, thermal, and chemical phenomena
governing solid conversion and syngas composition un-
der transient operating conditions.

To achieve this, a lumped-parameter approach (0D)
was adopted, with the reactor divided into two distinct
zones, both modeled as continuous stirred-tank reactors
(CSTR). The reactor is divided into a dense bed zone and
afreeboard zone, which are dynamically coupled through
mass and energy exchanges.

The dense bed represents the fluidized region
where gas and solid phases coexist. Biomass particles
are introduced into an inert bed material and undergo
drying, de-volatilization, char gasification, and partial ox-
idation re-actions. Gas-solid mass and heat transfer, as
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well as particle size reduction due to conversion, are ex-
plicitly considered in this zone.

The freeboard is modeled as a gas-phase region
free of solid particles. Homogeneous gas-phase reac-
tions and heat transfer with the reactor walls are consid-
ered. This zone contributes to the homogenization of the
product gas composition before it exits the reactor.

The main modeling assumptions are summarized as
follows: (i) Zone dense is a Multiphase CSTR (intra-phase
homogeneity), (ii) Pressure is constant throughout each
zone, (iii) Perfect gas behavior, (iv) Representation of bi-
omass based on immediate and elemental analyses, (v)
Layered model for biomass particles, (vi) Simplified ther-
mal representation of walls and (vii) Particle shrinkage is
considered, but average particle size is applied, while
particle fragmentation is neglected.

ﬁ Isolation 3 i

Gas produced

Freeboard

Dense

Biomass feedstock Solid Output

Gasification agent

Figure 1. Schematic representation of the system -
bubblubg fluidized bed reactor.

Phenomenological model construction

The proposed model considers the main stages of
biomass conversion occurring in a bubbling fluidized bed
gasifier. These stages include drying, devolatilization,
heterogeneous reactions involving the solid char, and ho-
mogeneous gas-phase reactions. Each stage is modeled
according to its dominant physical and chemical mecha-
nisms and is dynamically coupled through mass and en-
ergy balances.

Drying

Drying describes the removal of moisture from bio-
mass particles as their temperature increases. In the pre-
sent model, moisture evaporation is driven by heat trans-
fer between the gas and solid phases and occurs prior to
devolatilization. The water evaporation rate is described
1399



by an Arrhenius-type expression, dependent on the par-
ticle surface temperature and the amount of water con-
tained in the particle, ensuring that the drying process
progressively slows down as the available moisture is de-
pleted [8].

Devolatilization

Devolatilization corresponds to the thermal decom-
position of dry biomass, leading to the release of volatile
species and the formation of a solid char residue. Devo-
latilisation is described using a global, lumped approach.

CaHbOcNdSele - Ofcsolide + ZBiGazi (1)

For a given temperature, the devolatilisation prod-
ucts are represented by a limited number of gaseous and
tar species, whose yields are determined by a set of em-
pirical coefficients. Twelve coefficients are calculated: (i)
one coefficient related to solid carbon, corresponding to
the fixed carbon fraction, (ii) eight coefficients for gase-
ous species and (iii) three coefficients for tar compounds.

The system is closed using: (i) six atomic balance
equations (C, H, O), (ii) three pyrolysis correlations from
[9], [10] defining the ratios CO/CO,, CeHs/CeHsO, and
CesHes/C7Hs, (iii) one gas-to-tar ratio correlation from [11]
and (iv) one energy balance equation. This approach al-
lows capturing the main trends of biomass devolatilisa-
tion while keeping the model computationally efficient
and suitable for dynamic reactor simulations. Once the
product distribution coefficients are established, the de-
volatilisation rate must be determined. This rate depends
on the biomass type and is typically modeled using an
Arrhenius-type kinetic expression [11].

Table 1: The kinetic reaction rates of reactions with car-
bon.

Reaction K(m/s)
C+H,0—- CO+H, k; = 5714« T « exp (—157?00)
C+CO, - 2CO k,= 5894102« T« exp (—26T800)
c+ %02 - CO ky =230+ T «exp (—llTloo)
C+0,— CO, ky=kse (2512 . exp (—6;1;20 ))—1

Heterogeneous reactions

Heterogeneous reactions between char and gase-
ous species are modeled using a shrinking-core ap-
proach [12]. After devolatilization, the particle consists of
a uniform reactive char layer surrounding an inert ash
core. The entire external surface remains active through-
out conversion, with ash contributing neither to reaction
nor to internal diffusion resistance. Consequently, gase-
ous reactants encounter only gas-film resistance, and the
Araujo et al. /| LAPSE:2026.0380
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particle diameter decreases progressively as char is con-
sumed until only inert ash remains. All gasification and
combustion reactions are assumed first-order in gaseous
species and occur exclusively at the external char sur-
face, with kinetic constants adopted from surface reac-
tion data [13].

Homogeneous Reactions

Homogeneous gas-phase reactions play a central
role in gasification by converting primary pyrolysis vola-
tiles and heterogeneous reaction products into a more
stable syngas composition. These reactions occur
throughout the reactor, both in the dense bed and free-
board zones, and involve 16 key gaseous species, includ-
ing major pyrolysis products (CO, CO,, Hy, H,0, CH,), tar
surrogates (benzene, toluene, phenol), light hydrocar-
bons (C,H,), particulate carbon, and oxidant gases (O,
N2). To balance accuracy and computational efficiency
for dynamic reactor-scale simulation, a reduced kinetic
scheme comprising 21 global reactions was adopted. The
set captures the dominant chemical pathways: thermal
cracking, steam and dry reforming, partial and complete
oxidation, water—gas shift, and tar reforming/degradation
[14-16]. Particular attention was given to tar conversion
due to its dual energetic and environmental implications.
The complete reaction list with stoichiometry and kinetic
parameters is provided in the supplementary material.

Validation and Case Study

The predictive capability of the proposed model was
evaluated by comparing simulation results with experi-
mental data reported in the literature under similar oper-
ating conditions. Key process variables, including syngas
composition, reactor temperature, and solid conversion,
were analyzed. The operating parameters, such as gasi-
fying agent composition, biomass characteristics, and re-
actor temperature, were adjusted to match the experi-
mental setup.

Following validation, the model was applied as a
predictive tool to investigate operational trade-offs asso-
ciated with biomass gasification. The case study focused
on two relevant transient operational scenarios: variation
in particle diameter due to conversion and switching be-
tween different biomass feedstocks during reactor oper-
ation.

The impact of these parameters was evaluated in
terms of syngas composition, reactor temperature evolu-
tion, and overall energy performance. To quantify pro-
cess efficiency, several performance indicators were an-
alyzed, including Hot Gas Efficiency (HGE), Cold Gas Ef-
ficiency (CGE), and Carbon Conversion Efficiency (CCE).

This combined validation and application approach
highlights the capability of the model to support the anal-
ysis of transient operating strategies and to provide in-
sights into the optimization of biomass gasification per-
formance.
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Molar composition and temperature at ER = 0.36
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Figure 2. Comparison of Predicted and Experimental Gas Composition & Temperature (ER = 0.36)

RESULTS AND DISCUSSION

Validation

The model was validated against experimental data
from a bubbling fluidized bed gasifier operating at 860 °C
with Wood Pellets and air as the gasifying agent
[17].Steady-state predictions of syngas composition (H,,
CO, CO,, CHy4) and bed temperature were compared to
measured values. As shown in Figure 2, the model repro-
duces the main trends of gas composition with a mean
absolute error below 2% for H, and CO, the dominant
species governing syngas heating value. A slight over-
prediction of CH, (=4 % error) is observed, attributable to
the simplified devolatilization and tar reforming kinetics.
Overall, the results confirm the model's capability to pre-
dict the main features of biomass gasification steady-
state conditions.

CASE STUDY

Reference case

Before the transient analysis, the model simulates a
complete 48-hour startup sequence, from cold condi-
tions (298 K) to steady-state operation, corresponding to
the stabilization duration reported in [17]. The sequence
begins with heating the bed to 380°C, followed by grad-
ual feeding of biomass (wood pellets: d, = 6.0 mm, mois-
ture = 7.9% by weight, LHV = 16.95 MJ-kg™"), followed by
controlled adjustment of the air flow to achieve the target
equivalence ratio (ER = 0.28). This controlled combustion
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phase drives the thermal increase of the reactor, favoring
autothermal conditions, while air flow control will stabilize
the composition of the synthesis gas. In 48 h, the system
reaches steady-state conditions (CO = 5.03%, H, =
7.40%, dry basis; carbon conversion efficiency = 68.21%,
HGE =59.68 % and CGE = 45.45%), with species varia-
tions below 1.0% in 1-hour windows (Figure 3).

The residence time was calculated based on the
feed and withdrawal dynamics of the reactive solids in
the reactor. In the reference scenario (base case), this
parameter was set at 984.4 seconds, corresponding to
approximately 16 minutes and 30 seconds. This validated
baseline serves as the initial condition for the transient
scenarios : (i) particle size (6.0 - 1.0 mm and 6.0 - 10.0
mm) and (ii) biomass switch (wood pellets -woodchips
eucalyptus).

Building upon the validated steady-state baseline
(48 h startup, dp = 6.0 mm, residence time = 984.4 s), two
transient scenarios were simulated to assess particle size
sensitivity: (i) reduction to fine particles (d, = 1.0 mm) and
(i) increase to coarse particles (dp = 10.0 mm), as showed
in Figure 4. To isolate the intrinsic effect of particle size
on conversion kinetics, while maintaining equivalent hy-
draulic conditions, the solid outlet flow rate was dynami-
cally recalculated at the instant of size change to pre-
serve the reference residence time (984.4 s). This adjust-
ment compensates for the altered bed inventory result-
ing from particle size variation, ensuring that observed
transients reflect purely kinetic and heat/mass transfer
effects rather than hydraulic residence time differences.
The step-change in particle size was applied at t=48h,
with biomass composition, flow rate and ER =0.28 held
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Reactor startup: Temperature and flow rate evolution
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Figure 3. Reactor Startup : Temperature and flow rate evolution.
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Figure 4. Transient temperature response after particle size change at t=48h.

constant throughout. as steam and CO, gasification. Conversely, increasing

Particle size

Particle size strongly influences heat transfer, het-
erogeneous reaction rates, and overall gasification per-
formance. The reference case (6 mm) represents a bal-
ance between reactive surface area and thermal behav-
ior. Reducing particle size increases the specific surface
area, enhancing solid—gas convective heat transfer and
accelerating endothermic heterogeneous reactions such
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particle size reduces the available reactive surface, limit-
ing heterogeneous conversion and weakening thermal
coupling between solid and gas phases.

Compared with the reference case, reducing parti-
cle size from 6 mm to 1 mm improves process perfor-
mance, increasing hydrogen gas efficiency (HGE) from
59.68 % to 69.08 %, cold gas efficiency (CGE) from 45.45
% to 56.25 %, and carbon conversion efficiency (CCE)
from 68.21 % to 77.01 %. This enhancement is associated

1402



with intensified heterogeneous reactions (C + H,O and C
+ CO,), leading to higher char conversion and improved
syngas quality, with CO and H, concentrations increasing
from 5.03 % to 7.93 % and from 7.40 % to 11.24 %, re-
spectively. In contrast, increasing particle size from 6 mm
to 10 mm reduces HGE, CGE, and CCE to 54.54 %, 39.63
%, and 63.17 %, respectively, while decreasing CO and H,
concentrations to 3.51 % and 5.24 %. These results con-
firm the dominant role of particle size in controlling ther-
mal behavior and product distribution in fluidized bed
gasifiers, highlighting the advantages of finer biomass
particles, despite the additional milling energy require-
ment.

Biomass switch

To assess operational flexibility under feedstock
variability, a transient scenario was simulated wherein
the biomass type was switched from wood pellets to eu-
calyptus woodchips while maintaining a constant particle
diameter (6 mm). The new biomass, characterized in [18],
exhibits lower fixed carbon (16.21wt.% vs. 20.21wt.%)
and same volatile content (79.81wt.%), which inherently
alters devolatilization intensity and char reactivity. To
preserve syngas quality despite this compositional shift,
the air flow rate was dynamically adjusted to maintain a
constant CO/H, molar ratio, the targeted quality indica-
tor, as showed in Figure 5.

CO/H: Molar Ratio (after 30 h)

Eucalyptus Woodchips

40 60 80 100 120 140
Time (h)

Figure 5. CO/H2 molar ratio (after 30h).

Switching from wood pellets to eucalyptus wood-
chips necessitates dynamic air flow adjustment to main-
tain syngas quality, as demonstrated by the controlled
case (Close loop), as showed in Figure 6. By modulating
the air flow rate to stabilize the CO/H, molar ratio at 0.68,
the system maintained consistent syngas composition
(CO: 6%, Ha: 8.95%) and freeboard temperature (823 K)
despite the feedstock change. In contrast, the uncon-
trolled case (Open loop) exhibited significant deviations,
with the CO/H, ratio increasing to 1.6, CO concentration
rising to 12%, H, to 7.33%, and freeboard temperature
reaching 1057 K.
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Figure 6. Dynamic response of syngas composition,
thermal and flow rate behavior: (A) CO concentration, (B)
H, concentration, (C) freeboard temperature and (D) air
flow rate under open-loop and closed-loop operation
during biomass transition.

This confirms that real-time air flow regulation ef-
fectively compensates for biomass-induced variations in
reaction kinetics, ensuring operational stability during
feedstock transitions. The comparison between Wood
Pellets and Woodchips Eucalyptus highlights the strong
influence of feedstock properties and process control on
gasification performance. When Biomass 2 is operated
under controlled conditions, the process shows improved
gasification efficiency, with increases in HGC (from
59.7% to 63.61%) and CGC (from 45.46% to 55.37%)
while maintaining a stable CO/H, ratio (0.68). These im-
provements are achieved with a significantly lower air
flow rate, indicating a more efficient and optimized
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conversion process. Conversely, when Biomass 2 is op-
erated without control, the system exhibits substantially
higher performance indicators (HGC = 85.43%, CGC =
67.44%, CCE = 99.06%), but this is accompanied by a
strong increase in the CO/H, ratio (1.63) and higher air
consumption. This suggests that although uncontrolled
operation maximizes carbon conversion, it compromises
gas quality and process selectivity, demonstrating the
critical role of control strategies in balancing conversion
efficiency, gas composition, and energy optimization.

CONCLUSION

This work presents a dynamic model for biomass
gasification in bubbling fluidized bed reactors that accu-
rately predicts both steady-state and transient behavior
by integrating hydrodynamic, thermal, and kinetic phe-
nomena within a unified framework. Validated against ex-
perimental data, the model successfully captures key as-
pects of biomass conversion, syngas composition, and
thermal dynamics, while also simulating realistic opera-
tional disturbances such as particle size changes and bi-
omass switching. Results highlight that feedstock prop-
erties significantly affect conversion efficiency and syn-
gas quality, but real-time air flow control can effectively
compensate for biomass variability, enabling stable op-
eration with heterogeneous feedstocks, a common chal-
lenge in industrial settings.

The model's dynamic nature offers a strategic ad-
vantage for integrating gasification into hybrid, multi-
product energy systems, as it enables analysis of load
variations, start-up/shutdown sequences, and transient
disturbances critical for coupling with downstream pro-
cesses like methanation, hydrogen production, and
Fischer-Tropsch synthesis. By predicting time-depend-
ent syngas composition, it enhances compatibility with
catalytic units, supports digital twin development, and fa-
cilitates advanced process control for improved effi-
ciency and reduced environmental impact. Providing a
computationally efficient yet physically representative
tool, this work advances the design of flexible bioenergy
platforms aligned with low-carbon energy transitions,
with future extensions envisioned in areal-time control
integration for industrial-scale deployment.

DIGITAL SUPPLEMENTARY MATERIAL

A supplementary material is available in
LAPSE:2026.0024 with the complete reaction list with
stoichiometry and kinetic parameters
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