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A B S T R A C T   

Gasification provides various environmental and technological advantages, and the efficiency of the gasification 
system is affected by several factors, including the kind of fuel and gasification agent used, the gasifier’s length 
and diameter, the operating pressure and temperature, etc. Experimental optimization approaches are more 
realistic, but they are time demanding; also, a reactor operating at high temperatures and pressures could be 
dangerous and expensive. Thus, researchers use a variety of modeling techniques, including the process simu
lators. Additionally, artificial neural network (ANN) as a machine learning approach, which is one of the process 
modeling methods, is a remarkable approach, and several papers have been published in which it has been 
utilized in combination with other modeling techniques. On the other hand, a combined process simulator/ANN 
model that considers gasifier design/operational parameters for the kinetic modeling of gasification process has 
not been reported. 

In this study, after kinetic modeling and validation of seven different circulating fluidized gasifiers using Aspen 
Plus, parametric studies were performed. Parametric analysis was used to examine the impacts of gasifier 
diameter, length, gasifier temperature, air/fuel ratio, and fuel type, and a dataset was created for ANN training. 
The syngas composition and thermal value were predicted using the ANN model. Therefore, a model was 
developed that takes into consideration both design and operating variables. The investigations revealed that 
heterogeneous reactions were the most critical factor in defining syngas characteristics. Although design factors 
have a considerable impact on syngas characteristics, the gasifier temperature is a key factor in the whole 
process. Furthermore, the ANN model estimates syngas specifications with great accuracy (R2 > 0.99 and MAPE 
< 3%) based on fuel attributes and gasifier design/operating parameters. Hence, ANN models can be used to 
analyze the effectiveness of systems including a complex combination of reactions and thermochemical 
processes.   

1. Introduction 

Industrial and daily activities rely heavily on energy, yet power 
generation is still mostly focused on two sources: nuclear energy and 
fossil fuels. In addition, as a result of the massive industrialization and 
population growth of the past century, fossil fuel use has increased. 
However, NOx, SOx, CO2, heavy metals, and PM2.5 emissions resulting 
from the use of fossil fuels remain noteworthy. Thus, due to diminishing 
fossil fuel reserves, increased environmental awareness, and the dangers 
of nuclear energy usage, the world is seeking for creative, eco-friendly, 
stable, and sustainable alternative energy sources. In terms of energy 
production, renewable resources have lately been seen as providing the 
opportunity to ultimately substitute nonrenewable sources [1]. In the 

following years, renewable energy technology research and applications 
are anticipated to increase. The replacement of nonrenewable energy 
sources in the global energy distribution is becoming essential [2]. 

Gasification seems to be an essential process for creating power and 
other chemical products in a more environmentally friendly and cost- 
effective approach. Currently, gasification is viewed as a more desir
able thermochemical conversion with significantly increased efficiency. 
It can also be utilized for a multitude of purposes, including the pro
duction of heat, electricity, fuels, and chemicals [3]. By heating carbo
naceous solids in oxygen-enriched air, carbon dioxide, steam, air, 
oxygen, or a mixture of these atmospheres, carbonaceous solids are 
transformed into gaseous fuels. The obtained gas has a better quality 
standard and is easier and more versatile to use than the raw solid 
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material; for instance, it may be used in gas turbines and gas engines, or 
as a chemical ingredient to manufacture liquid fuels. Syngas is the term 
given to the producer gas, the great majority of which consists of H2, CO, 
CO2, N2, and a few hydrocarbons [4]. Trace amounts of tars, NH3, and 
H2S could also be detected [5]. 

Moisture evaporation, pyrolysis, oxidation, and reduction are all 
phases of the gasification process, and they must be carried out under 
optimal conditions for the most efficient end product. The operating 
temperature of gasification has a considerable effect on product distri
butions. Temperature influences the composition and productivity of 
gas, the calorific value of gas, the formation of char and tar, the cold gas 
efficiency, and carbon conversion. Further, the equivalence ratio (ER) is 
a crucial component in defining gasifier properties such as the compo
sition of producer gas. On a dry ash free basis, the ER is calculated by 
dividing the quantity of oxygen supplied by the amount of oxygen 
required for complete combustion. The ER must be in the band of 
0.2–0.4 for appropriate gasification [6]. The gasification environment 
has a significant impact on the composition and quality of syngas. The 
kind of gasifying agent used is decided by the appropriate gas content 
and energy consumption. Moreover, residence time has a significant 
impact on both the tar production and syngas composition. Higher 
residence time considerably improves hydrogen yields and gasification 
performance. Diverse solid substances have varied chemical composi
tions, and even portions of the same raw material might have distinct 
properties and qualities. In fact, biomass/coal heterogeneity is one of the 
disadvantages of gasification, as it makes it difficult to determine the 
optimal operating conditions and end product characteristics [7]. In 
addition to a number of other factors, the height and diameter of the 
gasifier are crucial criteria that impact the quality of the produced gas 
[8,9]. Changes in the reactor’s diameter or height influence the gasifier’s 
residence duration, temperature distribution, and reactor regime, 
among several other factors. 

Fixed bed gasification was one of the first and most commonly used 
reactors for the production of syngas [10]. The earliest and most 
fundamental method of gasification is the fixed bed or moving bed 
gasifier. It is the most affordable and optimum option for small-scale 
activities. Researchers and industry experts are interested in the fixed 
bed gasifier because to its uncomplicated operation and design with no 
or few moving parts; nevertheless, the produced syngas has a low 
calorific value and a high tar content [3]. The entrained flow gasifier is 
designed to accommodate particles between 75 and 100 µm in size. It 
will first be used to gasify fine coal at extreme temperatures between 
1400 and 1800 ◦C and high pressures between 20 and 70 bar in order to 
completely degrade tar and provide tar-free syngas [11]. It has a resi
dence time of around 1–5 s. Due to the tiny particle size, high pressure, 
and temperature, carbon conversion is almost complete. Furthermore, 
the fluidized bed reactor surpasses the fixed bed gasifier in terms of 
mixing capacity and heat transfer efficiency due to its fluidization pro
cess. The fluidized bed gasifier provides a more consistent temperature 
response. In a fluidized bed gasifier, high mixing conditions between 
solid fuel and gasifying agent accelerate feedstock degradation, hence 
enhancing reaction rate, performance, and conversion. This temperature 
uniformity may be easily achieved by utilizing bed materials to 
encourage fluidization of the feedstock [10], so enabling gasification to 
occur in a nearly isothermal environment. In general, the fluidized bed 
gasifier operates between 800 and 1000 ◦C [12]. In circulating fluidized 
bed gasifiers, the fluidization process is more turbulent and the fluid
ization velocity is three to five times more than in bubbling fluidized bed 
gasifiers. As a result of the increased fuel contact with the bed particles 
and gasification reagent, heat transport and reaction rate are both 
raised. Since there are too many particles in the freeboard segment, 
recirculation of solid materials is required. As a consequence, circulating 
fluidized bed gasifiers have enhanced gasification efficiency and carbon 
conversion while forming very less tar. 

In the development of gasifiers, experimental or computer simula
tion data is used. Variations in any of the aforementioned factors have a 

tremendous effect on the end-gas composition and gasifier’s perfor
mance [13]. Identifying the ideal gasifier design parameters for a spe
cific feedstock may be a time-consuming and expensive task. In this 
regard, computer simulations have proved valuable for understanding 
how a gasifier operates and how to improve it prior to the construction 
of actual prototypes [14]. It may be difficult to quantify the effect of 
construction, operating, and input factors on reactor performance, but 
numerical techniques have proved useful in this regard. Four categories 
of models may be used to determine the gasification process: reaction 
kinetic modeling, data driven modeling, computational fluid dynamic 
(CFD) modeling, and thermodynamic modeling [15]. 

Modeling of thermodynamic equilibrium is often referred to as zero- 
dimensional modeling [16]. The gasification system is most stable in its 
equilibrium state. All chemical processes and substances are accounted 
for in stoichiometric equilibrium models. The non-stoichiometric equi
librium technique primarily focuses on minimizing the Gibbs free energy 
of the system. Numerous tools such as MATLAB [17], Aspen Plus 
[18,19], Engineering Equation Solver [20], Aspen HYSYS [21], etc. have 
been used in thermodynamic modeling, which is extensively practiced 
and thoroughly reported. 

CFD can be used to examine the physicochemical occurrences in a 
virtual environment under various operating conditions. To accomplish 
this, CFD models include conservation of mass, molecular momentum, 
energy flow, hydrodynamics, and a knowledge of the interactions be
tween the many phases and events inside the reactor. The CFD element 
matrix may be used to develop CFD tool equations including fluxes of the 
investigated variables entering and exiting the control zone with 
appropriate boundary conditions. CFD software is used to study all 
modifications and interconnections in the gasifier, including particle 
vaporization, carbonization, and gasification processes [22]. The flow 
dynamics process in a fixed-bed reformer was studied by Pashchenko 
[23] using both computational and experimental approaches. The pur
pose of the research was to determine how different particle shapes 
affect the pressure drop and loss factor in a packed fixed bed containing 
a porous catalyst. Article implies that there is a good correlation be
tween numerical and experimental findings for all studies, with an 
average error of <8%. Furthermore, Enget and Jaojaruek [24] simulated 
a downdraft gasifier operating on cubic woodchips and air. In order to 
simulate how biomass is positioned when fed into a gasifier from above, 
woodchips were individually inserted into the gasifier in a disorganized 
manner. The authors discovered that CFD analysis is helpful in deter
mining the pressure drop in gasifiers using loose biomass feedstock 
when empirical correlations are not available. Further, bed pressure 
drop and bubble behavior in bubbling fluidized beds provided by a 
shroud nozzle distributor were calculated using computational parti
cle–fluid dynamics (CPFD) simulations by Lim et al [25]. Each simula
tion’s pressure drop profile was compared to experimental data obtained 
under the identical circumstances to ensure accuracy. Without proper 
implementation of the collision and particle normal stress models in the 
simulation, the predicted bed pressure drop and bubble flow charac
teristics did not correlate with the experimental data. Due to a lack of 
computer power, CFD models for gasification are infrequent [10]. 
Nonetheless, CFD modeling of different types of gasifiers has been re
ported in the literature [26–29]. 

Kinetic models can investigate a deeper variety of parameters than 
equilibrium models can. Kinetic modeling systems are founded on ki
netic principles, which are essential for the design, evaluation, and 
enhancement of gasifiers because they represent the chemical in
teractions that occur throughout the process. Models may be used to 
predict residence duration, gasifier design, flow rates, and gasifier hy
draulics, among other characteristics [30]. Agu et al. [31] developed a 
one-dimensional model that incorporates the hydrodynamic behavior of 
a fluidized bed. The authors included the momentum equations of fuel 
particles and fluid into their model. The model’s conclusions were 
validated using experimental data, and the proposed model was capable 
of projecting total gas production and product gas composition under a 
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variety of operating conditions. Furthermore, in order to simulate the 
gasification of rice husk in a bubbling fluidized bed gasifier, Xiong et al. 
[32] used a kinetic model that included both flow hydrodynamics and 
chemical kinetics. Their model was based on the two-phase fluidized 
theory, which postulates that the bed contains two phases that transfer 
energy and mass. According to their parametric study, bed diameter had 
a negligible effect on gasifier performance, however raising reactor 
temperature and bed height improved gasifier performance. Nonethe
less, biomass moisture and gasification agent entrance velocity had 
differing impacts on the performance of the gasifier. Nemtsov and 
Zabaniotou [33] simulated the gasification of agricultural wastes in a 
fluidized bed gasifier, taking into consideration the various stages of the 
process. According to the authors, mathematical modeling may not only 
be used to account for the fundamental behavior of fluidization and the 
gasification process, but also as a forecasting tool for fluidized bed 
gasifier design, modification, and scaling up. In recent study, Hejazi and 
Grace [34] modeled calcium-looping in a dual fluidized bed reactor’s 
bubbling fluidized bed carbonator for the synthesis of H2-rich syngas 
using the FluidBed module of Aspen Plus v10. Comparing the experi
mental findings of a 20 kWth dual fluidized bed gasifier operating in Ca- 
looping and delivering tar-free synthesis gas. According to their find
ings, using tar- and impurity-free syngas for feedstock increases CO2 
capture efficiency and increases syngas H2 content from 51.4% to 80%. 

Due to their strong generalization capacity, artificial neural networks 
(ANNs) have recently acquired popularity for tackling difficult actual 
engineering and scientific problems [35]. In contrast to kinetic modeling 
and CFD, which both need a great deal of computing power, ANN pro
vides an alternative modeling technique that uses less computational 
power and has a quicker execution time while keeping appropriate ac
curacy. The ANN-based modeling methodologies may consistently and 
quickly map complex processes from a collection of samples without 
requiring understanding of the underlying mechanisms and principles. 
In other words, ANN-based models may represent complex dynamic 
systems with multidimensional properties without having a compre
hensive understanding of the underlying physical principles. Two ANN 
model topologies were proposed by Puig-Arnavat et al. [14] for fluidized 
bed gasifiers. The scientists collected experimental data from several 
sources and utilized it to train ANNs. For the estimation of gas output 
and syngas composition, both ANN models use a number of process 
variables and feedstock content as input variables. Experiments shown 
that output parameters may be predicted with high accuracy by using a 
neural network with two hidden neurons in the hidden layer and a 
backpropagation technique. Excellent correlations (R2 > 0.98) appear 
between the results achieved by these ANNs and the published experi
mental data in nearly all cases. In a recent study, Yan et al. [36] used 
thermodynamic ANN modeling to accurately predict gasification out
puts, while the non-dominated sorting genetic algorithm-II was used to 
evaluate different gasifier design parameters. To train the thermody
namic ANN model, the researchers used 166 experimentally reported 
data points. The researchers also noted that among the input variables, 
gasification temperature has the greatest effect, and that the thermo
dynamic ANN model outperformed the conventional thermodynamic 
equilibrium and ANN models in terms of accuracy and robustness of 
prediction. The integration of thermodynamic equilibrium with ANNs 
and the use of experimental data to train ANNs have been reported. 
Moreover, simulation data was used for ANN model training in terms of 
predicting gasification/gasification-driven systems’ characteristics 
[37–40]. 

Gasification processes are often simulated, however there have been 
reports of practical investigations examining the impacts of gasifier 
design for various applications. Using empirical relationships, Dasappa 
et al. [41] investigated the development of small-scale gasifier designs in 
India (including many prototypes) with a throat size between 30 and 40 
mm. In a similar study, Sutar et al. [42] proposed a design technique for 
small downdraft gasifiers by modifying existing standards for larger 
gasifiers. While designing gasifiers with outputs of 2.5 kWth and 4.5 

kWth and throat widths of 20 and 30 mm, respectively, the authors used 
non-linear extrapolation of the design curves. Recently, Khan et al. [43] 
have proposed and developed a flexible design method for a standard 
laboratory gasifier test-bed. The objective of the project is the con
struction of a laboratory-scale throated downdraft gasifier with a sliding 
throat configuration that will facilitate process optimization and the 
extrapolation of the findings to larger gasifiers. Moreover, Guangul et al. 
[44] have designed a downdraft gasifier that enables for the height of 
the gasifying air and steam inlet to be adjusted. Thus, the designed fa
cility allows for investigating how shifting the air and steam input po
sitions affects the gasification procedure. In conclusion, researchers are 
interested in modifying gasifiers by constructing models with inter
changeable pieces in order to identify the most effective gasifier struc
ture for synthesizing their target materials. Additionally, while building 
new gasifiers, the researchers modify gasifier capacity based on empir
ical correlations with preexisting gasifiers. On the other hand, there 
have been very few reports of research on the adjustable design of lab- 
scale circulating fluidized bed gasifiers. Though, the advantages of 
developing a laboratory-scale gasifier include the quick evaluation, 
identification, and comparison of optimal scaling strategies and process 
improvements such as feedstock evaluation, tar reduction, syngas 
cleaning and upgrading, and the evaluation of novel catalysts in various 
laboratories. This study also aims to fill the gap in the literature by 
proposing a lab-scale circulating fluidized bed gasifier design using the 
ANN model trained with kinetic method-based simulation results. 

A review of the relevant literature reveals that numerous modeling 
methodologies have been used for gasification systems. Using CFD for a 
virtual design is possible, however it is computationally intensive, and 
thermodynamic equilibrium based models cannot be applied in the 
gasifier design process. While data-driven models have been proven to 
be beneficial due to their computational efficiency and capacity to deal 
with complicated datasets, the majority of existing research has used a 
single fuel type, a single gasifier size/diameter, and a limited number of 
operating parameters. The presented models are, thus, only applicable 
under extremely narrow circumstances. On the other hand, a combined 
process simulator/ANN model that considers gasifier design/opera
tional parameters for the kinetic modeling of gasification process has not 
been reported. In this work, parametric analyses were conducted 
following kinetic modeling and validation of seven distinct circulating 
fluidized gasifiers using Aspen Plus. Applying parametric analysis, the 
effects of gasifier diameter, length, gasifier temperature, and air-to-fuel 
ratio, further, a data set was compiled for ANN training. Using the ANN 
model, the composition and thermal value of syngas were predicted. 
Therefore, a model was constructed that takes both design and operation 
factors into account. Ultimately, a lab-scale fluidized bed gasifier was 
virtually designed by using the developed ANN model and para
metrically investigated to determine optimum operating/design condi
tions. Therefore, this work employs a dual-modeling strategy to conduct 
in-depth analysis. 

2. Methodology 

2.1. Feedstock Characterization 

Proximate and ultimate analyses are the most often used methods for 
characterizing solid fuels. Biomass is more reactive than coal owing to 
its more reactive char and higher volatile content, but it has a lower 
calorific value due to its lower carbon and higher oxygen and hydrogen 
contents [45]. While biomass has a lower energy content, it also contains 
more moisture and less fixed carbon. Also, biomass has low emissions 
due to these inherent features, making it an appropriate feedstock ma
terial. Table 1 summarizes the results of the ultimate and proximate 
analyses of the feedstock materials used in this paper. 

Through a literature review, the properties of the feedstock materials 
employed in the kinetics calculations of this study were obtained. A 
range of solid fuels, including agricultural and forestry wastes and 
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subbituminous coal, were chosen. According to the proximate analysis 
results provided in the table, the volatile matter content of the biomass 
samples is high (>70%). However, the proportion of fixed carbon in the 
coal sample is much higher than in the biomass samples. Fig. 1 depicts 
the Van Krevelen diagram for the feedstocks studied in this 
investigation. 

The Van Krevelen chart is a technique for recognizing solid fuels and 
determining their level of carbonization. The O/C and H/C fractions 
may be used to determine if a fuel belongs to a certain category and its 
performance. When analyzing the figure, it is apparent that all biomass 
samples are located inside or close to the biomass zone. Subbituminous 
coal, on the other hand, is expectedly found in the coal region. In terms 
of degree of carbonization, subbituminous coal is a superior fuel than 
other biomass samples. The olive oil waste sample included the highest 
quantity of hydrogen, whereas the miscanthus pellet sample contained 
the highest concentration of oxygen. In addition, the sawdust sample 
had the highest level of carbonization among all the biomass samples. 

2.2. Gasification reactions and kinetics 

Regardless of technology, gasification reactors include a series of 
thermal processes, including moisture evaporation and carbonization, 
oxidation/cracking of pyrolysis products, and char gasification. Total 
carbon conversion is mostly attributable to the heterogeneous in
teractions occurring between the char obtained during the pyrolysis 
process [53]. Due to the high temperatures in the reactor, the rigorous 
circulation of substances undergoing heterogeneous and homogeneous 
interactions, and the complexity of the chemical and physical phe
nomena involved, it would be difficult to experimentally determine the 
optimal gasification process variables and design. In addition to the 
reaction scheme described below, kinetic modeling is a potent simpli
fication of the hundreds of chemical processes that occur in a gasifier. 

The heterogeneous interactions between char and gases are the rate- 
controlling step in a gasification process, therefore much attention is 
given to them [54]. The primary reactions in the gasification operation 
are listed in Table 2. 

Due to the absence of data for the different reaction rates and the 
higher computation needs, a more comprehensive strategy is not 
feasible. The global approach/mechanism in which reaction rates are 
calculated empirically from experimental data. Often, the Arrhenius 
equation is employed to represent these phenomena. The following is 
the equation for gas-phase interactions [55]: 

k = ATnexp
(

−
Ea

RT

)

[Fuel]a[Oxidizer]b[3rd ]
c (1) 

Table 1 
The findings of both the proximate and ultimate analyses of the feedstock materials used in this paper.  

Biomass Sample Moisture Ash Fixed Carbon Volatile Matter C H S N O Ref. 

Olive oil waste 8.9a 8.5b 17.1b 74.4b 52.7c 7.2c 0.07c 1.6c 38.1c [46] 
Miscanthus pellets 8.7a 2.5a 15.0a 73.8a 43.9b 5.9b 0.14b 0.57b 46.8b [47] 
Willow 17.0a 2.13b 16.5c 83.5c 48.7c 5.91c 0.045c 0.88c 44.5c [48] 
Sawdust 9.43a 1.10b 15.63b 73.84b 52.30b 5.17b – 0.40b 41.70b [49] 
Juliflora chips 12.10a 1.86b 16.34b 81.80b 45.55c 6.44c 0.205c 0.583c 47.22c [50] 
Eucalyptus wood 11.8a 2.6a 14.6a 71.0a 45.85b 6.13b <100 ppm 0.35b 44.80b [51] 
Subbituminous coal 10.4a 16.0a 30.2a 43.4a 57.2a 3.3a 0.2a 0.7a 16.2a [52] 

a: as received (ar.) basis, b: dry basis (db.), c: dry-ash free (daf.) basis. 

Fig. 1. Characterization of feedstock materials by Van Krevelen diagram.  

Table 2 
The major reactions occurred during a gasification process [7].  

Reaction Heat of reaction at 25 ◦C Reaction Name 

C + CO2 ↔ 2CO +172 kJ/mol Boudouard reaction 
C + H2O ↔ CO + H2 +131 kJ/mol Water-gas reaction 
C + 2H2 ↔ CH4 − 74.8 kJ/mol Hydrogasification 
CO + H2O ↔ CO2 + H2 − 41.2 kJ/mol Water-gas shift reaction 
2CO + 2H2 → CH4 + CO2 − 247 kJ/mol Methanization reaction 
CO + 3H2 ↔ CH4 + H2O − 206 kJ/mol Methanization reaction 
CO2 + 4H2 → CH4 + 2H2O − 165 kJ/mol Methanization reaction 
CH4 + H2O ↔ CO + 3H2 +206 kJ/mol Steam-methane 

reforming 
CH4 + 0.5O2 → CO + 2H2 − 36 kJ/mol Methane combustion 
C + 0.5O2 → CO − 111 kJ/mol Combustion reaction 
C + O2 → CO2 − 394 kJ/mol Combustion reaction 
CO + 0.5O2 → CO2 − 284 kJ/mol Combustion reaction 
CH4 + 2O2 ↔ CO2 + H2O − 803 kJ/mol Combustion reaction 
H2 + 0.5O2 → H2O − 242 kJ/mol Combustion reaction  
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A – the Arrhenius consant (the unit is determined by the reaction 
order). 

T – absolute temperature (K). 
Ea – activation energy. 
n – the temperature exponent. 
[3rd] – the third species’ molar concentration (neither a product nor 

a reactant). 
a, b, and c – concentration exponents. 
R – the universal gas constant. 
To determine the values of the variables Ea, n, A, b, and a, one may 

use experimental data or complex techniques. Neither the stoichiometric 
constants nor the density coefficients b and a are related; instead, they 
must be calculated using specific processes or experimentation. The 
exponential n for temperature specifies an extra temperature de
pendency of the reaction rate. In many circumstances, the dependency 
may be described as a single exponential term (with n = 0) since many 
fundamental interactions demonstrate Arrhenius behavior for minor 
temperature changes [55]. Moreover, under gasification or combustion 
conditions, a non-Arrhenius response may be seen [56], necessitating 
the addition of the constant -n. Table 3 summarizes the kinetic param
eters and reaction rates obtained from the given references. 

2.3. Energy and exergy assessment 

Thermal energy and exergy are two important aspects to consider 
when examining and measuring the efficiency of a system. The exergy 
analysis approach is used to assess the effectiveness of a system in terms 
of energy quality and system efficiency. Exergy of a system is comprised 
of chemical exergy, potential exergy, physical exergy, and kinetic 
exergy. Potential and kinetic exergy are often disregarded in gasifier 
systems owing to the slight variations in velocity and elevation that 
occur throughout the gasification process [80]. In the majority of cir
cumstances, the total physiochemical exergy of a material stream may 
be utilized to compute the total exergy available in the stream. Aside 
from this, the LHV is used mostly to assess the amount of usable fuel 
energy. Therefore, determining the LHV and exergy of the syngas pro
duced during the gasification process is critical. Aspen Plus’s list of 
stream characteristics include the LHV and physical exergy values of 
syngas, but the chemical exergy value must be determined explicitly. 
Values for the energy (Eq. (2)) and physical exergy (Eq. (3)) of material 
streams are calculated as follows: 

estream = m(h − h0) (2)  

εph = Δh − T0Δs = (h − h0) − T0(s − s0) (3)  

where m is mass flow rate of the stream, h is the specific enthalpy, h0 is 
the specific enthalpy at ambient conditions, s is the specific entropy, s0 is 
the specific entropy at ambient conditions, and T0 is the ambient tem
perature. Calculating chemical exergy requires first identifying the 
exergy of each individual system component. For this purpose, envi
ronmental factors such as temperature, pressure, and chemical com
pounds were determined. The chemical exergy calculation for a syngas 
with several ingredients is given by: 

EXch =
∑

yiEX0
ch +RT0

∑
yiln(yi) (4)  

where R is the universal constant for gases, T0 is the standard temper
ature, yi is the molar fraction of a gaseous component, and EX0

ch is the 
standard chemical exergy of a gaseous component [81]. 

2.4. Development of the circulating fluidized bed gasifier using Aspen plus 

Through planning, management, development, and problem- 
solving, a more comprehensive knowledge of the whole process may 
assist to remove barriers and so improve the plant’s economic power 

[82]. The circulating fluidized bed gasifier model is described in detail in 
this section. Aspen Plus includes a large library of physical attributes 
that can be utilized in simulations. It can, meanwhile, simulate solid- 
state operations [83]. The large database of thermodynamic proper
ties, chemical processes, and reaction kinetics allows accurate estimate 

Table 3 
Chemical reactions and reaction rate expressions with references.  

Reaction Reaction rate Ref. 

CO + H2O ↔ CO2 + H2 kf = 2.78x103 [CO][H2O]exp(-1.26x107/RTg) 
kb = 9.59x104 [CO2][H2]exp(-4.66x107/RTg) 

[57–59] 

CO + H2O ↔ CO2 + H2 kf = 2.75x109 exp(-8.368x107/RT)[CO][H2O] 
kb = 1.0x1011 exp(-1.205x108/RT)[CO2][H2] 

[60] 

CO + H2O ↔ CO2 + H2 kf = 2780 exp(-1.255x107/RT)[CO][H2O] 
kb = 1.049x105 exp(-4.557x107/RT)[CO2] 
[H2] 

[61] 

CO + H2O ↔ CO2 + H2 rf = 2.5x108 exp(-16597/Tg)[CO][H2O] 
rb = 9.43x109 exp(-20563/Tg)[CO2][H2] 

[62] 

CO + H2O ↔ CO2 + H2 rf = 7.68x1010 Tg exp(-36640/Tg) 
[CO]0.5[H2O] 
rb = 6.4x109 Tg exp(-39260/Tg)[H2]0.5[CO2] 

[63] 

C + CO2 ↔ 2CO kCO2 = 8.30x100 Tp exp(-4.37x107/RTp) [64,65] 
C + CO2 ↔ 2CO rf = 1.272 Ts exp(-22645/Ts)[CO2] [63] 
C + CO2 ↔ 2CO r = 3.42 Ts exp(-129700/RuTs) [66] 
C + CO2 ↔ 2CO r = 9.1x106 exp(-166000/RuTi) [67,68] 
C + CO2 ↔ 2CO rCO2 = 342 T exp(-15600/T)[CO2] [61] 
C + CO2 ↔ 2CO r = 36.16 exp(-77.39/RT) [69] 
C + H2O ↔ CO + H2 kH2O = 4.56x101 Tp exp(-4.37x107/RTp) [64,65] 
C + H2O ↔ CO + H2 r = 1.517x104 exp(-121.62/RT) [69] 
C + H2O ↔ CO + H2 rf = 1.272 Ts exp(-22645/Ts)[H2O] [63] 
C + H2O ↔ CO + H2 r = 5.7114 Ts exp(-129700/RuTs) [66] 
C + H2O ↔ CO + H2 r = 1.71x107 exp(-211000/RuTi) [67,68] 
C + H2O ↔ CO + H2 rH2O = 342 T exp(-15600/T)[H2O] [61] 
H2 + 0.5O2 → H2O r = 5.159x1015 exp(-3430/Tg)Tg

-1.5[O2][H2]1.5 [70] 
H2 + 0.5O2 → H2O k = 2.2x109 exp(-1.09x105/RT) [O2][H2] [57] 
H2 + 0.5O2 → H2O r = 1.63x1011 Tg

-1.5 exp(-3430/Tg)[O2][H2]1.5 [63] 
H2 + 0.5O2 → H2O r = 2.2x109 exp(-13109/Tg)[O2][H2] [62] 
H2 + 0.5O2 → H2O r = 1.08x1013 exp(-125/RTg)[O2][H2] [57] 
H2 + 0.5O2 → H2O r = 1.00x1014 exp(-42/RT)[O2][H2] [71] 
CH4 + 2O2 → CO2 +

2H2O 
r = 3.552x1014 exp(-15700/Tg)Tg

-1[CH4][O2] [70] 

CH4 + 2O2 → CO2 +

2H2O 
r = 3.552x1011 Tg

-1 exp(-15700/Tg)[CH4][O2] [63] 

CH4 + 2O2 → CO2 +

2H2O 
r = 2.119x1011 Tg

-1 exp(-24379/Tg) 
[CH4]0.2[O2]1.3 

[62] 

CH4 + 2O2 → CO2 +

2H2O 
rCH4 = 5.16x1013 T− 1 exp(-130/Tg)[CH4][O2] [72] 

CO + 0.5O2 → CO2 rCO = 2.32x1012 exp(-167/RT) 
[CO]1[O2]0.25[H2O]0.5 

[73] 

CO + 0.5O2 → CO2 rCO = 1.30x1011 exp(-126/RT) 
[CO]1[O2]0.5[H2O]0.5 

[74] 

CO + 0.5O2 → CO2 rCO = 4.78x108 exp(-66.9/RT) 
[CO]1[O2]0.3[H2O]0.5 

[75] 

CO + 0.5O2 → CO2 rCO = 1.28x1017 exp(-289/RT) 
[CO]1[O2]0.25[H2O]0.5 

[76] 

CO + 0.5O2 → CO2 rCO = 3.25x1010 exp(-126/RT) 
[CO]1[O2]0.5[H2O]0.5 

[77] 

CO + 0.5O2 → CO2 r = 1.0x1015 exp(-16000/Tg)[CO][O2]0.5 [70] 
CO + 0.5O2 → CO2 k = 2.239x1012 exp(-1.67x105/RT)[CO] 

[O2]0.25 
[57] 

CO + 0.5O2 → CO2 r = 5.62x1012 exp(-16000/Tg)[CO][O2]0.5 [63] 
CO + 0.5O2 → CO2 r = 1.0x1010 exp(-15154/Tg)[CO] 

[O2]0.5[H2O]0.5 
[62] 

CO + 0.5O2 → CO2 r = 1.78x1014 exp(-133/RTg)[CO][O2]0.5 [78] 
CH4 + H2O ↔ CO +

3H2 

r = 3x105 exp(-15042/Tg)[CH4][H2O] [63] 

CH4 + H2O ↔ CO +
3H2 

r = 0.312 exp(-15098/Tg)[CH4][H2O] [62] 

CH4 + H2O ↔ CO +
3H2 

rCH4 = 3.00x108 exp(-125/RT)[CH4][H2O] [79] 

CH4 + H2O ↔ CO +
3H2 

rCH4 = 30 exp(-1.247x108/RT)[CH4][H2O] [61] 

CH4 + H2O ↔ CO +
3H2 

r = 7.301x10-2 exp(-36.15/RT) [69] 

C + 0.5O2 → CO r = 0.046x107 exp(-13523/RuTi) [67,68] 
C + 2H2 ↔ CH4 rH2 = 0.342 T exp(-15600/T)[H2] [61] 
C + 2H2 ↔ CH4 r = 4.189x10-3 exp(-19.21/RT) [69]  
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of process variables and features. Specifying the chemical compositions 
and detailing the flowchart with energy and material streams and unit 
operators are required to run the simulation. 

In this study, kinetic modeling was applied using Aspen Plus v11 
simulation software to depict the gasification process. Process streams in 
the Aspen Plus include mass and energy flows. Conventional, mixed, and 
non-conventional are the three types of material streams. As a fluid 
package, the Soave-Redlich-Kwong equation of state is used. During the 
design of the circulating fluidized bed gasifier, certain assumptions are 
taken into account:  

• Ash is assumed to be inert.  
• With no alterations in any of the variables throughout time, the 

gasifier system is in a steady state.  
• The gasification system is isothermal.  
• There is no pressure fluctuation in the unit blocks.  
• In the unit blocks, there are no heat losses.  
• The production of tar is disregarded. 
• Since the gasifier model is one-dimensional, all changes in parame

ters are only examined in the axial direction.  
• H2, CH4, N2, CO2, H2O, and CO gases are present in the syngas.  
• In the simulation, a power law kinetic equation is used. 

Fig. 2 depicts the Aspen Plus flowsheet chart of the circulating flu
idized bed gasification system proposed in this work. 

The FEEDSTCK feedstock material was given an unconventional 
stream. The proximate and ultimate analyses of the solid fuel sample 
were included as component attributes of the stream FEEDSTCK. 
Following the classification of the fuel sample as a nonconventional 
component based on its elemental composition and proximate analysis 
results, the fuel’s thermodynamic characteristics and flow rate were 
submitted. The feedstock must be converted into a structure that can be 
utilized to conduct the operations. For this purpose, the DECOMP block 
(RYield reactor) receives the FEEDSTCK stream and converts non- 
conventional substances into conventional chemicals. The fuel sample 
must be introduced dry, but the fuel entering the unit block must have 
the same amount of water as when it was first received. Consequently, 
using the FEEDSTCK moisture content previously determined in the 
proximate analysis, the calculator module was executed to determine 
the transition of dry basis elemental composition to as received basis in 
the DECOMP reactor. Using an external Fortran computation, the yield 
distribution was determined and supplied to the DECOMP unit block. In 
addition, the mixed stream AGENT was introduced to the system at at
mospheric pressure. Before entering the gasifier, the feedstock material 
and the gasifying agent are mixed in the MIXER unit block. In this 
investigation, the GASIFIER RPlug unit block is employed to carry out 
the gasification processes. RPlug is a thorough simulation of plug flow 
reactors. In the RPlug process, complete radial blending is expected, but 
no axial blending is assumed. Additionally, RPlug may be used to model 

reactors with several thermal fluid streams (countercurrent or co- 
current). RPlug can manage kinetic processes, such as solid-state re
actions. When using an RPlug to model a reactor, the user must define 
the reaction kinetics. Either the built-in reaction models or a user- 
defined Fortran routine may be used to provide reaction kinetics. In 
addition, a user can specify reactor type, operating conditions, and heat 
transfer parameters in the RPlug module, along with reactor dimensions, 
number of reactor tubes and phases to consider in the process and 
thermal fluid streams, which phases are placed in each product stream, 
reaction sets that describe the reactions to be included in the RPlug 
calculations, pressure at the reactor inlet and pressure drop across the 
reactor, details on the solid catalyst (if present), and reaction sets that 
describe the reactions to be included in the RPlug calculations. The 
obtained producer gas PRODGAS is then delivered to the CLEANER 
block, where the undesirable chemicals are removed and syngas SYN
GAS is produced on the required basis. 

2.5. The artificial neural network methodology 

In recent years, as a consequence of advancements in machines and 
algorithms, ANNs have been used widely for predicting the system’s 
behavior. ANNs are classified as computing systems. An ANN is 
composed of perceptrons, which are several single cells coupled by 
weights. A neuron’s axon functions as the input layer, while the hidden 
layer is based on the accuracy of predicting and the output axon displays 
the results [84]. Signals entering the system are evaluated by the input 
layer. The information is sent from the input level to the weighted 
connections of the structure, where it is formed by several hidden layers 
of perceptrons at the output level. As input, each hidden neuron obtains 
weighted information from the level before. The mathematical model of 
a perceptron is demonstrated in Fig. 3. 

Fig. 2. Aspen Plus flowsheet diagram of the circulating fluidized bed gasifier model.  

Fig. 3. The architecture of an artificial neuron (perceptron).  
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To calculate the output signal y, first the input signal xi is multiplied 
by the weight wi, and then add the bias value bj to the resultant. Weights 
and biases are assigned at random, and weights are organized based on 
the difference in deviation among input and output. The following 
equation depicts the output of an artificial neuron [85]: 

y = f

(
∑

i− 1
wjixi + bj

)

(5)  

where f is the activation (transfer) function, and transfer function se
lection is critical for the learning process. Frequently, logarithmic and 
tangent sigmoid functions are used for this purpose. In this work, the 
tangent sigmoid function is chosen as the activation function: 

f (x) =
ex − e− x

ex + e− x (6) 

The two major features of ANN training are the forward propagation 
of knowledge and the reverse propagation of error. The transmission of 
information in the forward direction has been previously considered. 
After the data has been propagated forward, the global error is 
computed, and if it is greater than the objective error, the error is 
propagated backward to modify the biases and weights of each layer. 
The back propagation of the error is calculated as follows: 

E =
1
2
∑n

i=1
(yd

i − yp
i )

2 (7)  

wij(k+ 1) = wij(k) − η ∂E(k)
∂wij(k)

(8)  

bij(k+ 1) = bij(k) − η ∂E(k)
∂bij(k)

(9)  

where yd
i is the ANN’s expected output, yp

i is the ANN’s output, E is the 
global error, η is the learning rate, bij(k) and wij(k) are the k-th itera
tion’s connection biases and weights across layers, respectively. 

An ANN model does not memorize the input and output values of the 
network, but it does develop a relationship between them. The 
Levenberg-Marquardt algorithm [86] is the optimization function in this 
paper. This method also goes by the term damped least-squares tech
nique. In the 1940s, Kenneth Levenberg first introduced the concept, 
and Donald Marquardt subsequently rediscovered it. This approach is 
often used in ANN learning operations. Levenberg-Marquardt is helpful 
when the ANN has large data sets since it may minimize memory space 
[87]. Levenberg-Marquardt is more favorable than other learning al
gorithms due to its stability and high convergence speed. When the 
damping coefficient is small, the Gauss-Newton technique is utilized, 
and when it is large, the gradient descent approach is used. Hence, the 
Levenberg-Marquardt approach may be used to obtain a global optimum 
[88]. 

If d is the objective value vector for m pieces of data and y is the 
fitting function’s output vector, L is defined as [89]: 

L =
∑m

j=1
(dj − yj)

2 (10) 

The update is as follows, according to the gradient descent method: 

Δwt = aJT W(d − y) (11) 

The Jacobian matrix of ∂y
∂wt 

is written as J, while the weight vector is 
denoted by W. The update, according to the Gauss–Newton method, is as 
follows: 

Δwt =
(
JT WJ

)− 1JT W(d − y) (12) 

The update rule is as follows, since Levenberg-Marquardt combines 
these approaches: 

Δwt =
(
JT WJ + λI

)− 1JT W(d − y) (13)  

where the identity matrix is denoted as I, while the damping factor is 
written as λ. If the updated parameter causes better progress than the old 
one, the new model parameters are accepted, and λ is reduced. Instead, 
the updated parameter set will be refused, and the value of λ will be 
raised [90]. 

3. Results and discussions 

3.1. Model validation procedure of circulating fluidized bed gasifier 

Model validation is essential immediately after model construction. 
Before doing the parametric analysis, it is necessary to verify the 
circulating fluidized bed gasifier model. Because a problematic model 
cannot be evaluated and appropriate conclusions cannot be formed. 
Using input parameters such as gasifier pressure and temperature, ulti
mate and proximate analysis results of feedstock material, type of 
gasification agent, and flow rates of inlet variables, the gasification 
procedures were simulated under the same circumstances as in experi
mental researches. In this kinetic modeling study, validation processes 
were conducted using seven different circulating fluidized bed gasifiers 
with various characteristics. Due to the fact that each experimental 
study has a unique reactor design, operating circumstances, fuel, etc., 
the kinetic parameters determined in the validation approach for each 
experiment are unique. The operating condition and gasifier size infor
mation for the experimental studies selected for the validation proced
ure are listed in Table 4. 

When evaluating the parameters of the experimental investigations 
selected for validation, it is possible to infer that, with a few exceptions, 
they often have comparable characteristics. Aside from the sawdust and 
eucalyptus wood gasification processes, the lengths of the gasifiers are 
roughly 600 cm. Apart from the miscanthus pellet and subbituminous 
sample gasification processes, the diameters of the gasifiers range be
tween 15 and 20 cm. However, the feedstock flow rate and air flow rate 
are drastically different. Despite the fact that this variation influences 
the ER, the ER values remain between 0.25 and 0.35, indicating that 
char conversion is optimal [91]. In addition, the gasifier temperatures 
are observed to be quite similar, at around 800 ◦C. The syngas compo
sitions were compared after the simulation was run under the identical 
operating parameters as the experiments, and the results are summa
rized in Table 5. Quantitative measurement results such as relative error 
(RE), absolute error (AE), and mean absolute error (MAE) are also listed 
in the table for convenience of understanding of the comparison data. 

Relative Error(%) =
(Predicted value − Actual value)

Actual value
x100 (14)  

Absolute Error = |Predicted value − Actual value| (15)  

Mean Absolute Error =

∑n
i=1|Predicted valuei − Actual valuei|

n
(16) 

According to the comparison data, the model performs well even if 
the syngas compositions vary slightly. These variances are within the 
acceptable range. Despite many model assumptions, such as one- 
dimensional movement along the horizontal axis, neglection of parti
cle size effect, hydrodynamic neglection, absence of pressure fluctua
tions, etc. the model simulated the practical circulating fluidized bed 
gasification process adequately. Further, attempts have been made to 
describe the gasification process, a thermochemical phenomenon 
involving several complicated processes, using just eight or nine re
actions. Such a decrease leads to discrepancies in syngas compositions in 
addition to model assumptions. 

In experimental research, the percentage of components reported for 
the different basis and, thus, the concentration values supplied for the 
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syngas composition might vary. However, the concentrations of main 
syngas components such as H2, CO, CO2, and CH4 are very consistent 
throughout all investigations. In addition, different quantitative error 
outcomes may be analyzed to determine the extent to which estimated 
values deviate from the actual results. The magnitude of divergence 
could therefore be assessed from several perspectives. The relative errors 
of CH4 concentrations, for instance, are 37.00% and 19.59% for subbi
tuminous and miscanthus pellets, respectively. The quantity of CH4 in 
syngas is rather low, thus while the deviations seem substantial at first 
inspection, they are actually the outcome of very small differences. At 
this point, it is helpful to check for other quantitative error results. For 
this reason, the absolute error and the mean of the absolute error values 
are also included in the Table 5. In this study, the mean absolute errors 
for all validation series are below 4%. For some experimental valida
tions, the mean absolute errors are even below 1%. Moreover, other 
researchers have also reported comparable deviations when comparing 
syngas compositions [19,92–96]. The deviations obtained in this study 
were similar or lower than those in the literature. 

As mentioned earlier, each experimental validation study varies from 
the others in terms of operational and design differences. Thus, the ki
netic parameters for each validation step vary. Table 6 lists the modified 
kinetic parameters for the validation process. 

As demonstrated in Table 6, the kinetic parameters are significantly 
dependent on the operating circumstances. During the process of 
modification, on the other hand, care was taken not to significantly alter 
the driving force, temperature exponent, and relative activation energy 
parameters. In general, the pre-exponential factor value was changed to 
provide a composition equivalent to the syngas composition achieved in 
the experimental research. Thus, the optimization procedure was used to 
increase or decrease the formation of the desired component. 

3.2. Parametric study 

Using the sensitivity analysis module, the effect of independent 
factors and dependent variables was investigated. As input variables, the 
air-to-fuel ratio, gasifier temperature, and gasifier length and diameter 
were selected. Due to the fact that operational parameters have equiv
alent impacts on feedstock materials, only the Juliflora chips sample is 
displayed to prevent the plots from becoming too cluttered. Table 7 lists 
the boundary conditions for the parametric analysis procedure in Juli
flora chips gasification. 

The sample of Juliflora chips was not exceptional; other feedstock 
materials were subject to the same boundary constraints. The gasifier’s 
temperature was varied between 750 and 850 ◦C, the length of the 
gasifier was varied between − 100 and +100 cm, the diameter of the 
gasifier was varied between − 5 and +5 cm, and the air/fuel ratio was 
changed between 0.15 and 0.50. Syngas composition, syngas LHV and 
syngas exergy (sum of chemical and physical) were analyzed as 
dependent variables. 

3.2.1. Effect of the gasifier temperature 
The temperature of the gasifier is one of the most influential pa

rameters on the composition and properties of syngas. The most of 
endothermic equilibrium activities are significantly influenced by the 
temperature. The effect of gasifier temperature on syngas content is 

Table 4 
Operational condition and gasifier size information of the experimental studies in the validation process.  

Feedstock Material Fuel Flow Rate (kg/h) Air Flow Rate (kg/h) ER Length (cm) Diameter (cm) Temperature (◦C) 

Olive oil waste 60 170  0.41 650 20 780 
Miscanthus pellet 16.8 28.23  0.30 600 8.3 753 
Willow 69 158  0.37 600 20 827 
Sawdust 18.8 23.2  0.19 350 15.3 800 
Juliflora chips 30 35.32  0.20 500 15.6 800 
Eucalyptus wood 11.6 15.54  0.23 230 25 798 
Subbituminous 26.4 68  0.37 630 10 810  

Table 5 
Comparison of the syngas compositions for experimental and simulation works.  

Composition (mol. 
%) 

Olive oil waste 

Literature  
[46] 

Model RE (%) AE MAE 

H2 5.4 4.70 − 12.96% 0.70 3.696% 
CO 8.6 5.09 − 40.81% 3.51 
CO2 21.7 17.56 − 19.08% 4.14 
CH4 3.0 4.01 33.67% 1.01 
N2 59.46 68.58 15.34% 9.12  

Composition (mol. 
%) 

Miscanthus pellets 
Literature  
[47] 

Model RE (%) AE MAE 

H2 6.00 6.31 5.17% 0.31 1.428% 
CO 12.57 11.25 − 10.50% 1.32 
CO2 16.00 14.57 − 8.94% 1.43 
CH4 2.45 1.97 − 19.59% 0.48 
N2 62.22 65.82 5.79% 3.60  

Composition (mol. 
%) 

Willow 
Literature  
[48] 

Model RE (%) AE MAE 

H2 7.20 7.97 10.69% 0.77 2.217% 
CO 9.40 8.16 − 13.19% 1.24 
CO2 17.10 15.69 − 8.25% 1.41 
CH4 3.30 3.15 − 4.55% 0.15 
N2 60.47 51.88 − 14.21% 8.59 
H2O 14.26 13.12 − 7.99% 1.14  

Composition (mol. 
%) 

Sawdust 
Literature  
[49] 

Model RE (%) AE MAE 

H2 9.50 10.57 11.26% 1.07 0.937% 
CO 17.90 16.52 − 7.71% 1.38 
CO2 12.15 11.05 − 9.05% 1.10 
CH4 3.25 3.45 6.15% 0.20  

Composition (mol. 
%) 

Juliflora chips 
Literature  
[50] 

Model RE (%) AE MAE 

H2 10.5 12.58 19.81% 2.08 1.837% 
CO 26.5 23.41 − 11.66% 3.09 
CO2 7.5 5.43 − 27.60% 2.07 
CH4 3.0 2.89 − 3.67% 0.11  

Composition (mol. 
%) 

Eucalyptus wood 
Literature  
[51] 

Model RE (%) AE MAE 

H2 6.7 7.73 15.37% 1.03 1.325% 
CO 19.2 17.98 − 6.35% 1.22 
CO2 15.2 13.53 − 10.99% 1.67 
CH4 4.4 5.69 29.32% 1.29  

Composition (mol. 
%) 

Subbituminous 
Literature  
[52] 

Model RE (%) AE MAE 

H2 8.0 9.38 17.25% 1.38 0.74% 
CO 10.2 9.55 − 6.37% 0.65 
CO2 15.7 15.77 0.45% 0.07 
CH4 1.0 1.37 37.00% 0.37 
N2 65.1 63.87 − 1.89% 1.23  
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given in Fig. 4. 
At increased temperatures, the syngas composition chart reveals that 

the CO and H2 concentrations increase while the H2O concentration 
decreases. The CO concentration increased from 21.54% to 24.93%, the 
H2 increased from 12.06% to 14.11%, and H2O decreased from 24.88% 
to 15.55%. The increasing concentrations of CO and H2 at high tem
peratures may be explained by the water–gas reaction, a vigorous het
erogeneous endothermic process. Increased CO and H2 formation at high 
temperatures has also been reported by other researchers [18,97,98]. In 
addition, the decrease in H2O concentration is a result of the heteroge
neous water–gas process. The rise in CO was substantial up to 800 ◦C, 
but afterwards it was moderate. In contrast, low levels of CH4 and CO at 
high temperatures showed a slight rise. The rapid rise in CO concen
tration may have promoted CO2 synthesis, despite the exothermic nature 
of the water–gas shift reaction. This is further supported by the fact that 
CO production decreases at high temperatures, although H2O con
sumption stays constant. The composition of syngas, which varies with 
temperature, has an effect on its calorific value. The influence of gasifier 
temperature on syngas exergy and LHV is visualized in Fig. 5. 

Between 750 and 850 ◦C, there was a steady rise in syngas exergy and 

Table 6 
The modified kinetic parameters for the validation process.  

Reaction Olive oil waste  

k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

342 1 1.3329e + 08 J/ 
kmol 

[H2O] 

C + 2H2 ↔ CH4 0.342 1 5.7e + 07 J/kmol [H2] 
C + CO2 ↔ 2CO 342 1 1.306984e + 08 J/ 

kmol 
[CO2] 

CH4 + H2O ↔ CO 
+ 3H2 

30 0 1.247e + 08 J/ 
kmol 

[CH4] [H2O] 

CO + H2O ↔ CO2 

+ H2 

2780 0 2.135e + 07 J/ 
kmol 

[CO] [H2O] 

CH4 + 2O2 → CO2 

+ 2H2O 
3.98e +
11 

0 1.67e + 10 kcal/ 
mol 

[CH4]0.7 [O2]0.8 

2CO + O2 → 2CO2 3.98e +
11 

0 1.67e + 11 J/kmol [CO] [O2]0.25 

[H2O]0.5 

C + O2 → CO2 5.67e +
08 

0 1.5e + 08 J/kmol [O2] 

H2 + 0.5O2 → H2O 1.08e +
09 

0 100 kJ/mol [H2] [O2] 

Reaction Miscanthus pellets  
k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

342 1 1.296984e + 08 J/ 
kmol 

[H2O] 

CO + H2O ↔ CO2 

+ H2 

0.01278 0 1.26e + 07 J/kmol [CO] [H2O] 

C + CO2 ↔ 2CO 1.10e +
09 

0 1.88e + 08 J/kmol [CO2] 

C + 2H2 ↔ CH4 900.42 1 1.296984e + 08 J/ 
kmol 

[H2] 

H2 + 0.5O2 → H2O 94,300 0 3.05e + 07 J/kmol [H2] [O2] 
CO + 0.5O2 → CO2 0.33 0 126 kJ/mol [CO] [O2]0.5 

[H2O]0.5 

C + O2 → CO2 6.00e +
07 

0 38200 kcal/kmol [O2]0.78 

C + 0.5O2 → CO 0.3 1 92300 kJ/kmol [O2]0.4 

Reaction Willow  
k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

142 1 1.296984e + 08 J/ 
kmol 

[H2O] 

CO + H2O ↔ CO2 

+ H2 

12.78 0 1.26e + 07 J/kmol [CO] [H2O] 

C + CO2 ↔ 2CO 7.00e +
07 

0 1.88e + 08 J/kmol [CO2] 

C + 2H2 ↔ CH4 398.42 1 1.296984e + 08 J/ 
kmol 

[H2] 

H2 + 0.5O2 → H2O 15543.53 0 3.05e + 07 J/kmol [H2] [O2] 
CO + 0.5O2 → CO2 0.0033 0 126 kJ/mol [CO] [O2]0.5 

[H2O]0.5 

C + O2 → CO2 2.00e +
07 

0 38200 kcal/kmol [O2]0.78 

C + 0.5O2 → CO 0.28 1 92300 kJ/kmol [O2]0.4 

Reaction Sawdust  
k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

342 1 1.296984e + 08 J/ 
kmol 

[H2O] 

CO + H2O ↔ CO2 

+ H2 

242.78 0 1.26e + 07 J/kmol [CO] [H2O] 

C + CO2 ↔ 2CO 50,000 0 1.88e + 08 J/kmol [CO2] 
C + 2H2 ↔ CH4 356 1 1.296984e + 08 J/ 

kmol 
[H2] 

H2 + 0.5O2 → H2O 36,430 0 3.05e + 07 J/kmol [H2] [O2] 
CO + 0.5O2 → CO2 0.0033 0 126 kJ/mol [CO] [O2]0.5 

[H2O]0.5 

C + O2 → CO2 1.20e +
07 

0 38200 kcal/kmol [O2]0.78 

C + 0.5O2 → CO 0.58 1 92300 kJ/kmol [O2]0.4 

Reaction Juliflora chips  
k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

142.00 1 1.296984e + 08 J/ 
kmol 

[H2O] 

CO + H2O ↔ CO2 

+ H2 

12.78 0 1.26e + 07 J/kmol [CO] [H2O] 

C + CO2 ↔ 2CO 50000.00 0 1.88e + 08 J/kmol [CO2] 
C + 2H2 ↔ CH4 226.42 1 1.296984e + 08 J/ 

kmol 
[H2]  

Table 6 (continued ) 

Reaction Olive oil waste  

k Tn Ea Driving force 

H2 + 0.5O2 → H2O 17000.00 0 3.05e + 07 J/kmol [H2] [O2] 
CO + 0.5O2 → CO2 7.00e +

07 
0 126 kJ/mol [CO] [O2]0.5 

[H2O]0.5 

C + O2 → CO2 6.00e +
06 

0 38200 kcal/kmol [O2]0.78 

C + 0.5O2 → CO 1.10 1 92300 kJ/kmol [O2]0.4 

Reaction Eucalyptus wood  
k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

0.342 1 1.296984e + 08 J/ 
kmol 

[H2O] 

CO + H2O ↔ CO2 

+ H2 

62.78 0 1.26e + 07 J/kmol [CO] [H2O] 

C + CO2 ↔ 2CO 5000 0 1.88e + 08 J/kmol [CO2] 
C + 2H2 ↔ CH4 250 1 1.296984e + 08 J/ 

kmol 
[H2] 

H2 + 0.5O2 → H2O 25543.53 0 3.05e + 07 J/kmol [H2] [O2] 
CO + 0.5O2 → CO2 3.90e +

07 
0 126 kJ/mol [CO] [O2]0.5 

[H2O]0.5 

C + O2 → CO2 6.00e +
06 

0 38200 kcal/kmol [O2]0.78 

C + 0.5O2 → CO 0.38 1 92300 kJ/kmol [O2]0.4 

Reaction Subbituminous  
k Tn Ea Driving force 

C + H2O ↔ CO +
H2 

342 1 1.296984e + 08 J/ 
kmol 

[H2O] 

CO + H2O ↔ CO2 

+ H2 

102.78 0 1.26e + 07 J/kmol [CO] [H2O] 

C + CO2 ↔ 2CO 5.00e +
07 

0 1.88e + 08 J/kmol [CO2] 

C + 2H2 ↔ CH4 206.42 1 1.296984e + 08 J/ 
kmol 

[H2] 

H2 + 0.5O2 → H2O 7043.53 0 3.05e + 07 J/kmol [H2] [O2] 
CO + 0.5O2 → CO2 0.0033 0 126 kJ/mol [CO] [O2]0.5 

[H2O]0.5 

C + O2 → CO2 3.00e +
07 

0 38200 kcal/kmol [O2]0.78 

C + 0.5O2 → CO 0.6 1 92300 kJ/kmol [O2]0.4  

Table 7 
Boundary conditions for the parametric analysis procedure in Juliflora chips 
gasification.  

Independent variable Minimum condition Base case Maximum condition 

Temperature (◦C) 750 820 850 
Air/fuel ratio 0.15 0.50 0.50 
Length (cm) 400 500 600 
Diameter (cm) 10 15.6 20  
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LHV. Syngas exergy improved from 4817 to 6301 kJ/kg, whereas syngas 
LHV increased from 4360 to 5774 kJ/kg. Temperature-induced in
crements in CO and H2 concentrations led to a rise in the LHV, despite a 
slight improvement in CO2 concentration. In addition, the decrease in 
H2O content caused by an increase in gasifier temperature improved 
syngas LHV. When operated at high temperatures, the gasifier provides 
hot gas products with improved functional capability. In addition, when 
the temperature increases, the composition of the gaseous product 
changes, which impacts its chemical exergy. 

3.2.2. Effect of the air/fuel ratio 
As the amount of gasifying agent supplied to the reactor varies, so 

does the concentration of the reactant. Consequently, gasification pro
cesses are changed, and the composition of syngas varies. In this work, 
the air-to-fuel ratio (kg/kg) was used as an independent variable to 
assess the influence of gasifying agent concentration. The effect of air/ 
fuel ratio on syngas composition is demonstrated in Fig. 6. 

As the amount of air in the gasifier grows, the amount of oxygen in 
the reactant rises, resulting in an acceleration of combustion processes. 
As a result, increasing the air-to-fuel ratio reduces the concentrations of 
CH4, H2 and CO. The H2 decreased from 13.57% to 11.84%, CH4 
decreased from 16.52% to 10.88%, and CO decreased from 34.91% to 
30.52%. Certainly, as the amount of air supplied to the reactor is 
increased, the concentration of N2 in the syngas, as well as the 
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concentrations of combustion products CO2 and H2O, should increase. 
Thus, the N2 concentration increased from 8.17% to 21.04%. On the 
other hand, the CO2 content decreased slightly (from 7.22% to 6.99%), 
and the H2O concentration decreased (from 21.11% to 18.40%). This 
demonstrates that heterogeneous processes continue to prevail in the 
gasifier. In water–gas and Boudouard reactions, the H2O and CO2 
formed by combustion processes were consumed. The slight drop in H2 
and CO concentrations, which are predicted to decrease dramatically as 
a consequence of combustion operations, can also be addressed in terms 
of explaning this phenomenon. The decrease in CO and H2 concentra
tions due to the increase of the amount of air fed to the reactor was also 
reported by other authors [68,69,99]. The impact of air/fuel ratio on 
syngas exergy and LHV is illustrated in Fig. 7. 

A continuous decrease in exergy and LHV was observed with the 
increase of air/fuel ratio. Syngas exergy decreased from 12,678 to 9486 
kJ/kg, and syngas LHV reduced from 11,814 to 8865 kJ/kg. Increasing 
the amount of air supplied to the gasifier has no beneficial impact on the 
concentration of any of the valuable gas species. In addition, the sub
stantial increase in N2 concentration dilutes syngas, resulting in a 
decline in quality. Syngas LHV, which decreased with increasing air 
supply to the reactor, was also reported by other researchers [32,96]. 

3.2.3. Effect of gasifier length 
In addition to the operating circumstances, the gasifier design in

fluences the qualities of the gas product to be produced, as previously 
described. As the length of the gasifier increases, the residence time of 
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the reactants and products increases, affecting the equilibrium states of 
heterogeneous and homogeneous processes. The effect of gasifier length 
on syngas composition is given in Fig. 8. 

While increasing the length of the gasifier increased the concentra
tion of beneficial gases, it decreased the quantity of gas components that 
would deteriorate the quality of the syngas. The CO concentration 
increased from 23.92% to 24.84%, and CH4 concentration increased 
from 3.17% to 3.61%. Further, the H2O decreased from 18.17% to 
17.01%, and N2 decreased from 35.56% to 35.26%. The decrease in H2O 
concentration and the rise in CO concentration may be explained by 
heterogeneous steam gasification processes. In addition, heterogeneous 
methanization processes may explain the increase in CH4 concentration 
as the length of the gasifier increases. Increasing CO concentration with 
enlarged gasifier height [100], further, decreasing H2O concentration 
and slightly changing CH4 concentration with increasing gasifier height 
were also reported by other researchers [32,101]. The fact that H2 does 
not increase as the gasifier length increases may be due to the sup
pression by the methanation process. It was also discovered that as the 
length of the gasifier expanded, the CO2 concentration improved 
slightly. While the char combustion process can account for this, the 
non-violent growth can be attributed to the Boudouard reaction, which 
suppresses CO2 formation. The influence of gasifier length on syngas 
exergy and LHV is shown in Fig. 9. 

Extending the length of the gasifier, as anticipated, increased syngas 
exergy and LHV due to greater concentrations of valuable gases and 
lower quantities of N2 and H2O. Syngas exergy increased from 5876 to 
6106 kJ/kg, and syngas LHV improved from 5370 to 5606 kJ/kg. 
Although the LHV and exergy curves have similar patterns, LHV has a 
lower value than exergy when evaluating just combustible components 
under the same operating conditions. 

3.2.4. Effect of gasifier diameter 
Similarly to the gasifier length, the gasifier diameter is a crucial 

dimension parameter. The diameter of the gasifier also has an effect on 
the residence time in the reactor and the equilibrium state of the pro
cesses. The effect of gasifier diameter on syngas composition is visual
ized in Fig. 10. 

The CO concentration increased from 19.79% to 25.50%, the CH4 
concentration increased from 2.27% to 3.80%, and CO2 concentration 

increased from 5.22% to 6.43%. Further, the H2 decreased from 14.94% 
to 13.18%, and H2O decreased from 18.65% to 16.11%. The H2O 
decrement shows that the water–gas reaction becomes more dominant 
as the diameter of the gasifier increases. The rise in CH4 concentration 
and decrease in H2 concentration indicated that increasing the diameter 
of the gasifier promotes heterogeneous methanization processes. 
Expansion of the gasifier’s diameter may result in an increase in CO2 
concentration as a result of the char combustion process. LHV and 
exergy values will undoubtedly change as the syngas content varies with 
increasing gasifier diameter. The influence of diameter on syngas 
properties is demonstrated in Fig. 11. 

As predicted, increasing the diameter of the gasifier improved the 
LHV and exergy of syngas due to higher concentrations of favorable 
gaseous components and lower N2 and H2O quantities. Syngas exergy 
increased from 5351 to 6241 kJ/kg, and syngas LHV improved from 
4844 to 5747 kJ/kg. Increment of syngas LHV with expanding reactor 
diameter has also been reported by other authors [100]. 

3.2.5. Effect of operating parameters on carbon conversion 
Prior parametric investigations have shown that operational pa

rameters have a substantial effect on the composition and calorific value 
of syngas. It has been observed that heterogeneous gasification processes 
have a significant role in the assessment of changes in the composition of 
syngas and, therefore, in the thermal quality. Particularly, the water–gas 
and methanization processes played a vital role in defining the syngas 
properties. In addition, when investigating variations in CO2 content, it 
was observed that carbon combustion had a significant influence. 
Therefore, the impacts of operational and design factors on carbon 
conversion are discussed in this section. When examining the effect of an 
independent parameter for Juliflora chips gasification, other input 
variables are at the base case. The effects of operational and design 
parameters on carbon conversion are illustrated in Fig. 12. 

On the superficial, it seems that a longer gasifier, a large gasifier 
diameter, and a high gasifier temperature all enhance carbon conver
sion. In contrast, while increasing the air-to-fuel ratio normally im
proves carbon conversion, its profile is more irregular than that of the 
other input parameters. The carbon conversion rose from 85.17% to 
97.96% when the gasifier’s length was enlarged from 4 m to 6 m. This is 
expected because solid carbon that is maintained in the reactor for long 
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periods of time reacts with the gaseous components and is consumed. 
The improved carbon conversion with increased gasifier length has also 
been reported by other authors [100]. The expanding gasifier diameter 
can be inferred in the same method. Carbon conversion improved from 
63.90% to 97.96% when the gasifier diameter expanded from 15 cm to 
20 cm. By analyzing this variance, it is possible to determine that the 
diameter of the gasifier is more relevant for carbon conversion than its 
length. The improved carbon conversion with increasing gasifier 
diameter has also been reported by other researchers [100]. The 
growing CO2 and CO concentrations as the gasifier length rose, and the 
increasing CH4, CO, and CO2 concentrations as the gasifier diameter 
expanded, were explained by analyzing associated reactions. Increasing 

carbon conversion graphs with increasing gasifier diameter and length 
further confirmed the results obtained in the previous sections. 
Furthermore, the carbon conversion, which increases as the amount of 
air supplied to the gasifier increases, is quite rational. By boosting 
combustion processes with a considerable amount of oxidant added to 
the reactor, char formation was decreased. Complete combustion 
products H2O and CO2 enhanced carbon conversion through affecting 
the water–gas and Boudouard reactions, and indirectly the methaniza
tion process. As the air/fuel ratio increased from 0.15 to 0.50, the carbon 
conversion increased from 90.89% to 97.99%. The increased carbon 
conversion, which improves when the quantity of air blown to the 
reactor is increased, has also been mentioned by other authors 
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[68,69,96]. The last independent variable, gasifier temperature, had a 
substantial effect on carbon conversion, which was possibly the most 
important variable. Carbon conversion improved from 54.57% to 
98.07% when the gasifier temperature increased from 750 ◦C to 850 ◦C. 
Specifically, carbon conversion increases considerably over 810 ◦C. 
Increased carbon conversion at high temperatures can be attributed to 
mostly endothermic char gasification processes. Improved carbon con
version with increasing temperature has also been reported by other 
researchers [32,68,69,98]. 

3.3. A statistical analysis on the dataset created 

The parametric investigations demonstrated that the operating pa
rameters and gasifier design had a substantial effect on the overall sys
tem performance. To develop an adequate model, it is necessary to 
choose inputs from among the network parameters that have a signifi
cant effect. For seven different feedstock materials and gasifier design, a 
temperature rise of 10 ◦C was accounted for in the parametric study, an 
air/fuel ratio increase of of 0.01, a gasifier length increase of 10 cm, and 
gasifier diameter increase of 1 cm. As a result, a dataset containing 
258,816 rows was created. Each row includes C, H, and O values of fuel 
sample, gasifier diameter and length, air/fuel ratio, and gasifier tem
perature as inputs; H2, CH4, CO and CO2 concentrations, LHV and exergy 
values of syngas as outputs. A brief description of the parameters chosen 
in this work is listed in Table 8. 

The average temperature of the gasifier was found to be 789.99 ◦C, 
with a mean air/fuel ratio of 0.33. The maximum and minimum 
numbers of the air/fuel ratio and gasifier temperature in the dataset are 
based on parametric studies’ maximum and minimum values. This in
dicates that the dataset contains the whole spectrum of findings from the 
parametric tests. The H data revealed that the minimum and maximum 
values for the characteristics of the fuel samples were 3.46 and 6.59, 
respectively. 5.87 was determined to be the average H value. Further
more, the average values for C and O were 48.27 and 39.63, respec
tively. The lowest and highest numbers of the parameters C, H, and O 
indicate that the dataset comprises all feedstock materials’ outcomes. 
When the computed mean values for elemental composition are shown 
on the Van Krevelen diagram, this produced pseudo sample (H/C: 1.46 
and O/C: 0.62) fits about in the middle of the biomass-specific zone. This 
is a reasonably predictable outcome given that six of the seven feedstock 

materials used in this investigation comprised of biomass. Comparing 
the maximum, lowest, and average values of LHV with exergy reveals 
that exergy is always greater than LHV. The fact that the standard de
viations for LHV and exergy are so similar, 2603.42 and 2663.72, 
respectively, is further more evidence that these parameters behave 
similarly yet have different values. 

Despite the fact that sensitivity analysis found a relationship between 
the output and input data sets, utilizing a heatmap to display the cor
relations is a practical and efficient method for examining the re
lationships. By using correlation matrix as a tool, Fig. 13 demonstrates 
the relationships between the components mentioned previously. 

The intensity of the color and the diameter of the circles show the 
degree of association. There was a considerable negative correlation 
between C and H, as well as C and O. Subbituminous, for instance, is a 
carbon-rich solid fuel with a high degree of carbonization and a low 
proportion of hydrogen and oxygen. In contrast, H and O were shown to 
have a positive correlation. Since samples of biomass include a sub
stantial quantity of volatile materials, oxygen and hydrogen concen
trations are also high. Temperature, diameter, and length, which are 
additional input factors, show no significant negative or positive asso
ciation with one another. The relationship between diameter and 
hydrogen is positive, while the relationship between length and oxygen 
is negative. For oxygen-rich fuels, shorter reactors are used, while longer 
gasifiers are required for carbon-rich fuels. When solid samples with a 
low carbon content are gasified in tall reactors, warnings or errors may 
occur because carbon conversion is finished early. Due to the removal of 
erroneous or warning data during the creation of the dataset, such a 
correlation may have been seen. In addition, when the relationship be
tween fuel qualities and syngas composition is analyzed, a number of 
remarkable outcomes appear. Although there is no apparent relation
ship, as the carbon content of the fuel increases, the concentrations of H2 
and CO2 in the syngas composition increase while the concentrations of 
CO decrease. In addition, when the H content of the fuel increases, the 
H2 percentage in the syngas composition decreases while the CH4 con
centration increases. Increasing the concentration of oxygen in the fuel 
decreases the concentration of CO2 in the syngas. In conclusion, when 
the degree of carbonization of solid fuel increases, the formation of H2 
and CO2 increases owing to heterogeneous gasification processes. This is 
proved by the fact that high amounts of hydrogen and oxygen, which are 
similar in biomass samples, inhibit the synthesis of H2 and CO2. When 
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investigating the effect of temperature, diameter, and length on syngas 
composition, it is often found that the parameters are positively corre
lated. On the other hand, the diameter has a negative effect on the H2 
concentration. These relationships are also supported by parametric 
analysis results. In addition, there was no significant positive or negative 
correlation between the air-to-fuel ratio and any input or output 
parameter. This is due to the fact that different fuels and gasifier designs 

operate at all air-to-fuel ratios. When the effect of fuel quality on LHV 
and exergy is analyzed, it can be determined that although carbon has no 
significant relationship, hydrogen improves the calorific value of syngas 
while oxygen reduces it. This could be associated to decreases in 
combustible gas production as the oxygen content of the fuel increases. 
In addition, it was observed that the factors of temperature, length, and 
diameter improve the syngas thermal value. According to the results of a 
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parametric analysis, increases in these parameters increased the con
centration of combustible gases within the syngas content. Similarly, 
parametric testing demonstrated that increasing the air-to-fuel ratio 
decreased syngas’ calorific value. 

3.4. Design and evaluation of the ANN model 

Following the data removal process, a dataset containing 258,816 
input and output variables was created. The Neural Network Toolbox 
was used to develop, train, test, and validate the ANN model. The sug
gested ANN architecture includes a multi-layered perceptron structure 
with input, output, and hidden layers. Randomly, the dataset was split 
into three groups: 80% for training, 15% for testing, and 5% for vali
dation. Fig. 14 depicts the structure of the ANN model proposed in this 
study. 

There are 7 neurons in the input layer, 28 neurons in the first hidden 
layer, 12 neurons in the second hidden layer, and 6 neurons in the 
output layer. Carbon (db.%), oxygen (db.%), hydrogen (db.%), gasifier 
temperature (◦C), air/fuel ratio (kg/kg), gasifier diameter (cm) and 
gasifier length (cm) are all input neurons. Further, H2 (mol.), CO (mol.), 
CO2 (mol.), CH4 (mol.), LHV (kJ/kg), and exergy (kJ/kg) are the output 
neurons of neural network model. The ANN model’s attributes are listed 
in Table 9. 

Since there is no exact solution for calculating the number of 

perceptrons in hidden layers, trial and error was used. Additionally, it
erations were used to fine-tune the model’s parameters in order to 
decrease the loss function. An optimizer is a tool that determines how to 
modify network weights based on the output of the loss function. Fig. 15 
depicts the MSE value for each set throughout the varying number of 
epochs. 

After about 150 epochs, the MSE was resolved in 1517.1369. To 
avoid the network from being overfit, iterations were stopped once the 
optimal performance value was obtained. While the number of iterations 
increased, the MSE value converged to a minimal value, but after a 
specific number of epochs, the MSE value remained constant. This in
dicates that once the MSE fluctuations at a constant value, the neural 
network model’s biases and weights remain unchanged. The R2 high
lights the correlation between the anticipated and measured values. The 
R2 scores for anticipated and target elements of output variables are 
shown in Figs. 16, 17, and 18. 

Training data is presented in blue, validation data is displayed in 
green, and testing data is displayed in orange for all output values. Since 
all output variables have R2 values >0.99, the newly reported ANN 
model is able to determine syngas properties. Even though there are 
infrequent deviations from the diagonal line, particularly in the CO, 
CO2, and thermal value assessment graphs, there is a strong relationship 
between the estimated and actual values. The mean absolute percentage 
error (MAPE) and MSE values for the training, validation, and testing 

Table 8 
A brief statistical description of the dataset.   

C H O Temperature Length Diameter 

Mean 48.27 5.87 39.63 789.99  5.59  0.15 
Standard Deviation 4.23 0.85 8.07 30.07  1.22  0.06 
Minimum 43.90 3.46 17.82 750.00  1.30  0.03 
Maximum 59.92 6.59 46.58 850.00  7.50  0.30  

H2 CO CO2 CH4   

Mean 0.15 0.14 0.12 0.11   
Standard Deviation 0.07 0.07 0.05 0.09   
Minimum 0.01 0.01 0.01 0.01   
Maximum 0.36 0.47 0.28 0.41    

Air/Fuel Ratio LHV Exergy    
Mean 0.33 7659.14 8421.50    
Standard Deviation 0.10 2603.42 2663.72    
Minimum 0.15 2504.68 3175.17    
Maximum 0.50 16353.63 17329.49     

Fig. 13. The heat map for the input and output variables in the dataset created.  
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data are summarized in Table 10. 
The MAPE results for the training set’s H2, CO, CO2, CH4, LHV and 

exergy outputs were 1.667, 1.823, 2.121, 2.508, 0.454, and 0.380, 
respectively, while the MSE results were 1.08E-05, 9.63E-06, 6.65E-06, 
3.68E-06, 2750.79, and 2442.47, respectively. Additionally, the MAPE 
results for the testing set’s H2, CO, CO2, CH4, LHV and exergy outputs 
were 1.642, 1.827, 2.139, 2.499, 0.444, and 0.372, respectively, while 
the MSE results were 1.03E-05, 9.96E-06, 6.65E-06, 3.73E-06, 2692.45, 
and 2400.86, respectively. These statistics reveal that the newly pro
posed ANN model can accurately predict the syngas properties for both 
testing and training, with a MAPE of <3%. 

3.5. Design and development of laboratory scale fluidized bed gasifier 

As observed in the preceding sections, the ANN model was trained 

using diverse fuel sources, operating conditions, and design parameters. 
Therefore, training was undertaken using the outputs provided by the 
kinetic parameters for each gasifier system. In addition, data within a 
certain deviation range from the base case were included in the training 
data set for the ANN model. However, due to inaccuracies in the process 
simulator’s calculations, not all values within the required range can be 
included in the data set. Given a restricted set of operational parameters 
or gasifier design, the ANN training technique might thus be avoided. In 
this part, the fully trained ANN model was used to construct a 
laboratory-scale gasifier using parameters that were not included in the 
data set. Essentially, the process of sawdust gasification takes place in a 
350 cm long and 15.3 cm wide reactor. The ANN model was tasked with 
developing a 150-centimeter-long, 11-centimeter-diameter (base case) 
reactor. Consequently, a feedstock material will be pre-designed in a lab- 
scale gasifier where it has never previously been used in experimental or 
modeling work. Fig. 19 illustrates the syngas compositions of the 
sawdust sample in a laboratory scale gasifier designed by ANN. 

As anticipated, raising the gasifier’s temperature increased the con
centrations of CO and H2. It is also important to note that CH4 and CO2 
concentrations are increasing. These patterns are similar to those seen in 
the chapter on parametric analysis during the gasification of juliflora 
chip samples. The CO content increased from 3.12 to 12.55%, whereas 
the H2 concentration increased from 24.62 to 35.41%. At elevated 
temperatures, the advance of water–gas, which is a fundamental het
erogeneous endothermic process, may explain the increase in CO and H2 
levels. Further, The CO2 concentration increased from 7.33 to 15.68%, 
and the CH4 concentration increased from 0.01 to 3.98%. Considering 
these changes, it can be said that heterogeneous methanation and 
combustion reactions are still dominant. In contrast, the concentration 
variation charts of the gas components differ from those from the 
parametric analysis investigation. Given that the parameters of the ANN 

Fig. 14. The architecture of the neural network model developed in this work.  

Table 9 
Specifications of the ANN model.  

Parameter Value 

Kind of network and algorithm for training Feedforward 
backpropagation 

Optimization technique Levenberg-Marquardt 
Activation function Tangent sigmoid 
Data partition by kind and portion (test, validation, 

and training) 
Random, 15%, 5%, and 
80% 

Function of performance assessment Mean squared error (MSE) 
The input layer’s number of perceptrons 7 
The first hidden layer’s number of perceptrons 28 
The second hidden layer’s number of perceptrons 12 
The output layer’s number of perceptrons 6 
The maximum number of epochs 1000  
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model and the optimum kinetic parameters for the juliflora chips model 
are not identical, this is to be expected. The concentration change of gas 
components differs from the parametric analysis when the effect of 
gasifier length on the composition of syngas is investigated. CO con
centration rises with increasing gasification length, especially above 
1.75 m. The CO concentration increased from 6.83 to 13.46% between 
1.00 and 2.00 m. While the H2 concentration is steadily decreasing, the 
CH4 concentration is rapidly increasing, particularly above 1.50 m. The 
H2 concentration decreased from 35.36 to 21.56%, and the CH4 con
centration increased from 0.01 to 4.33%. Note that as gasifier length 
increases, methanization processes become dominating. In addition, the 
changes in gas component concentrations as a function of the gasifier’s 
diameter were found to be in excellent accordance with the results of the 
parametric analysis. The CO concentration increased from 6.17 to 
10.31%, and the H2 diminished from 32.38 to 30.96%. Additionally, the 
CH4 improved from 0.01 to 1.67%, and the CO2 concentration increased 
from 14.93 to 15.59%. Carbon conversion increases as gasifier diameters 
increase, indicating that heterogeneous processes predominate. The 
variation in the last operational parameter, the air-to-fuel ratio, was not 
seen in the same manner as the results of the parametric study. As the 
air-to-fuel ratio increased, only the CH4 concentration decreased, while 
the CO, CO2, and H2 concentrations changed just slightly. Typically, the 
concentration of flammable gases decreases as the amount of air fed to 
the reactor rises. However, since the elemental composition of the 
sawdust sample differed from that of juliflora chips and the lower 
reactor sizes resulted in a low carbon conversion, the amount of air 
supplied may not have been excessive. Hence, the endothermic reactions 
may have been dominated by the new operating circumstances and 
design parameters determined by the ANN for the sawdust sample, while 
the air/fuel ratio ranged from 0.15 to 0.35. These various changes 
observed in syngas composition naturally cause changes in syngas 
calorific values. Fig. 20 demonstrates the changes in syngas calorific 
value of operational and design variables. 

Between 700 and 850 ◦C, there was an increase in syngas exergy and 
LHV. Syngas exergy improved from 4901 to 9423 kJ/kg, whereas syngas 
LHV increased from 3910 to 8223 kJ/kg. Due to the higher amounts of 
CO and H2 components, the calorific value of syngas was improved. 
Identical behavior was also noticed in the findings of parametric anal
ysis. Contrary to the results of the parametric study, the increase in 
syngas thermal value slows beyond 820 ◦C. In addition, expanding the 
gasifier’s diameter increased the thermal value of syngas. Similar to the 
results of parametric analysis, the significant increase in CO and CH4 
concentrations strives to increase the thermal quality of the producer 
gas. The effect of increasing the length of the gasifier on the thermal 
value of syngas differs from the results of the parametric analysis. The 
thermal quality reduces as the gasifier length grows from 1.00 m to 1.75 
m, and increases beyond 1.75 m. As the gasifier length increased from 
1.00 m to 1.75 m, syngas exergy diminished from 8408 kJ/kg to 7067 
kJ/kg, while syngas LHV reduced from 7175 kJ/kg to 6060 kJ/kg. 
Beyond 1.75 m, syngas exergy increased to 7121 kJ/kg, while syngas 
LHV increased to 6203 kJ/kg. Above 1.75 m, the CO2 concentration 
declined substantially, but the CO and CH4 concentrations increased 
significantly. This variation in syngas calorific value is a result of this 
change in syngas composition. There was a continuous reduction in 
exergy and LHV as the air-to-fuel ratio increased. Syngas LHV decreased 
from 6785 to 6038 kJ/kg, while syngas exergy declined from 7900 to 
7108 kJ/kg. Owing to the remarkable improvement in N2 content, 
syngas is diluted, resulting in a thermal quality loss. 

Ultimately, the ANN model can be utilized to build a laboratory-scale 
circulating fluidized bed gasifier in place of time-consuming and 
computationally intensive kinetic modeling. This section shows how, 
given a sample within the training range of the ANN model, a previously 
unknown gasifier may be designed and analyzed using parametric an
alytic methods. Clearly, as the kinetic parameters changed for gasifica
tion processes utilizing the ANN model calculation method are different, 
the characteristics of syngas may vary. However, the ANN modeling’s 

Fig. 15. In terms of MSE, performance analysis of validation, test, and training data sets.  
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Fig. 16. R2 results of the output variables for the training (a) H2, (b) CO, (c) CO2, (d) CH4, (e) LHV, (f) Exergy.  
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Fig. 17. R2 results of the output variables for the testing (a) H2, (b) CO, (c) CO2, (d) CH4, (e) LHV, (f) Exergy.  
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Fig. 18. R2 results of the output variables for the validation (a) H2, (b) CO, (c) CO2, (d) CH4, (e) LHV, (f) Exergy.  
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Table 10 
MAPE and MSE results for the training, the validation, and the testing.  

Dataset Metric H2 CO CO2 CH4 LHV Exergy 

Training MSE 1.08E-05 9.63E-06 6.65E-06 3.68E-06  2750.79  2442.47 
MAPE 1.667 1.823 2.121 2.508  0.454  0.380 

Testing MSE 1.03E-05 9.96E-06 6.65E-06 3.73E-06  2692.45  2400.86 
MAPE 1.642 1.827 2.139 2.499  0.444  0.372 

Validation MSE 1.07E-05 1.23E-05 6.95E-06 3.83E-06  3040.35  2684.77 
MAPE 1.703 1.854 2.104 2.500  0.434  0.366  
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Fig. 19. Effect of design and operational parameters on syngas composition (a) Gasifier temperature, (b) Gasifier length, (c) Gasifier diameter, (d) Air/fuel ratio.  
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ability to provide a generalized gasification characteristic while simul
taneously obtaining a substantial computation benefit highlights its 
utility. 

4. Conclusion 

In this paper, a 1-D kinetic model (RPlug block) for a circulating 
fluidized bed gasifier was proposed using the Aspen Plus process simu
lator. Prior to the parametric investigations, seven different gasification 
procedures were used to verify the circulating fluidized bed gasifier 
model. In parametric research, the effects of air/fuel ratio, gasifier 

temperature, gasifier diameter, and gasifier length on syngas charac
teristics were investigated. Ultimately, an ANN model was developed 
(including elemental composition of solid fuel, gasification conditions, 
and gasifier design) for a complicated gasifier system, which was trained 
using simulation data to predict syngas attributes and minimize 
computationally difficult operations. In the last chapter, a laboratory 
scale circulating fluidized bed gasifier was designed using the ANN 
model and its parametric analysis was performed. The following are the 
main findings drawn from this thesis research: 
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Fig. 19. (continued). 
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• Higher gasification temperatures result in higher CO and H2 con
centrations, which enhance the LHV and exergy of syngas. In addi
tion, the diameter of the gasifier increases CO concentrations while 
decreasing H2 concentrations, but the length of the gasifier increases 
both H2 and CO concentrations. Both design characteristics enhance 
syngas’ calorific value. The amount of air delivered to the reactor is 
also critical. The syngas composition degrades and its thermal 
quality diminishes as the air/fuel ratio rises.  

• Heterogeneous reactions were found to be relatively prevalent in the 
results of the parametric analysis. The investigation of carbon 

conversion based on operational and design factors yielded useful 
results. Wide gasifier diameters and long gasifier designs have been 
shown to enhance carbon conversion. Additionally, the air-to-fuel 
ratio boosted carbon conversion, although with a fluctuating pro
file. It should be emphasized, however, that the gasification tem
perature, especially over 810 ◦C, is the most effective parameter in 
carbon conversion.  

• Based on the ANN model’s design for a lab-scale gasifier, it can be 
deduced that a gasifier length of 1.75 to 2.00 m is optimal for the 
sawdust gasification process. H2 content was reduced by around 5%, 
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Fig. 20. Effect of design and operational parameters on syngas calorific value (a) Gasifier temperature, (b) Gasifier length, (c) Gasifier diameter, (d) Air/fuel ratio.  
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while CO2 was reduced by roughly the same level. Also, beyond the 
heights of 1.75 m, the percentage of CO increases to 14%, and the 
percentage of CH4 rises to approximately 5%. 

• Between 830 ◦C and 850 ◦C, no substantial increase in syngas calo
rific value was detected for the lab-scale gasifier proposed by ANN. 
After this operating temperature, the growth in calorific value 
slowed. The optimal temperature for the laboratory gasifier was 
therefore 830 ◦C.  

• The optimal gasifier diameter for the lab-scale gasifier developed by 
the ANN model is 10.5 cm. While the thermal quality of syngas 
constantly improves as the diameter of the gasifier increases from 8 
cm to 13 cm, the composition of syngas does not follow a similar 
pattern. Even if CH4 synthesis occurs at a greater diameter than 10.5 
cm, the CO synthesis rate decreases and the CO2 concentration is 
relatively low.  

• Finding the key connections between the input and output variables 
required a correlation matrix. The formation of CO2, CH4, and H2 
was shown to be adversely affected when the carbonization degree of 
solid fuel decreased. The substantial positive correlation between 
CO2 and CH4 synthesis and design factors is also explained by carbon 
conversion. In addition, the calorific value of syngas decreases as the 
amount of oxygen in the solid fuel increases, but the thermal value 
increases as the hydrogen concentration increases. CH4 was deter
mined to be the most important gas component in syngas, which 
considerably enhanced the syngas’ thermal value.  

• Based on fuel properties, gasifier design parameters, and gasification 
operating conditions, the ANN model estimates syngas specifications 
with excellent precision (MAPE < 3% and R2 > 0.99). Thus, ANN 
models trained on a high-quality and large dataset may be used to 
analyze the system performance comprising a complicated 
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combination of interactions and thermochemical occurrences, such 
as a circulating fluidized bed gasifier. 

• Although various modeling/prediction studies of gasification pro
cesses have been conducted using limited experimental datasets or 
datasets derived from thermodynamic modeling results, this thesis 
study is one of the first to consider gasifier design when predicting 
syngas properties for non-equilibrium modeling using ANN modeling 
as a deep learning technique. Despite the fact that this kinetic 
modeling study has limitations owing to its various assumptions, it 
provides a framework for future studies. 
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Visualization. Uğur Özveren: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Project administration, Resources, 
Software, Supervision, Validation, Visualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgement 

This work has been supported by Marmara University Scientific 
Research Projects Coordination Unit under grant number FYL-2020- 
10139. 

References 

[1] Situmorang YA, Zhao Z, Yoshida A, Abudula A, Guan G. Small-scale biomass 
gasification systems for power generation (< 200 kW class): a review. Renew 
Sustain Energy Rev 2020;117:109486. 

[2] Boehm RF, Yang H, Yan J. Introduction: renewable energy. Handbook of Clean 
Energy Syst. 2015:1–7. 

[3] Sansaniwal S, Pal K, Rosen M, Tyagi S. Recent advances in the development of 
biomass gasification technology: a comprehensive review. Renew Sustain Energy 
Rev 2017;72:363–84. 

[4] Giannini V, Oehmke C, Silvestri N, Wichtmann W, Dragoni F, Bonari E. 
Combustibility of biomass from perennial crops cultivated on a rewetted 
Mediterranean peatland. Ecol Eng 2016;97:157–69. 

[5] Zhang Y, Zhao Y, Gao X, Li B, Huang J. Energy and exergy analyses of syngas 
produced from rice husk gasification in an entrained flow reactor. J Clean Prod 
2015;95:273–80. 

[6] Narvaez I, Orio A, Aznar MP, Corella J. Biomass gasification with air in an 
atmospheric bubbling fluidized bed. Effect of six operational variables on the 
quality of the produced raw gas. Ind Eng Chem Res 1996;35:2110–20. 

[7] Ramos A, Monteiro E, Silva V, Rouboa A. Co-gasification and recent 
developments on waste-to-energy conversion: a review. Renew Sustain Energy 
Rev 2018;81:380–98. 
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[39] Sezer S, Özveren U. Investigation of syngas exergy value and hydrogen 
concentration in syngas from biomass gasification in a bubbling fluidized bed 
gasifier by using machine learning. Int J Hydrogen Energy 2021;46:20377–96. 
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