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Abstract: The depletion of fossil-based fuels, fluctuating fuel market, and environmental deterioration
demand an aggressive approach towards the advancement of renewable energy technologies. By
the time reliable technology for a clean and abundant energy supply is established, existing sources
must be economized. Biomass gasification is the way forward in that direction. CFD modeling shows
promise in the development of advanced gasification systems. A simplified 3D CFD model of a
downdraft gasifier is developed to investigate the effect of gasifying agent composition on the quality
of syngas. Simulation results are compared with published experimental data and found to be in
reasonably good agreement. Mixing CO2 with a gasification agent is also investigated as a possible
carbon capture and utilization (CCU) strategy. An air-steam mixture is used as a base-case gasification
agent. Firstly, the effect of air-to-steam ratio on syngas composition is investigated. Secondly, the
effect of oxygen and mixing CO2 with a gasification agent is investigated in two separate cases. A
50%-50% air-steam mixture is found to produce the best quality syngas. Oxygen is found to have a
negligible impact on the quality of syngas. The air-steam-CO2 = 23%-50%-15% mixture is found to be
optimum regarding syngas quality.

Keywords: gasification; downdraft gasifier; modeling and simulation; ANSYS Fluent; CFD modeling

1. Introduction

The rapid depletion of natural resources warrants the development of parallel and
sustainable technologies to meet the energy needs of the growing world population. The
shift of the global energy sector towards renewable energy sources should be regarded
as a timely step in the right direction. Environmental deterioration associated with the
consumption of conventional fossil fuels is another driving factor behind the growing
research and development activities in the renewable energy sector essential for sustaining
fuel availability for future generations [1–3]. These factors bring a realization amongst
world communities of the need to opt for renewable fuels like biomass that can provide
ample energy with little environmental impact [4–7]. Biomass is constituted by plant- and
animal-based organic matter. Industrial wood waste like wood scrap, sawdust, and crop
waste contains abundant chemical energy. In addition, dried wood waste from trees is
another source of stored chemical energy. Many recent wildfires have been attributed
to the self-ignition of dried bush and tree wood. Hence, part of the dried wood must
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be removed from the forests and the wild in a sustainable way, with new trees being
planted [8–11]. Chemical energy stored in the biomass can be harnessed in different ways.
The most common method to obtain energy from biomass is combustion [12–15]. Biomass
could effectively be converted into a variety of other fuels through gasification. Syngas
produced through the gasification process can be used as a fuel that is cleaner compared
to that produced from the direct combustion of biomass. Syngas can also be used as a
building block for chemical synthesis [16–18]. Furthermore, residues could be used as
biochar [19,20] or further upgraded for use as sorbents [21–23]. The majority of countries,
with the exception of those dominating in hydropower, are observing an increased trend in
the use of bioenergy derived from biomass, which constitutes more than half of the energy
supply [24].

Gasification is a thermochemical process that converts solid organic matter into
gaseous fuels in a limited oxygen environment. It is a partial oxidation process that
converts the solid mass into producer gas consisting mainly of CO, H2, CO2, H2O, and
CH4, as well as N2 in the case when air is used as a gasifying agent along with particulate
matter and tars [25,26]. After cleaning, producer gas can be used directly as fuel in internal
combustion engines (ICEs) and gas turbines or for reforming and subsequent synthesis of
chemicals, depending on its purity and tar content [27]. If plant, wood, or animal waste is
used as fuel, the process is referred to as biomass gasification. The producer gas compo-
sition depends mainly on the type of biomass as well as gasifying agents and operating
conditions used [28,29]. CO2 could be used as a gasifying agent. Using CO2 as a gasifying
agent results in endothermic reactions with slower kinetics. Nonetheless, CO2 gasification
can be implemented as a carbon capture and utilization (CCU) technology [30–33].

The parameter and design optimization of a downdraft gasifier plays an important
role in increasing the yield of producer gas. However, designing and commissioning
commercial gasifiers of varying sizes and specifications for optimum syngas production
requires a lot of resources [34]. Moreover, detailed knowledge about the producer gas
composition is critical for the safe operation of the gasifier [35–37]. For an efficient gasifier
design, prior knowledge about the influence of different design and operation parameters
on the quality of product gases is essential.

The most commonly used models to simulate the gasification process include ther-
modynamic equilibrium models [38–43] and kinetic models [44–48]. Thermodynamic
equilibrium models do not include the geometrical dimensions of the gasifier and, hence,
are unable to capture spatial variations in temperature and composition. Moreover, these
models assume a complete conversion of char into syngas. Although kinetic models are
able to capture variations along the gasifier length, they still have limitations in distinguish-
ing between different zones (i.e., pyrolysis, oxidation, and reduction) [45]. In addition to
equilibrium and kinetic models, a few other combined or hybrid models have also been
used to simulate gasifiers, i.e., process models utilizing equilibrium [49], quasi-equilibrium,
or kinetic models, as well as artificial neural networks (ANN) [45]. With the advancement
of computing technology and numerical techniques, CFD has become a preferred choice
for modeling engineers and scientists [50,51]. CFD enjoys several advantages over the
other modeling approaches used to simulate the gasification process. It incorporates multi-
physics phenomena like heat and mass transfer, fluid flow, and reaction kinetics, thereby
solving the corresponding equation simultaneously [52]. Furthermore, spatial variations
in process parameters, e.g., temperature and compositions, can better be captured in CFD
through contour, vector, and line plots across the gasifier domain. Hence, CFD makes it
possible to accurately predict the influence of variations in geometrical configurations on
the performance of the gasifier [53].

While numerous CFD studies focus on the design considerations by optimizing geo-
metric parameters, the process parameters like velocity, temperature, and gasifying agent
compositions have also been investigated using CFD modeling and simulations [34,44].

It is clear from the literature cited above that thermodynamic equilibrium models [38–43]
have limitations in fully capturing variations in temperature and gas compositions across
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the gasifier domain. Kinetic models [44–48] fail to distinguish between different zones
within the gasifier. Most of the CFD models reported in previously published literature are
restricted to a 2D level [34,54–60] due to the low computational cost of these models. The 2D
models do not account for the circumferential flow of the fluid as well as the flow field at
the wall boundaries of the gasifier. Flow hydrodynamics are significantly affected by the
large surface area of the walls, which is not accounted for in 2D CFD models. CFD models
with higher dimensionality (i.e., 3D) incorporating comprehensive physical properties and
detailed chemistry [34,60–62] are often too complex and computationally expensive. These
models use the Eulerian-Lagrangian approach that treats the solid carbon as individual
particles, thereby rendering the CFD computations complex and computationally intensive.
To establish a balance between model complexity and accuracy of the model predictions, 3D
CFD models can be optimized for computational cost by using simpler sub-models along
with realistic assumptions. Moreover, intelligent choice of grid size could also render the
computational cost of 3D CFD models manageable. Another important factor that strongly
influences the accuracy and computational cost of CFD models, especially those with higher
dimensionality, is the choice of kinetic model. Kinetic models for combustion and gasification
are complex and mostly encrypted due to the proprietary nature of these models. Hence,
finding a suitable kinetic model for 3D CFD simulations with reasonably low complexity is a
challenge. Kinetic parameters like pre-exponential factor and activation energy greatly vary
within the kinetic models used in different previously published CFD studies.

In the present work, a 3D CFD model of a downdraft gasifier is developed with a
simpler species transport model assuming homogeneous reaction kinetics rather than solid
phase heterogeneous kinetics. A simpler Eulerian-Eulerian approach is used that allows the
solid carbon particles and volatiles to be treated as an interpenetrating dispersed gas phase.
Computations are further simplified by using a finite-rate/eddy-dissipation sub-model to
model turbulence-chemistry interaction where reactions are limited by mixing rather than
chemical kinetics. Reaction chemistry and kinetic parameters are selected in a way that
minimizes computational load without compromising accuracy. The present model is a
simplified 3D CFD model implemented into a commercial CFD package (ANSYS Fluent)
that can be used for the design and optimization of the selected gasifier type. Hence, the
present study would be a valuable addition to the knowledge base for the research and
development of gasification systems.

This study is aimed at developing a simplified 3D CFD model to investigate the
effect of the inlet composition of the gasifying agent and air-to-steam ratio on the outlet
gas composition. Furthermore, the effect of mixing CO2 with the gasifying agent is also
investigated as a possible carbon capture and utilization (CCU) strategy.

2. Materials and Methods
2.1. Geometry Model and Domain Discretization

The three-dimensional geometry domain of the downdraft gasifier was developed
using the Ansys Design Modeler. The internal diameter of the gasifier is 20 cm, while the
total length is 55 cm. The location of the air inlet, producer gas outlet, and other design
parameters were adopted from [63]. A schematic of the gasifier is shown in Figure 1,
including different zones, including pyrolysis, partial oxidation, and reduction zones.
Biomass is fed from the top of the gasifier while the gasifying agent is introduced through
4 inlet nozzles located above the throat of the gasifier. The constriction or throat below the
gasifier inlet nozzles is referred to as the Imbert in such gasifier designs. The constriction
plays an important role as it increases the residence time of volatiles and tar in the high-
temperature zones, leading to tar cracking reactions resulting in cleaner syngas with higher
yields [34]. The product gases leave the gasifier just below the reduction zone, where ash
drops to the bottom of the gasifier.
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Figure 1. Geometry of the downdraft gasifier used in the study.

The 3D domain is discretized using tetrahedral finite volume (FV) elements, as shown
in Figure 2. Selective element size and resolution are adopted where smaller regions
have smaller element sizes with denser grids and vice versa. This selective mesh sizing
strategy significantly saves computational effort, thereby capturing variations within the
regions of interest. Mesh size is optimized using a grid independence test, which involves
carrying out simulations at different element sizes, and selected parameters like outlet gas
mole fractions are recorded. The mesh size corresponding to uniform mole fractions is
selected for detailed simulations and further analysis. Different mesh sizes used in the grid
independence test are shown in Figure 3.
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Mesh independence test results are presented in graphical form in Figure 4. The mesh
independence test was performed at different mesh sizes ranging from 100 mm to 6 mm.
The graph is plotted for the mole fraction of outlet gas components as a function of mesh
size. It is evident from Figure 4 that at 10 mm size, mole fractions almost reach a steady
state, indicating grid independence. Hence, a mesh size of 10 mm with 101,230 elements is
considered the optimum and selected for subsequent simulations and analysis.
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2.2. Mathematical Model
2.2.1. Model Assumptions

Assumptions are very important in maintaining a balance between the accuracy of the
model predictions and model simplifications, which directly impact the computational cost
of the simulations. In the present work, the following carefully thought-out assumptions
are made:

1. The gasifier is treated as a steady flow system.
2. Flow inside the gasification chamber is incompressible.
3. Substances higher than methane (CH4), i.e., ethane, propane, and butane, are excluded

from the model.
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4. The pyrolysis reaction is assumed to be fully completed: This assumption implies that
the biomass is completely converted into char and volatiles, thus eliminating the need
to model the complex kinetics of the pyrolysis process.

5. Char is assumed to be fixed carbon homogeneously mixed with volatiles and approxi-
mated as part of the gas phase.

6. Adiabatic and no-slip conditions are assumed on the gasifier walls.
7. Homogeneous gas phase kinetics are assumed with a species transport sub-model

along with the standard k-e model for turbulent gas phase kinetics.
8. The Eulerian-Eulerian approach is used, which allows for the tracking of species

concentrations over time within the turbulent gas phase. This approach treats the gas
phase as a continuous interconnected medium, thereby significantly shedding the
computational burden.

2.2.2. Governing Equations

The present model is based on mass, energy, and momentum conservation laws and
incorporates species transport, including turbulent and dissipating kinetic energy equations.
These equations are solved numerically for the steady state with turbulent flow conditions
and finite-rate/eddy-dissipation reaction kinetics.

The mass conservation equation is usually the continuity equation, which is written
as follows:

∂

∂xi
(ρui) = 0 (1)

The energy conservation equation is used to obtain the temperature field across
the domain.

∇ ·
(

ρ
→
u H
)
= ∇·

(
kt

cP
∇H

)
+ Sh (2)

The left-hand side of the equation represents heat flux according to Fourier’s law of
heat conduction, incorporating species diffusion and viscous dissipation at normal shear
stress. Overall, the equation shows that total heat flux is equal to the sum of internal energy
and heat added by the heat source.

The momentum conservation equation is based on Newton’s law of motion and is
given as follows:

∂
(
ρuiuj

)
∂xj

= − ∂p
∂xi

+
∂τij

∂xj
+ ρgi + Fi (3)

Considering the species transport model for CFD simulations, the turbulent k-ε model
is the most accurate model in terms of flow simulations. It is a semi-empirical model and
involves turbulent as well as dissipation kinetic energy. The transport equations are given
as follows:

Species transport
∂

∂xi
ρui f1 =

∂

∂xi

(
µt

σt

∂ f1

∂xj

)
+ Si (4)

Turbulent kinetic energy

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk − ρε (5)

Dissipation kinetic energy

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+

ε

k
(C1εGk + C2ερε) (6)
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2.3. Reaction Chemistry and Kinetic Model Applicable to a Downdraft Gasifier

Reaction kinetics is divided into three zones, namely pyrolysis, oxidation, and re-
duction zones. The pyrolysis reaction kinetics is complex, as it involves a large set of
reactions [64], the exact number and chemistry of which is still unknown [65]. Some of
these reactions generate tars with a complex mixture of hydrocarbons, including single
and multiple-ringed aromatic hydrocarbons. To avoid complexity, a global single reaction
mechanism is widely accepted to model pyrolysis reactions. This mechanism assumes that
all the hydrocarbons, including tars, are immediately converted into char and volatiles (CO,
CO2, H2, H2O, CH4).

The next zone is the partial oxidation zone, where incomplete combustion takes place.
The reactions are exothermic, which generates heat that is used to some extent to further
break down tar content by thermal cracking. In CFD modeling, this approach is very
useful, where tar cracking after the pyrolysis zone results in a relatively low tar content.
This is one of the main benefits of downdraft gasifiers, as they produce cleaner producer
gas in comparison to updraft gasifiers. The reactions within the oxidation zone occur at
temperatures ranging from 1300 K to 1700 K [66].

Moving down the throat of the downdraft gasifier comes the reduction zone, where
gases coming from pyrolysis and oxidation zones undergo reduction at the temperature
range of 900–1300 K. Gases are converted into non-condensable gaseous components,
mainly CO, CO2, H2, and CH4. These reactions are mainly endothermic and modeled as
homogeneous gas phase reactions in order to reduce the model’s complexity. Chemical
reactions constituting the kinetic model used in the present work, along with kinetic
parameters, are presented in Table 1 below.

Table 1. Chemical reactions and kinetic model along with kinetic parameters.

Reaction Zone Reaction Names Reaction Equation Pre-Exponential
Factor (s−1)

Activation
Energy

(kJ·mol−1)

Temperature
Exponent

Concentration
Exponent References

Pyrolysis Pyrolysis
Volatiles→ x1CO +

x2CO2 + x3H2 +
x4CH4 + x5H2O

2.119 × 1011 2.027 × 102 1 [Volatiles]1.5

[67]
[63]
[34]
[4]

Oxidation
Complete oxidation C + O2 → CO2 5.67 × 109 1.60 × 102 0 [CO]1 [O2]0.25

Partial oxidation C + 0.5 O2 → CO 7.92 × 104 2.18 × 102 1 [O2]0.4

Water Formation H2 + 0.5 O2 → H2O 3.53 × 108 3.05 × 101 0 [H2]1 [O2]1

Reduction

Boudouard C + CO2 → 2CO 5.89 × 102 2.23 × 102 1 [CO2]1

Carbon Conversion C + H2O→ CO + H2 5.71 6.58 × 101 1 [H2O]1

Methane Formation C + 2H2 → CH4 1.00 × 1011 4.20 × 101 1 [H2]1

Steam Reforming CH4 + H2O→
CO + 3H2

7.30 × 101 3.62 × 101 0 [CH4]1.7[H2O]−0.8

Water-Gas Shift CO + H2O→
CO2 + H2

3.00 × 10−2 6.58 × 101 0 [CH4]0.7 [O2]0.4

2.4. Boundary Conditions and Solution Methods

It was assumed in the simulation model that wood residues were fed from the top of
the gasifier. The proximate and ultimate analysis of wood residues is given in Table 2 below.

Table 2. Characterization of wood residues (biomass) used in the present study [63].

Biomass Characterization

Proximate Analysis (% Dry Basis) Ultimate Analysis (% Dry Basis)

Char (fixed carbon) 15.37 C 41.80
Ash 0.51 O 51.50

Volatile 84.12 H 6.39
Lower Heating value 15.27 (MJ/kg) N 0.32
Higher Heating Value 17.69 (MJ/kg) S 0.00

In order to accurately simulate the gasification process, it is important to define the
boundary conditions at three key locations: the fuel inlet, the air (oxidizer) inlet, and the
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gas outlet. At the air (oxidizer) inlet, a velocity of 1.73 m/s is specified, with gases entering
at a temperature of 350 K. At the fuel (biomass) inlet, a mass flow rate of 2.77 × 10−4 kg·s−1

is used, with fuel entering at a temperature of 400 K. These parameters dictate the flow
of air and biomass into the system, playing a significant role in the overall gasification
process. Finally, at the gas outlet, a pressure outlet condition of 0 Pa is used, ensuring that
the produced gases exit the system without restriction.

2.5. Model Validation

Simulation results are compared with results from a previously developed model [68]
and found to be in good agreement (Figure 5).
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The model has also been compared with a number of previous works [34,55,69,70]
against its temperature profile along the length of the gasifier and found to be in reasonably
good agreement with temperature profiles of pilot scale and modeled gasifiers. Temperature
contours across the plane of the gasifier along with a line plot across the gasifier length are
shown in Figure 6 below.
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3. Results and Discussions

The main objective of the present research is to study the effect of variation in the inlet
composition of the oxidizing agent by changing the air-to-steam ratio and its effect on the
product gas composition. After optimizing the inlet composition of gasification agents, CO2
was introduced to the air-steam mixture to study its effect on the outlet gas composition.
Recent research on a pilot scale downdraft gasifier [53] presented results of a numerical
model investigation using Aspen Plus, along with experimental studies. The experimental
result of their research shows an H2 content of 12.72% and a CO content of 17.03%, which
can be compared with the presented results below. Bhoopendra Pandey’s [71] research on
air-CO2 gasification comes in good agreement with the presented results of the effect of
adding CO2 in the gasifying agent.

3.1. Effect of Air-Steam Ratio

Within the scope of this work, the effect of air-to-steam ratio was studied using three
cases, i.e., steam = 0%, 50%, and 100%.

Case 1: Air-Steam = 100%-0%
Case 2: Air-Steam = 50%-50%
Case 3: Air-Steam = 0%-100%

Steam introduced at the inlet is primarily saturated steam at 373 K, slightly above the
boundary value, i.e., 350 K, to affect immediate gasification and avoid water formation. It is
clear from the results that hydrogen production is increased as the steam fraction at the air
inlet increases. From the point of view of the model, this could be attributed to the water gas
shift reaction as well as the steam reforming of methane. Similarly, CO2 and CO production
is maximum at 0% steam and gradually decreases as the percentage of steam increases
due to the increased rate of oxidation reactions. Figure 7 shows that as the percentage of
air is decreased in the gasifying agent, more CO is produced in the gasification zone and
vice versa. This can be explained by a higher tendency of exothermic oxidation reactions
in the gasification zone, causing a drop in CO production. CO formation is comparable
for both the other two cases, i.e., air-steam = 50%-50% and air-steam = 0%-100%. This
shows that case 2, i.e., air-steam = 50%-50%, favors CO production and is hence regarded
as the optimum.
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Figure 8 indicates that with 100% air, hydrogen production is lower and non-uniformly
distributed within the reduction zone as compared with case 2 (air-steam = 50%-50%),
where more hydrogen is formed with uniform distribution. In case 3 (air-steam = 0%-100%),
H2 production increases further than in case 2, but it negatively impacts outlet gas temper-
ature and composition. Using 100% steam causes the temperature of the gasification zone
to drop, and thus less energy will be available to crack the tars, resulting in incomplete
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tar production. Thus, the product gas would have a higher tar content and would not
be considered the cleaner fuel as expected from a downdraft gasifier. Hence, in terms
of cleaner hydrogen production, again, case 2 is regarded as the optimum. Looking at
the contours of CO2 in Figure 9, it can be noticed that increasing air fraction in the gasi-
fying agent results in the formation of more CO2, which indicates the reaction tendency
towards combustion rather than gasification. Figure 10 also supports the trends observed
in Figures 7–9 that the optimum case in terms of quality of the product gas is found to be
case 2, i.e., air-steam = 50%-50%.
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3.2. Effect of Using O2 Enriched Air

In this case, O2-enriched air with varying fractions (23%, 35%, and 50%) of oxygen
was used as a gasifying agent.

Case 1: O2-N2 (air) = 23%-77%
Case 2: O2-N2 (air) = 35%-65%
Case 3: O2-N2 (air) = 50%-50%

No significant change in the outlet gas composition was observed by increasing the O2
fraction in the air, as indicated by Figures 11–13. However, using enriched air would add
to the cost and have an increased tendency of CO and CO2 formation as compared to H2
due to the increased rate of oxidation with higher oxygen in the gasifying agent. Contours
of CO, H2, and CO2 are shown in Figures 11–13, respectively, with different O2 fractions in
the air. The bar chart in Figure 14 indicates the same trend as observed in the contour plots
above (Figures 11–13).
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3.3. Effect of Using CO2 with Air-Stream Mixture

Three cases are considered to study the effect of CO2 present in the gasification agent:

Case 1: Air-Steam-CO2 = 23%-50%-0%
Case 2: Air-Steam-CO2 = 23%-50%-15%
Case 3: Air-Steam-CO2 = 23%-50%-30%

Results show that in all three cases, variation in CO and H2 mole fractions within
the gasifier and at the outlet is not significant compared to that of the CO2. These small
variations are difficult to observe and analyzed through contour plots. Hence, contour plots
are not presented. The analysis is carried out through the bar charts presented in Figure 15
below. It illustrates the outlet gas composition obtained by varying the percentage of CO2
mole fraction in the oxidizer inlet. The highest yield of combustible compounds in syngas
is achieved in case 2, where CO2 in the gasification agent is 15%. In case 2, outlet gas
composition is comparable to that achieved when the air-steam mixture alone is used as a
gasifying agent. This indicates that 15% CO2 with 23%-50% air-steam mixture gives the
optimum yield of the combustible compounds in syngas. However, the charts also show
that using a higher percentage of CO2 in the gasifying agent leads to an increase in CO2
content in the outlet gas. This can be explained by the fact that a significant portion of the
carbon is not effectively converted into valuable gases and ends up as CO2 in the product
gas stream.
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Figure 15. Bar chart showing outlet gas composition with CO2 added to air-steam mixture as a
gasifying agent.

The introduction of CO2 along with the air-steam mixture causes a reduction in the
amount of air and hence nitrogen in the gasifying agent, leading to a higher concentration
of hydrogen and carbon monoxide in the syngas. This results in a higher heating value of
the syngas, which is beneficial for certain applications. Furthermore, CO2 also suppresses
tar formation, which is beneficial since tar causes clogging of the equipment and a reduction
in the efficiency of the gasifier. CO2 in the air-steam mixture results in a higher temperature
in the gasifier, which further enhances gasification efficiency and reduces tar formation due
to thermal cracking. Most importantly, mixing CO2 with gasifying agents opens research
pathways for CO2 sequestration from the environment, thus contributing to the remediation
of global warming. A major drawback of CO2 mixing is the quality degradation of syngas
due to the presence of higher amounts of CO2. This could be remedied by the incorporation
of recirculation.

4. Conclusions

A simplified and moderately computation-intensive 3D CFD model was used in
the present work to simulate and optimize the effect of gasifying agent composition.
Simulation results were validated with previously published numerical models and found
to be in reasonably good agreement. A gasifying agent consisting of 50% air and 50%
steam (air-steam = 50%-50%) favored CO production. Using 100% steam caused the
temperature of the gasification zone to drop significantly, which could potentially impact
syngas tar content. For simulations using mixtures of O2 and air, no significant change in
the syngas composition was observed by increasing the O2 mass fraction in the air. Hence,
O2 enrichment of air does not have a significant impact on the quality of syngas produced.
Simulation results indicate that 15% CO2 with a 23%-50% air-steam mixture, i.e., case 2,
gives an optimum yield of combustible compounds in syngas. Results show that using a
higher percentage of CO2 in the gasification agent leads to an increase in CO2 content in
the outlet gas. A major drawback of CO2 mixing is the quality degradation of syngas due
to the presence of higher amounts of CO2. This could be remedied by recycling a part of
the gas stream.

Improvement of the developed CFD model through customization using user-defined
functions (UDFs) and kinetic model refinement is recommended. Nonetheless, CO2 mixing
during biomass gasification could be used in the future as the CCU technology. Moreover,
it seems sensible to recommend further investigation of the prospects of CO2 mixing as a
feasible CCU technology, taking into account the complete value chain.
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Nomenclature

xi, xj Direction vector -
ui, uj Velocity vector m·s−1

ρ Pressure Pa
τij Stress tensor Pa
gi Gravitational force m·s−2

Fi Mass force N
H Enthalpy J·kg−1

kt Thermal conductivity W·m−1 K−1

cP Avg. Specific heat J·kg−1 K−1

Sh Heat source term W·m−3

µt Turbulent Viscosity Pa·s
σk Turbulent Prandtl number for k -
k Turbulence kinetic energy m2·s−2

Gk Generation of turbulence kinetic energy m2·s−2

ε Dissipation turbulence kinetic energy m2·s−3

σε Turbulent Prandtl number for ε -
C1ε, C2ε Constants -
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23. Usevičiūtė, L.; Baltrėnaitė-Gedienė, E.; Baltrėnas, P.; Dutta, S. Acetone, xylene and ammonia removal enhancement in the biofilter
packed with steam modified biochar. J. Environ. Eng. Landsc. Manag. 2022, 30, 412–423. [CrossRef]

24. Shrivastava, P.; Kumar, A.; Tekasakul, P.; Lam, S.S.; Palamanit, A. Comparative Investigation of Yield and Quality of Bio-Oil and
Biochar from Pyrolysis of Woody and Non-Woody Biomasses. Energies 2021, 14, 1092. [CrossRef]

25. Horvat, A.; Kwapinska, M.; Abdel Karim Aramouni, N.; Leahy, J.J. Solid Phase Adsorption Method for Tar Sampling—How Post
Sampling Treatment Affects Tar Yields and Volatile Tar Compounds? Fuel 2021, 291, 120059. [CrossRef]

26. Horvat, A.; Kwapinska, M.; Xue, G.; Dooley, S.; Kwapinski, W.; Leahy, J.J. Detailed Measurement Uncertainty Analysis of
Solid-Phase Adsorption—Total Gas Chromatography (GC)-Detectable Tar from Biomass Gasification. Energy Fuels 2016, 30,
2187–2197. [CrossRef]

27. Basu, P. Biomass Gasification, Pyrolysis and Torrefaction: Practical Design and Theory; Elsevier: Amsterdam, The Netherlands, 2013;
ISBN 9780123964885.

28. Pandey, B.; Prajapati, Y.K.; Sheth, P.N. CFD Analysis of the Downdraft Gasifier Using Species-Transport and Discrete Phase
Model. Fuel 2022, 328, 125302. [CrossRef]

29. Luo, H.; Lu, Z.; Jensen, P.A.; Glarborg, P.; Lin, W.; Dam-Johansen, K.; Wu, H. Effect of Gasification Reactions on Biomass Char
Conversion under Pulverized Fuel Combustion Conditions. Proc. Combust. Inst. 2020, 38, 3919–3928. [CrossRef]

30. Ziółkowski, P.; Madejski, P.; Amiri, M.; Kuś, T.; Stasiak, K.; Subramanian, N.; Pawlak-Kruczek, H.; Badur, J.; Niedźwiecki, Ł.;
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