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Gasification is a popular biomass-to-energy production strategy due to its affordability and ease of use.
Downdraft gasifiers, typically small-scale units with a maximum heat power output of 5 MW, are ideal for
decentralized power generation and delivery to remote villages. Mathematical models can predict gasifier de-
sign, operating behaviour, gas composition, startup and shutdown, fuel and load changes, and other issues.
Numerous numerical/mathematical models have been developed to characterize and forecast gasification pro-
cesses, including drying, pyrolysis, gasification, and combustion. This article reviews the thermodynamic equi-
librium model for gasification and its modifications to increase prediction accuracy. Factors such as, pressure
fluctuations, equivalent ratio, biomass moisture content, and oxygen enrichment affect the quality of generated
syngas. Equilibrium models are useful for predicting the maximum yield achievable by a reagent system and
are ideal for initial analysis or optimization techniques.

Key words: Biomass gasification, Downdraft gasifier, Equilibrium model, Modelling

Received 28. 8. 2024, Accepted 1. 10. 2024

1. Introduction

The world's energy need is growing every day be-
cause of population growth, use of electric vehicles, and
the spreading of industrialization [1,2]. To cope with this
increasing energy demand, alternative ways to produce
energy from environment friendly and renewable sources
have been focused. The biomass gasification process is
one of the most useful processes to produce flammable
gas, which can be used as an energy source and is renew-
able too [3]. Gasifiers have several positive effects on the
environment, when compared to conventional methods,
gasifiers allow us to produce greener energy while low-
ering hazardous pollutants. Gasification reduces environ-
mental damage by effectively managing waste and low-
ering greenhouse gas emissions. It represents a move to-
ward more sustainable energy options. By implementing
a gasifier, we can decrease our dependence on fossil
fuels, making a significant contribution towards a more
environmentally friendly and sustainable future.

The two main pathways via which the biomass con-
version process occurs are the thermochemical and bio-
chemical pathways. To produce syngas/producer gas the
thermochemical route is followed. Fig. 1 shows the bio-
mass CONVersion process.

Downdraft gasifiers have garnered a lot of attention
lately since they provide a straightforward and affordable
method of generating electricity from biomass. Addi-
tionally, they address the growing need for clean and re-
newable energy sources. Current study aims to enhance
the efficiency and performance of downdraft gasifiers
[4]. The thermodynamic equilibrium condition is a useful
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tool for simulation studies that assess the potential of var-
ious biomass sources for gasification. Downdraft gasifier
equilibrium can be modelled in two ways. The first,
known as stoichiometric equilibrium determining the
equilibrium constants of certain reactions; the second,
known as non-stoichiometric equilibrium modelling, en-
tails minimising the Gibbs free energy.
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Fig. 1 Biomass conversion methods

Several studies have been conducted on the stoichio-
metric thermodynamic equilibrium modelling of
downdraft gasifiers, and this article reviews some of
them and adopts some of the methods and assumptions
used by their authors to compare developed equilibrium
models.
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This work focuses on gasification, a well-established
technique that has gained popularity recently due to its en-
vironmental sustainability and energy efficiency. The math-
ematical modelling of the underlying thermo-chemical pro-
cesses is also considered a valuable tool for developing new
reactors or choosing the appropriate control method [5]. The
review of thermodynamic equilibrium models for
downdraft gasifiers is the main goal of the authors.
Downdraft gasifiers are the best small-scale gasifier options
available, and the thermodynamic equilibrium model is
quick, easy to use, and unaffected by the kind of gasifier.

The biomass gasifiers’ operation involves a series of
complicated chemical reactions, which include fast py-
rolysis, partial oxidation of pyrolysis products, gasifica-
tion of the resultant char, conversion of tar and lower hy-
drocarbons, and water-gas shift. Fig. 2 illustrate the bio-
mass gasification process and energy flow. Using math-
ematical models, we can better understand how main pa-
rameters like biomass moisture content or the air-to-fuel
ratio affect the producer-gas composition and calorific
value. Despite their limitations, present work concen-
trates on thermo-chemical equilibrium models that are
particularly useful for preliminary comparisons and stud-
ying the influence of the most critical variables. The ad-
vantage of these models is that they are independent of
the specific gasifier design [6].
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Fig. 2 Biomass gasification and energy flow

2. The gasification process

Gasification is a process that occurs when a gasify-
ing agent, such as air, oxygen, or steam, partially oxidizes
a solid fuel [7]. This partial oxidation generates heat, fa-
cilitating the drying, devolatilization, and reduction reac-
tions. Table 1 outlines the reactions that must be consid-
ered during the gasification process. The process of gas-
ification involves converting carbonaceous materials de-
rived from biomass or fossil fuels into various gases, such
as carbon dioxide (CO2), nitrogen (N2), hydrogen (H»),
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methane (CH.), and carbon monoxide (CO) [8-10]. The
feedstock material is reacted at high temperatures (usu-
ally over 700°C) without burning, and the amount of air,
oxygen, or steam in the reaction is regulated to achieve
this. Fig. 3 shows the gasification process with tempera-
ture ranges for each step.

After the gasification process, the resulting gas com-
position is known as syngas (synthesis gas) or producer
gas. Because the gas is primarily made of H, and CO,
which are flammable, the gas is used as fuel. When the
compounds used in the gasification process are made from
biomass sources, it is considered a renewable energy
source and has the potential to provide power when the re-
sulting gas is burned. One of the benefits of gasification is
that it produces syngas, which can be burned more effi-
ciently than the original solid biomass-based feedstock
[11]. This is because syngas has a higher combustion tem-
perature, which increases the thermodynamic efficiency
limit defined by Carnot's rule. The majority of syngas is
burned directly in gasoline type of engines. Syngas can
also be used as a source to hydrogen and methanol produc-
tion, or it can be processed through the Fischer-Tropsch
process to create synthetic fuel. Gasification can reduce
emissions of air pollutants like methane and particulates by
replacing landfilling and incineration for certain materials.

Fossil fuels are currently widely used in industrial
settings for electricity generation through gasification.
Certain pollutants, like SOx and NOy, can be produced in
smaller quantities by gasification than by combustion.

3. Types of gasifiers

Gasifiers are classified into three types: fixed beds,
fluidized beds and entrained flow gasifiers (Fig 4). The
entrained suspension gasifier is designed for finely split
coal gasification (<0.1-0.4 mm) [12]. This design is not
suitable for fibrous materials like wood [13]. Table 2
summarizes the key features of different gasifiers [18].

3.1. Fixed-bed gasifiers

The oldest and most widely used reactors for pro-
ducing syngas are fixed-bed gasifiers. Industrial facilities
are becoming less interested in large-scale (greater than
10 MW) fixed-bed gasifiers because of scale-up prob-
lems [14]. On the other hand, numerous companies em-
ploy highly efficient small-scale fixed-bed gasifiers (less
than 10 MW) for thermal applications and decentralized
power production [15]. Fixed-bed gasifiers are frequently
used and investigated because of their straightforward
functioning and ease of fabrication.

Fixed-bed gasifiers are categorized based on the fuel
flow direction and entrance of airflow as:

e  Updraft gasifier

e Downdraft gasifier

e Crossdraft gasifier
Different reaction distribution zones (such as drying, py-
rolysis, combustion, and reduction) are positioned differ-
ently in a fixed-bed reactor, depending on the kind of gas-
ifier.
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Table 1 Typical gasification reactions at 25 °C

Reaction Type Reaction
Carbon Reaction

R1 (Boudouard) C + COz <> 2CO + 172 kJ/mol

R2 (water-gas or steam) C + H,0 <> CO + Hz + 131 kJ/mol

R3 (hydrogasification) C + 2H; < CH4 — 74.8 kJ/mol

R4 C+050;, - CO- 111 kJ/mol
Oxidation Reactions

R5 C + 02 — CO2 — 394 kJ/mol

R6 CO + 0.50; — CO — 284 kJ/mol

R7 CH4 + 20, < CO; + 2H,0 — 803 kJ/mol

R8 H, + 0.5 O, — H20 — 242 kJ/mol
Shift Reaction

R9 CO + H20 < CO2 + H2 — 41.2 kJ/mol
Methanation Reactions

R10 2CO +2H; — CH4 + CO; — 247 kJ/mol

R11 CO + 3H; «» CHy + H20 — 206 kJ/mol

R14 CO; + 4H; — CH4 + 2H20 — 165 kJ/mol
Steam-Reforming Reactions

R12 CH4 + H20 <> CO + 3H; + 206 kJ/mol

R13 CH4 + 0.5 0, — CO + 2H; — 36 kJ/mol
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Fig. 3 Gasification process: Temperature ranges of each stage are illustrated [16]
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Table 2 Features of different gasifiers

Gasifier Downdraft Updraft Fluidized bed Entrained bed flow
Simple, reliable and proven. Simple, reliable and proven. Proven technolo
A reactor with low invest- A reactor with low invest- . 9y
with coal. .
Technology ment cost. ment cost. . . Complex construction
. . . Plant with relatively
A relatively simple construc- A simple and robust high i
. - igh investment cost
tion construction
Feed size <51 mm <51 mm <6 mm <0.15 mm
Tolerance for_flnes/ Limited/ Limited/ Good/good Excellent/poor
coarse particle very good very good
Oxidant requirements Low Low Moderate High
Maximum fuel mois-
ture (%) 25 60 55 15
Gas LHV (MJ/m?3) l i 3.7-8.4 (BFB), i
at (NC) 4.5-5.0 5-6 4.5-13 (CFB) 4-6
Tar (g/m®) i _ 3.7-61.9 (BFB), )
at (NC) 0.015-3.0 30-150 4-20 (CFB) 0.01-4
Ash and particles in . .
syngas Low High High Low
Reaction temperature 1090 °C 1090 °C 800-1000 °C 1990 °C
Ash melting point >1250 °C > 1000 °C >1000 °C >1250 °C
Exit gas temperature 400-700 °C 200-400 °C 800-1000 °C >1260 °C
Admissible power Up to 1 MWe Up to 10 MWe 1-100 MW 5-100 MWe
Residence time Particles are in bed until its Particles are in bed until its  Particles spend sub- Very short time
discharge discharge stantial time (few seconds)
Carbon conversion ef- High High High. High.

ficiency Loss of carbon in ash

Carbon loss with ash

10-15 dry t/h feed rate

Scale up potential 500 kg/h feed rate (limited) 4 dry t/h feed rate (good)

>20 dry t/h feed rate

(good) (very good)
Turn-down capability Limited Good Limited Limited
Specific capacity Low - High High

Very limited, any change in Very limited, any change in
Process flexibility — process variables need a new process variables need a new
design design

Flexible to loads less
than design

Very limited. Size and en-

ergy content of the fuel

must be in a narrow range

Temperature profile High gradient High gradient Vertically almost con-

Temperature above the

stant ash melting temperature
Hot gas efficiency 85-90% 90-95% 89% 80%
Cold gas efficiency 80% 80% 89% 80%
Nature of ash pro- .
duced Dry Dry Dry Slagging
Application Small scale Small scale Medium scale Large scale

Problem areas Utilization of fines Tar production Carbon conversion

Raw gas cooling

NC= Normal condition (101.325 kPa, 0°C)

3.1.1. Downdraft gasifier

Downdraft gasifier (Fig 5), in which both biomass
(fuel) and air move downward in the lower section of the
gasifier unit. The downdraft gasifier has four distinct
zones: (1) drying zone, (2) pyrolysis zone, (3) oxidation

zone, and (4) reduction zone. The product gases exit the
clean gas [17].
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gasifier immediately below the grate, allowing partial
breaking of the generated tars in high temperature oxida-
tion and reduction zones and therefore producing a gas
with minimal tar concentration. The resulting gas typi-
cally has a low content of particles and tars (about
1 g/m®). The downdraft gasifier is suitable for producing
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Fig. 5 Downdraft gasifier as layers [26]

3.2. Fluidized-bed gasifiers

Fluidized beds are emerging as the finest biomass
combustion technology because of their versatility in
fuel type and great efficiency. Fluidized bed (FB) gasi-
fication has been widely employed in coal gasification
for many years. Its benefit over fixed-bed gasifiers is
constant temperature distribution throughout the fluid-
ised bed. This temperature consistency is achieved by
intensive circulating of fine granular material (such as
sand) in the fluidised bed of the gasifier. Fluidized beds
are utilized for a wide range of fuels. Bed agglomeration
causes inadequate fluidization or de-fluidization, which
is a serious issue in fluidized bed gasifiers. However, vi-
able solutions have been described for various biomass
feedstocks [19]. These solutions are primarily based on
lowering and controlling the fluidised bed tempera-
ture. Two main types of fluidized bed gasifiers are in
current use:

e  Circulating fluidized bed
e  Stationary (Bubbling) fluidised bed.

4. Models for biomass gasification

Mathematical modelling may be used for a variety
of purposes, including the basic design of an industrial
process and the complicated simulation of a single unit
[20]. Simulation of gasification improves understanding
of the physical and chemical factors that underpin the
gasification process. It aids in the design of new systems
or the development of effective control techniques for
existing units, hence optimising produced syngas qual-
ity.

Models assist in determining the sensitivity of gas-
ifier performance to various operating or design param-
eter alterations [21]. Models can be used for design, pre-
dicting operating behaviour, predicting emissions under
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normal conditions, start-up, shut-down, fuel and load
changes, and decreasing char and tar formation con-
cerns. A significant amount of work has been done to
construct gasifier simulation models. These can be
classed as belonging to the following groups [22,23].

e  Thermodynamic equilibrium models;

e Kinetic models;

e Phenomenological models;

e Artificial Neural Network (ANN) models.

4.1. Thermodynamic equilibrium models

Thermodynamic Equilibrium (TE) simulations
which are independent of gasifier design and useful for
evaluating the impact of solid material composition and
process parameters. Although chemical or thermody-
namic equilibrium may not be reached within the gasi-
fier, this model provides designers with a reasonable
prediction of the maximum achievable yield of a desired
product. However, TE models are unable to predict the
impact of fluid kinetic or geometric characteristics, such
as fluidizing velocity, or design variables like gasifier
height. In contrast to equilibrium models, the kinetic
model considers the hydrodynamics of the gasifier reac-
tor as well as the kinetics of the gasification events oc-
curring inside the gasifier. This becomes significant
when the dwell time needed for full conversion is pro-
longed, which happens at low reaction temperatures
when the reaction rate is extremely slow. As a result, it
is discovered that, when compared to equilibrium mod-
els, kinetic modelling is more accurate and appropriate
at relatively low working temperatures. The total perfor-
mance of the system, including the producer gas yield
and the temperature and composition profiles of the gas
along the gasifier, can be predicted using kinetic models.
Although kinetic models need a lot of calculation, they
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are precise and thorough. The equilibrium model, on the
other hand, is independent of the particular gasifier de-
sign and is comparatively simple to implement with
quick convergence. An equilibrium model is very help-
ful for making initial comparisons and examining the
impact of the most important variables [24,25].
Chemical equilibrium can be obtained by:

e  Equilibrium constant (stoichiometric method)

e Minimization of the Gibbs free energy (non-

stoichiometric method)

Stoichiometric models are based on evaluating the equi-
librium constants of an independent set of reactions (Ta-
ble 1) that can be associated with Gibbs' free energy.
The non-stoichiometric equilibrium modelling ap-
proach, often referred to as the “Gibbs free energy min-
imisation approach”, is developed on the direct minimi-
sation of the Gibbs free energy of the reaction. This
method is standard among many researchers [27,28] and
is claimed to apply to complex reaction pathways,
avoiding the need to identify the independent set of re-
actions. The solutions to the resulting equilibrium model
equations can be obtained using different algorithms.
However, despite the differences in the two approaches,
both produce similar results [29]. Generally, equilibrium
models are relatively more straightforward to implement
and converge faster [30].

4.2. Stoichiometric thermodynamic equilibrium
model steps
The model based on Stoichiometric thermody-
namic equilibrium follows the following steps for pre-
diction of syngas composition. The feedstock's chemical
formula is defined as CHxOyN.. The global gasification
reaction can be written as:

CHyOyN, + wH,0 + m(0, + 3.76N,) -
Ny, Hy + 1ncoCO + n¢p,CO, + ny,oH,0 +
+ 1w, CHy + (2 +3.76m) N, %))

Inputs

where X, y, and z are the number of atoms of hydrogen,
oxygen and nitrogen per number of atoms of carbon in
the feedstock, respectively; w is the amount of moisture
per kmol of feedstock; m is the amount of oxygen per
kmol of feedstock, and n; are the amounts (kmol) of
formed products.

From the ultimate analysis of fuel/feedstock the
percentage of carbon, hydrogen, oxygen, nitrogen, sul-
phur and ash is determined [31,32]. From known per-
centage of different constituents, number of atoms can
be calculated by following expressions:

_ H%XM¢ _ O0%XM¢ _ N%XM¢ (2)
T C%xMy’Y T C%xMg’ T T CY%xMy
In above equation, C%, H%, O% and N% are mass

fraction of carbon, hydrogen, oxygen and nitrogen of
fuel and Mi is their molecular weight.

_ Mgy xwc _ x ¥y
W= My, ox(1-WC) m = ER x (1 Ty 5) €2
where ER is equivalence ratio. Which is defined as ac-
tual air fuel to stoichiometric air fuel ratio.
All inputs on left hand side of Eq. (1) are defined at
25°C. On the right-hand side, ni are the numbers of kmol
of species i. that are unknown.

4.3. Mass balance

To find the amount of unknown species ni of the
producer gas, same number of equations (equals to num-
ber of unknown species i) are needed. After considering
mass balance equations, remaining equations are gener-
ated from equilibrium constant relations. Relationships
between equilibrium constants and mass balance are
used to create those equations. Once equations are
formed, they are solved (simultaneously) to find the
moles of different species taken in to consideration. Heat
balance is done to calculate the gasification temperature.
Here iterative method is used to calculate gasification
temperature. The flow diagram as shown is Fig. 6 illus-
trate the calculation process.

T, MC, ER

Calculate
Equilibrium
Constants,
K, and K,

Calculate
(T+Tnew)’f2

Calculate
Number of moles
of each species, ni

Absolute
(T-Tnew)=<0.01 K

Calculate
Temperature of
Tyew by energy

balance equations

Fig. 6 Thermodynamic equilibrium model flow diagram
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5. Development of stoichiometric thermo-
dynamic equilibrium models

This section describes the most pertinent stoichio-
metric equilibrium models in historical sequence. The
main findings of parametric analyses that evaluate the
effects of the equivalence ratio, biomass's initial mois-
ture content and gasification pressure on syngas compo-
sition and calorimetric value, and the temperature and
efficiency of gasification are presented for each model.
The validation of models has been grounded in a variety
of  experimental  works:  stratified  gasifiers
[21,30,33,34], Imbert gasifier [35-37], double-stage air
supply gasifiers [38,39] gasifiers with an internal sepa-
rate combustion chamber [40], and catalytic steam gasi-
fiers [41], among other stratified gasifiers that have been
built and tested by multiple researchers.

Chern’s model (1991) [42] is applied to the downdraft
gasification of wood to calculate the temperature and
char yield at the gasifier's exit, as well as the syngas
composition in terms of N2, Hz, CO, CHa4, H20, and CO;
(a reference composition that is also utilized by all other
researchers in their models), for a given set of heat loss
and input conditions. This model uses the following re-
actions: Boudouard reaction, Water-gas heterogeneous
reaction, Methane formation reaction, Water-gas shift
reaction, and CO; + CHs —2H; + 2CO. Experimental
data from wood gasification in a downdraft gasifier on a
commercial scale is used to validate the model.
Zainal’s model (2001) [43] use the equilibrium model
for the prediction of the gasification process for the
downdraft gasifier and to predict the composition (H,
CO, COz, H20, CH4, and N2) as well as calorific value.
A parametric study is carried out after validating the
model with the experimental results available from the
literature [44]. 1t was found that the calorific value of the
produced gas decreases with increasing moisture con-
tent in the raw material as well as an increase in the gas-
ification temperature. Initially, the fuel used is wood
chips. Then, the same model is applied to different fuels:
paddy husk, paper, and municipal waste. The gasifica-
tion temperature is taken at 800° C constant, and the ef-
fect of moisture content in wood chips is analysed. Com-
pared to experimental results, the hydrogen percentage
predicted is higher, while the carbon monoxide percent-
age indicated is lower than the practical result. The most
important results are: content of H, in the producer gas
increases almost linearly with the increase in the mois-
ture content for all the considered materials; CO content
in the producer gas decreases almost linearly with the
increase in moisture, while CH, increases linearly, alt-
hough its percentage is small (of the order of 1%).
Jayah’s model (2003) [33] consists of two sub-models
of the pyrolysis and gasification zones, respectively. The
gas's maximum temperature and makeup entering the
gasification zone have been ascertained using the pyrol-
ysis sub-model. Data from the experiments have been
used to calibrate the gasification zone sub-model. In-
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stead of using Chen's algorithms [42], the flaming py-
rolysis model created by Milligan [45] has been used to
overcome the overprediction of the pyrolysis zone exit
temperature. The gasification zone sub-model predicts
gas compositions of N, Hz, CO, CHa, and CO; that are
within +5.8% of the measured values.

S. Jarungthammachote’s model (2007) [46] is a ther-
modynamic equilibrium model based on equilibrium
constant was developed to predict the makeup of pro-
ducer gas in a downdraft waste gasifier. As a raw mate-
rial/fuel, municipal solid waste (MSW) is used, unlike
Zainal's model [43] known value of oxygen. The itera-
tive method is used to predict the gasification tempera-
ture based on the initially guessed value of temperature.
Simulations reveal that the effects of moisture content
(MC) of the waste are as follows: the mole fraction of
H, gradually increases; CO decreases; CH4, which has a
meagre percentage in the producer gas, increases; N
slightly decreases; and CO; increases with increasing
MC. As MC rises, the reaction temperature, the calorific
value, and the second law efficiency all fall. Data re-
ported by Jayah et al. [33] was used for model valida-
tion. Initially, the model assumes an adiabatic process,
and results obtained assuming gasification temperature
as 1100 K constant, just like Zainal the predicted results
show that mole fraction of CHs is predicted very low
compared to experimental results but higher amounts of
Hz. To enhance the model’s prediction, some modifica-
tions in the form of coefficient multiplication with equi-
librium constants are done. Coefficients equal to 11.28
and 0.91 multiply the equilibrium constant of the me-
thane reaction and water-gas shift reaction respectively.
This modified model predicts results that are more accu-
rate and in line with the experimental data available in
the literature [27,33,43].

Hua-Jiang Huang’s model (2009) [47], two models are
built and based on the three equilibrium reactions, Wa-
ter-gas heterogeneous reaction, Water-gas shift reaction,
and Methane reforming reaction to simulate a downdraft
gasifier. Model-1 omits the char, while Model-2 consid-
ers the char. Equilibrium constants for all reactions are
calculated for a given gasification temperature and pres-
sure. Moles of all constituents are obtained by solving
the nonlinear equation for the elemental balance of C, H,
and O and the equilibrium constant under the given
amount of air. As in [46], the partial equilibrium is con-
sidered through a coefficient B1 that multiplies the equi-
librium constant associated with the Methane reforming
reaction and B2 associated with the water-gas shift reac-
tion. B1 can be determined by fixing the fraction of CH4
in the dry syngas at its average value of the experimental
data, and B2 estimated by fixing the fraction of CO in
the dry syngas at its average value. For the first model,
the modifications resulting from 1 improve the predic-
tive capability, whereas the modification by f1 and B2
leads to poorer predictive capability. The results of the
second model, considering char, are far from the exper-
imental data, and specifically, the simulation value of
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CO is much higher than in experimental data, while the
value of CO; is much lower.

Vaezi’s model (2011) [48] is prepared to check the fea-
sibility of the equilibrium model for downdraft gasifiers
for heavy fuel oil. This work used an innovative numer-
ical method to forecast the performance of a heavy fuel
oil gasifier based on thermochemical equilibrium mod-
elling. After obtaining the composition of the produced
syngas, various parameters were studied. H2:CO ratio,
gasification temperature, heating value of produced gas,
cold gas efficiency, and carbon conversion efficiency.
Analysis is done on how the equivalent ratio, pressure,
and oxygen enrichment—or how much oxygen is pre-
sent in the gasification agent—affect the gasification
properties. Since it is assumed that all of the carbon in
the feedstock has been gasified, the creation of char is
disregarded; the syngas is made up of Hj, CO, COq,
H,O, CHa, and N, and the gasification process is
thought to be adiabatic. The model predicted results
were validated with Ashizawa et al. [49] results. In this
model, oxygen is used as a gasification agent. The re-
sults of the composition of the produced gas are in good
agreement with the experimental results. A parametric
study demonstrated that syngas with a significant calo-
rific value of roughly 15 MJ/m? could be produced by
gasifying heavy fuel oil at a low equivalent ratio of 0.32.
Such a heating value for syngas makes it appropriate for
gas turbines and other devices that burn gases with high
specific gravity. Using pure oxygen as a gasification
agent produces high specific gravity and hydrogen-rich
syngas with a 42.5% hydrogen content by volume and
an approximate H,:CO ratio of 0.76. Such a high H2:CO
ratio syngas can be used to produce pure hydrogen for
fuel cell applications and synthesize methanol. This
study also reveals that gasification pressure does not sig-
nificantly affect the gasification process.

Mendiburu’s model (2014) [50], In this paper four
models with modification of one over other are made
and tested namely M1, M2, M3 and M4. These four
models were tested to predict the syngas composition
based on given input data, in which fuel blend, equiva-
lence ratio, moisture content, and oxygen percentage in
gasification agent are the variables. Model M1 is created
based on Zainal et al. [43] and Mountouris et al. [51]
model which assumes gasification temperature to pre-
dict the results (syngas compositions). Model M2 was a
modified version of M1 in which the iterative method
calculates gasification temperature. To improve model
prediction accuracy, equilibrium constants are multi-
plied by variables o and B respectively as presented in
Table 3. Model M3 utilize different correlation in the
form of ration of CO/CO, and CO/H; as mentioned in
Table 3. Model M4 implements a modification of the
equilibrium equations of the water-gas homogeneous re-
action and the Methane reforming reaction by substitut-
ing their respective equilibrium constants with the rela-
tions shown in Table 3.
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The root mean square error was calculated to compare
the numerical results predicted by the models with ex-
perimental results available in literature. Based on root
mean square error, the conclusion is that Model M2 is
best among all others.

Costa's model (2015) [52], A new model is created to
combine a thermo-chemical equilibrium model which
takes into account the formation of tar and char with an
evolutionary algorithm-based optimization program
(MOGA 1) to determine the best correction factors to
reduce the discrepancy between calculated and experi-
mentally measured yields and temperatures. The proce-
dure is repeated to replicate the thermal treatment of var-
ious biomasses with increasing carbon content, such as
sawdust, rubber wood, treated wood, and straw. Compa-
rable considerations are made for tar and char, respec-
tively, as suggested by [53]. The experimental data for
biomass rubber wood presented in ref. [54] is used to
validate the model.

Aydin’s model (2017) [55], The stoichiometric equilib-
rium model (SEM) proposed in this study can be used to
predict, for a range of wood-based fuels and equivalent
ratios (ER), the chemical composition of the syngas (hy-
drogen, carbon monoxide, carbon dioxide, methane) as
well as the yield of tar and char produced by a downdraft
gasifier. Global Stoichiometric equilibrium approach is
used to make the model and predict the dry gas compo-
sitions. Three different models SEM1-3 are prepared
and validated with the experimental data available.
SEML is a full model, while SEM2 exclude tar and
SEM3 exclude char. Two correction factors are intro-
duced for Water gas shift reaction and Methanation re-
action as a function of gasification temperature, equilib-
rium temperature, and ER (Table 3). These correction
factors are obtained by comparison of theoretical model
data with experimental data from literature using the Le-
venberg-Marquardt algorithm. The equilibrium temper-
ature is calculated according to the following equation.

—12400
- Yco (4)
1.981n(10_3-4—)
Ycoy

Teq =
Where yco and yco2 are molar fractions of respective
componentrs. Models with correction factor increase the
accuracy of models and RMSE decreases.

Upadhyay’s model (2018) [31] in this paper, the ther-
modynamic equilibrium model is used to predict the
producer gas compositions and lower heating value for
seven different values of equivalent ratios (ER) ranging
from 0.24 to 0.386 for the lignite and sawdust briquette
(70:30, %wt) as fuel. The model predicts the gasification
temperature by an iterative method using EES (Engi-
neering equation solver) and then estimates the producer
gas compositions. To avoid conversion issues, it is spe-
cifically mentioned not to assume temperature initially
below 650 K and more than 1500 K. To increase the ac-
curacy of predicted values correction factors based on
ER (as shown in Table 3) for methane reaction and water
gas shift reactions are developed by trial-and-error
methods.
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Table 3 Models with corrections or coefficients

Author(s) (Year)  Reference  Model Constant(s)/Coefficient(s) or Modifications
S.Jarungtham- [46] M2 0.91 x K, and 11.28 x K,, where K, = 214 anq
machote et al. (nHz)?

_ (nCO,)(nH,)
1™ (nC0O)(nH,0)
Mendiburu et al. [58] M2 « = max [(— L6392 4 0.3518T — 128.7) , 1], B =28-0372\
(2014) 10
—450.893 ——110.11
M3 £ —2.18e L = 0.92¢ T
coy H,
4276 —26830
M4 Kygs = el T 2% K, = 1198 5 10%e("T )
Aydin et al. [55] SEM2 0.6639(ER)
T
(2017) (Tfﬂg

Cf,, = —778.4(ER) + 774.6e \T'eas’  + 666.6

4.23(ER)

()
Cfugs = 3.194(ER) + 0.02912e\Tsas/  — 0.6354
SEM3 Teq
Cfmtar = 2678 — 19920(ER) — 441.3 | —
gas
T Toq \
+ 23220(ER)< 1 )— 3069( - )
T gas T gas
Teq
Cfygstar = 1.183 — 46.06(ER) + 10.09 | ——
) T*gas
T Toq \°
+ 56.56(ER) ( = ) - 13.72 (—q)
gas T gas
Upadhyay et al. [31] Cf,, = 245104(ER)* — 296964(ER)? + 134912(ER)>
(2018) — 26993(ER) + 2024.4
Cfygs = —6334.5(ER)° + 13593(ER)* — 11130(ER)?
+ 4399.3(ER)? — 846.18(ER) + 64.286
Mazhkoo et al. [57] Cf, = —27.09 — 89.16(ER) + 65.96(e~017(ER))

(2021)

Cfwgs = 1.49 + 11.79(ER) — 2_33(e2.31(ER))
Cfior = —0.98 + 2.18(ER)
Cfehar = 0.02 + 7.58(ER)

Different cases (total 65) based on combination of fuel,
ER and moisture content were used for validation pur-
poses. Major findings of this study is that, increment in
ER increases the gasification temperature. With incre-
ment in ER, CO; content decreases, CO and N in-
creases, CH4 and H; decreases.

Chidiebere Diyoke’s model (2018) [56] A thermody-
namic equilibrium gasification model is developed for
the wood as fuel for downdraft gasifier and implemented
in MATLAB to simulate. The downdraft gasifier was
conceptually divided into three zones: the pyrolysis
zone, the combustion/oxidation zone, and the reduction
zone. Tar compositions and mole fractions are taken
from the literature available as input parameters. By
solving energy balance and mass conservation across
each control volume and taking into account the rate of
formation/consumption of the species according to dif-
ferent gasification kinetics, the concentration of syngas
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and profiles of temperature along the reduction zone
length were obtained. The simulations' results were in
good agreement with the experimental data available.
The syngas concentration was found to be about 1.1%,
17.3%, 22.8%, 9.0% and 49.8% for CH., Hz, CO, COy,
and N respectively and the corresponding LHV, CGE,
CCE, and yield were 4.7 MJ/m3, 59.9%, 85.5% and 2.5
m?3/kg-biomass respectively at ER of 3.1 and fuel mois-
ture content of 18.5 wt.%. Sensitivity analysis was car-
ried out with this validated model for different air-fuel
ratios, moisture contents, and inlet air temperature. The
analysis can be applied to produce specific design data
or a downdraft biomass reactor, given the fuel composi-
tion and operating conditions. As the ER and MC in-
creases, the LHV, CGE, and CCE decreases. The per-
formance of the biomass gasifier in terms of yield, LCV,
CGE, and CCE increases with inlet air temperature. The
temperatures in the pyrolysis, oxidation, and reduction
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zone of the gasifier lie between 654-510 K, 1221-1094
K, and 964-862K, respectively, at ER range of 3-5.2 and
MC of 18 %. In this article author has defined ER as
(A/F)stoichiometric/(A/F)Actual.

Mazhkoo’s model (2021) [57] is a modified quasi-
thermo-equilibrium model prepared to predict the syn-
gas composition of H,, CO, CO,, H20, CHa, and N, for
the walnut shell as fuel. This model also predicts yields
of tar and char during the gasification process. For
model prediction improvisation, non-equilibrium cor-
rection factors are estimated and validated with the 40
experimental data available in literature with 25 various
biomass feedstocks. The parameters varied in ER (0.2 to
0.45) and temperature (740K to 1300K). Two correction
factors shown in Table 3 for Water-gas shift reaction and
Methanation reaction are predicted from experimental
data available and using Levenberg-Marquardt algo-
rithm. To avoid convergence-related issues, the gasifi-
cation temperature is calculated using the following
equation [49].

—12400
Ty

= oo 43) ©)
Ycoy

After applying the correction factors, the RMSE was re-
duced from 5.02 to 2.19.

Ibrahim’s model (2022) [6] takes into account the ther-
modynamic equilibrium of the global gasification reac-
tion, forecasts the concentration of the minor gasifica-
tion products of ammonia and hydrogen sulphide as the
nitrogen- and sulphur-based contaminants, respectively,
and applies a new empirical correlation to account for
the mass tar yield that was developed using relevant ex-
perimental data that is currently available. The set of
governing model equations are solved in fully coupled
manner, to predict the char and ammonia Boudouard re-
action and Ammonia synthesis reaction were used re-
spectively. This model does not require the correction
factor, which is almost necessary for existing equilib-
rium models. The producer gas composition, char, tar
yields, lower heating value, and cold gas efficiency are
obtained for different fuels with variable ER and mois-
ture contents (MC). Results shows that as MC increases
Hy, CHsand CO; increases but CO decreases. Gasifica-
tion temperature increases ER and decreases with MC.
As ER and T rise, the LHV and CGE also fall. While the
concentration of H,S stays nearly constant and slightly
decreases with increasing ER and MC, the concentration
of NH;z decreases with increasing ER

Table 3 summerizes models with corrections and coeffi-
cients and Table 4 shows comparative analysis of differ-
ent models.

6. Conclusions

Modelling and simulation studies may be very use-
ful for studying complicated processes such as gasifica-
tion without relying on time-consuming and expensive
experimental approaches. Because of its simplicity, the
thermodynamic equilibrium hypothesis is frequently
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used in modelling investigations. However, equilibrium
modelling offers the greatest yield possible under equi-
librium circumstances, which are not the actual parame-
ters of gasifier operation. As a result, the results are less
dependable, and more precise modelling approaches,
such as kinetic modelling, should be employed instead.

The present work reviews the most important mod-
els in the scientific literature applying the so-called stoi-
chiometric method. The authors' aim is to discuss dedi-
cated analyses regarding the effect of biomass moisture
content (MC), gasification equivalence ratio (ER), pres-
sure variations, and oxygen enrichment on the quality of
the produced syngas, in particular in terms of lower heat-
ing value and cold gas efficiency (CGE) and how TEM
were refined to improve their predictions. Researchers
have prepared models that can predict the syngas con-
stituents and modifications to improve the predicted val-
ues. Many researchers have modified their models by
multiplying coefficients to equilibrium constants using
either the trial-and-error method, regression, or multi-
variable optimization methods. Many have taken the
CHa constant as found in the experimental literature. Co-
efficient of equilibrium constants are function of tem-
perature and/or ER.

Essentially, almost all presented models show that
an increase in moisture content produces a decrease of
lower heating value due to a reduction of the CO yield
that has a greater weight with respect to the increase of
Ha; an increase of equivalence ratio and pressure varia-
tions produce a decrease of lower heating value, due to
the simultaneous decrease of CO and Hy; an increase of
oxygen enrichment produces an increase of lower heat-
ing value, due to the simultaneous increase of CO and
H.. Analogous considerations are applicable to the cold
gas efficiency of the gasification process.

7. Abbreviations

CCE Carbon conversion efficiency

CGE Cold gas efficiency

Ccv Calorific Value

EES Engineering Equation Solver

ER Equivalence ratio

HHV Higher heating value

LHV Lower heating value

MC Moisture content

QTEM Quasi-Thermodynamic
equilibrium model

RSME Root means square error

SEM Stoichiometric equilibrium model

SGY Syngas yield

STEM Stoichiometric thermodynamic
equilibrium model

TEM Thermodynamic equilibrium model

NC Normal condition
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