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ABSTRACT

This study investigates the application of gasification as a thermal conversion technology for 
converting textile waste into a viable energy source. Waste of either form has significant poten-
tial as a source of alternate energy, but there is a deficiency of research specifically studying the 
gasification of textile waste or textile-based refuse-derived fuel. This study intends to devel-
op a specific thermodynamic model for analyzing the conversion of textile-based refuse-de-
rived fuel, which is a unique knowledge. The study synthesizes three RDF compositions using 
textiles and significant components of municipal solid waste as complementary materials. A 
parametric analysis is performed utilizing the thermodynamic model derived from the prin-
ciple of minimizing Gibbs free energy. The findings indicate that gasification can provide a 
valuable fuel gas composition, demonstrating its viability as a waste-to-energy technique for 
addressing the particularly concerning textile waste. The investigations suggest that the in-
fluence of the equivalence ratio on gas composition is more substantial compared to that of 
the reaction temperatures. In the gasification process, the composition of the gas and its total 
heating value are more critical when dealing with a mixture of municipal waste and textile 
waste compared to the gasification of a sample consisting solely of textile waste. Among the 
three compositions, the composite sample exhibits the highest hydrogen and carbon dioxide 
concentration in the product gas. The investigations conducted in this study reveal that the 
product gas contains hydrogen in the range of 11.11% to 19.92% by volume and carbon di-
oxide in the range of 17.73% to 43.53% by volume. The highest energy value of the producer 
gas, 10.29 MJ/kg of feed, is achieved when the reaction temperature and equivalence ratio 
values are at their minimum. The investigations offer a comprehensive analysis of the gasifi-
cation of a particular waste stream, providing valuable insights that could potentially enhance 
waste-to-energy processes for sustainable energy sources.
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INTRODUCTION

Two major environmental issues, pollution and global 
warming, stand in the way of our society’s development 
toward sustainability. Using fossil fuels to generate electric-
ity is the leading cause of urban air pollution [1]. Adverse 
environmental effects from human production and con-
sumption are a significant obstacle to sustainable develop-
ment. The release of greenhouse gases and the deterioration 
of the environment are both attributable to these actions. 
Among these effects, the modification of climatic pat-
terns, more widely known as climate change, is the most 
important and damaging [2]. Environmental pollution and 
accelerated global warming are only two of the many conse-
quences that may arise from improper waste [3]. Water, air, 
thermal, and solid waste disposal are also just a few exam-
ples of the many types of pollution that may result from 
human energy use. To solve these longstanding issues a shift 
to sustainable and low-carbon, fuel alternatives is necessary 
because of the negative consequences of fossil-fuel-derived 
conventional energy resources on sustainable development 
[4]. Among other renewable and sustainable methods, one 
feasible alternative to the burning of fossil fuels is the recy-
cling of waste products [5, 6]. When compared to the burn-
ing of multiple fossil fuels, using alternative energy sources 
is recognized to be more environmentally friendly. Energy 
conversion facilities using waste have been shown to emit 
fewer pollutants (particulates, heavy metals, dioxins, and 
furans) than those that burn fossil fuels [7].

Alsaleh et al. [8] reason that the waste generated by our 
relentless use of biological resources represents a massive, 
as-yet-unrealized opportunity for the renewable energy 
sector. There is much to be found at the crossroads of recy-
cling and reuse, as well as in ecology and electricity [9]. 
India, which shelters approximately 17.7% of the world’s 
population and is still increasing at a considerably quicker 
pace with a rapidly rising urban population, it’s likely that 

vast piles of garbage will be abandoned in the open and 
hauled away to landfills. Composting, incineration, and 
dumping account for 32%, 40%, and 9% of Municipal Solid 
Waste (MSW) in Austria, whereas in Japan, these numbers 
are 74%, 17%, and 3% [10]. Denmark, Sweden, Norway, 
and Finland combust approximately 50% of their waste in 
energy recapture plants. According to recent data, out of 
an estimated 62 Million Tonnes (MT) disposed of annually 
in India [11], only 20% (27,000 tons/day) gets processed. 
The other 80% is sent to landfills. 12 MT of combustible 
MSW can prepare fuel yearly in India, which can poten-
tially displace 8 MT of annual coal [12]. Complicating the 
estimations, the composition of MSW varies with varia-
tions in the waste disposing community, its culture, and the 
demographics [13, 14]. According to [15] and [16], energy 
recovery technologies for waste may be the most effective 
practical solution to address MSW. According to the last 
Census of India, the city of the present study, i.e., the Surat 
district, has a population of around 61.8 lakhs, with an 
assessed daily MSW production in the metropolitan zone 
of approximately 2478.45 Metric Tonnes [17].

A notable constituent of waste that is of concern is tex-
tile waste [18], which is particularly prevalent in areas with 
textile industries, such as Surat City, which is among the 
many locations where such establishments are found.

There are an estimated 50,000 textile manufacturing 
units in Surat that produce an unaccounted amount of tex-
tiles every day [19]. The annual production of new clothing 
garments worldwide ranges from 80 to 100 billion units, 
which will eventually go to form textile waste [20]. Globally, 
the textiles industry, encompassing various stages such as 
production, manufacturing, and disposal, is accountable 
for an annual emission of over 1.2 billion tonnes of carbon 
dioxide (CO2), which constitutes approximately 8% of the 
total global emissions [21, 22]. The estimated amount of 
textile-based waste generation worldwide is approximately 

Figure 1. Thermochemical pathways for WtE conversion.
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83 MT to 92 MT annually [23, 24]. The current proportion 
of waste in global landfills attributed to clothing and tex-
tiles is approximately 75% [25]. To effectively manage and 
address the issue of large amounts of textile waste sustain-
ably and practically, it is imperative to implement technical 
interventions promptly.

Thermal or Thermochemical conversion (TCC) tech-
nologies, as described in Figure 1, are foreseen as the most 
viable Waste-to-Energy (WtE) techniques for waste manage-
ment in the present Indian context [26]. Waste of either form 
may be pyrolyzed or gasified to produce syngas (H2 and CO) 
because of its high organic content [27]. Syngas or Producer 
gas is a gas mixture created from the thermal degradation 
of biomass or organic material in an oxygen-deficient atmo-
sphere and may be used in multiple thermal applications [28, 
29]. The product gas can be combusted to generate electric-
ity or processed into liquid fuels and chemicals using stan-
dard processing techniques [30]. In addition to reducing 
waste sent to landfills, employing textiles as a fuel for energy 
production helps businesses and governments comply with 
environmental regulations [31]. Waste can be potentially 
employed as a contemporary raw material for the generation 
of producer gas due to its all-season availability, large quan-
tities, and cheap (or even negative) cost [32]. The TCC pro-
cess, such as gasification, can effectively convert garbage into 
gaseous and other fuels [33–35]. Compared to incineration, 
TCC processes have several benefits, such as increased ther-
mal efficiency, reduced greenhouse gas emissions, decreased 
waste quantities, and the generation of sustainable and bet-
ter adaptable product gas while processing a wide variety of 
waste kinds. The use of TCC technology shows promise in 
the sustainable and efficient conversion of waste to electric-
ity [36]. Potentially helping EU28 countries increase their 
renewable energy output by 20%, this technology has great 
use in the energy sector [37]. The TCC process performance 
and, therefore, the quality of the produced fuels is affected 
by various process parameters. Investigations into the effects 
of various operation parameters in the TCC processes are 
essential to the ongoing improvement and development of 
the processes. Modelling of TCC processes such as gasifi-
cation can significantly reduce the requirement for labour 
and time-intensive experimental surveys. Kinetic modelling, 
Thermodynamic Equilibrium modelling (TEM), and arti-
ficial neural network modelling are the three mainstays of 
gasification modelling [38]. TEM is a popular, straightfor-
ward, and rather accurate modelling technique that assumes 
the reactants have an indefinite reaction period to undergo 
a reaction when the condition of equilibrium is reached. By 
minimizing Gibbs’ free energy, the TEM technique is used 
to study gasification and oxidation reactions by identifying 
species-specific chemical equilibrium at a given pressure and 
temperature. 

The authors of the present study used the TEM tech-
nique to study the effects of the Equivalence Ratio (ER) and 
temperature on the syngas composition of a region-specific 
refuse-derived fuel composition [33]. The thermodynamic 

modelling methodology has been proven to be accurate in 
predicting gas composition and heating values. The TEM 
method has been applied by various researchers to study 
gasification characteristics for different resources. Biomass 
gasification has been studied using equilibrium model-
ling methods to predict producer gas composition and 
energy content [39–41]. Gasification of MSW and RDF was 
studied by [42] for the very first time using an equilibri-
um-based GMM methodology, and the study suggested the 
relevancy of the modelling method to be effectively appli-
cable to the gasification processes with low tar production. 
The equilibrium modelling methodology has further been 
implemented in software packages by [43–45] to create 
numerical simulation models to study the gasification of, 
majorly biomass, date palm waste, and sewage sludge. Yet 
there is no reported study of modelling methodology to 
study gasification of textile and textile-based RDF and the 
parametric effects of ER and temperature in the process.

A review of the literature clearly indicates that there 
is a gap in published research available on the use of TEM 
models for textile gasification modelling. Moreover, there 
is a scarcity of research that specifically concentrates on 
the gasification of textiles and further of textile-based RDF. 
Moreover, the absence of published articles on textile-based 
RDF gasification utilizing a combined thermodynamic equi-
librium model, as demonstrated in this work, indicates that 
authors are uninformed of any investigations in this domain.

The present study demonstrates the utilization of a 
gasification model using a thermodynamic equilibrium 
methodology to study gasification of RDF compositions 
dominated explicitly by textiles. The objective of the study 
is to estimate the composition of the producer gas and 
the respective energy content of gas produced at differ-
ent parametric conditions during gasification. The study 
involves addressing textile waste from local industrial 
units and MSW. The study first aims to create three unique 
textile-dominated RDF compositions through various 
pre-processing steps and then analyze the compositions 
in the process of gasification. A thermodynamic equilibri-
um-based model that employs the approach of minimizing 
Gibbs free energy has been developed to study the process. 
This study examines the effects of two crucial gasification 
factors, temperature and ER, on the generation and com-
position of the producer gas. The novelty of the study lies 
in the development and application of a combined equilib-
rium model (C-Model) for the gasification of three unique 
textile-based compositions of RDF complemented by the 
locally generated MSW.

MATERIALS AND METHODS

Synthesis of Textile-MSW Composite RDF
Bricks, pellets, and fluff are the common forms in 

which RDF is manufactured. Collected rubbish from cit-
ies is sorted for items with sufficient calorific value to be 
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burned, such as paper, cloth, plastic, and cardboard, as well 
as organic waste (mainly food waste). Before being pro-
cessed into RDF, the oversized materials must be reduced 
in size, and the flammable rubbish must be separated 
from the non-combustible waste such as glass and metal. 
Unfortunately, it is seldom possible to completely eliminate 
hazardous substances during the separation procedures. A 
significant obstacle to RDF production is moisture, espe-
cially in underdeveloped nations. MSW has an extremely 
high moisture content because organic materials are not 
sorted out at the source [46]. The moisture content analysis 
of individual RDF components is shown in Table 1.

RDF is produced from MSW and textile materials in this 
study. Producing RDF from MSW requires many processes, 

such as sorting, drying, shredding, and pelletizing. The first 
stage in producing RDF involves segregating the materials 
into categories of metals, plastics, glass, and organic waste, 
as shown in Figure 2. After the material is sorted, it is shred-
ded into little bits using a shredder to decrease its size and 
improve manageability. The raw MSW required for the RDF 
is gathered from the dumpsites at the residential area of the 
institute’s campus and includes cardboard, plastics, paper, 
and milk packets. Collected MSW is then dehydrated in a 
solar flatbed-type drier (Fig. 3) until the moisture in RDF is 
observed to be less than 10%. It is crucial to fully dry RDF to 
prevent moisture from decreasing its calorific value. A lab-
scale shredder equipped with a 5-millimeter screen is used 
to grind the waste into fine particles. A Thermogravimetric 

Figure 3. Process flow diagram showing material processing steps in RDF preparation.

Figure 2. Collection and segregation of municipal waste for RDF preparation.

Table 1. Wet and dry mass of RDF constituents

S. No. MSW components Undried mass (in kg) Dried mass (in kg) Percent Loss (%)
1. Paper 1.435 1.305 9.06
2. Plastics 5.825 5.736 1.53
3. Textile 1.5 1.429 4.73
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Analyser (TGA) from Make-Leco (Model No.604-100-700) 
is used to analyze the proximate composition of the raw 
materials for RDF, as shown in Figure 4. Correlations devel-
oped by [47] are used to obtain the elemental proportion of 
the prepared RDF. The correlations exhibit an average abso-
lute error of 4.79%, 3.21%, and 3.4%, and -0.15%, 0.21%, and 
0.49% of bias error, respectively, for the determined quanti-
ties of H, C, and O.

Development of Gasification Model
TEM is a way to simulate a reacting thermal system 

using mathematical relations. To figure out what the exit 
gases will be made of, the TEM assumes that all the parts 
will be mixed over an endless amount of time. The model 
facilitates to estimate the composition and volumetric gen-
eration of the gas [48]. The basic hypothesis recommended 
for the operating conditions of the gasification modelling 
processes are [49]:
(i) Dried mass with moisture represents the overall 

material,
(ii) Material under study is represented as elemental com-

position excluding ash and moisture,
(iii) The pressure condition inside the reactor is assumed 

to be isobaric,
(iv) Gas products from the process are assumed to exhibit 

ideal behaviour,
(v) Any condensed matter is in the pure state,
(vi) Residence time in the reduction phase is high relative 

to the half-life of reacting matter,
(vii) Temperature in the reduction domain is assumed to be 

even throughout,
(ix) Even and uniform mixing exists in gasifiers chemically.

The gasification process converts solid organic materi-
als into volatile fuel via a series of processes that include 
drying, de-volatilization, oxidation, and gasification [50, 
51]. The process of gasification is primarily auto-thermal, 
for the endothermic reactions are supplemented internally 
by the required reaction energy by the oxidation and the 
contemporary exothermic reactions [52]. The endothermic 

and exothermic reactions responsible for the process of gas-
ification may be developed using basic equilibrium condi-
tions for chemical reactions. On the basis of the reactions 
considered for developing the gasification process, differ-
ent models may be designed, such as the Homogeneous 
model (H-1 Model) that considers the equilibrium con-
dition of same phase reactants, the Heterogeneous Model 
(H-2 Model) that considers dissimilar phase reactants, and 
the Combined Model (C-Model) that may consider a sim-
ilar phase and a dissimilar phase reactant for modelling. 
The present investigations are performed by utilizing the 
mixed-phase reactant model, which is the C-Model.

Gasification equilibrium modeling
Equilibrium of a heterogeneous and a homogeneous 

reaction is taken to develop the C-model in TEM method-
ology. Simone et al. [53] have defined the reaction structure 
for the process of gasification; hence, for a C-model, the fol-
lowing reaction may be developed:

  
(1)

Where ‘a’ is the number of hydrogen atoms ‘b’ is the 
number of oxygen atoms in the fuel, ‘w’ is the number of 
moles of water per kmol of RDF, ‘m’ is the number of moles 
of oxygen per kmol of RDF, x1, x2, x3, x4, the coefficients of 
constituents of the products. The values of a, b, and c are 
known from the compositional analysis of the fuel, whereas 
to evaluate the unknown mole fractions of the products of 
the reaction, equations may be derived from the balanc-
ing of the included equilibrium reactions [54]. Huang and 
Ramaswamy [55] explained the methodology to obtain the 
required relations for gasification using elemental balance 
and gas/solid phase processes as discussed below:

C balance:

  (2)

H balance:

  (3)

  (4)

O balance:

  (5)

The relation for “K,” i.e., the equilibrium constant, for 
the heterogeneous methanation reaction is given by:

  (6)

  (7)

Figure 4. Proximate composition of individual constituents 
of RDF.
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Similarly, the water-gas shift reaction constant of equi-
librium may be expressed as:

  (8)

  (9)

The numerical values for the equilibrium constants in 
equation (6) and equation (8) are obtained using the Gibbs 
free energy relations for the reaction equilibrium constant 
as given below [56, 57]:

  (10)

For the present study, temperatures considered for the 
reactions, and thereby, for the Gibbs free energy (ΔG) for 
equilibrium are 1100K, 1200K, 1300K, 1400K, and 1500K. 
Thus, for methane formation reaction, ‘ΔG’ may be deter-
mined as follows [58]:

  (11)

Similarly, for the water-gas shift reaction:

  (12)

Using the relations given in equation (2) to equation 
(12), “K” values for the two process reactions for different 
reaction temperatures are evaluated, as shown in Table 2.

The system of equations, i.e. (2), (3), (4), (5), (7) and (9), 
is solved using the multi-objective optimization technique 
in MATLAB by the genetic algorithm approach. Equation 
(7) and equation (9) are used as the functions to be opti-
mized as the objectives, and the equalities are given by the 
linear equations (2), (3), (4), and (5). So, for each of the five 
different reaction temperatures, we obtained unique solu-
tions, i.e., values of the mole fractions x1, x2, x3, x4, from the 
equations. After that, for each of the five ER values—0.15, 
0.25, 0.35, 0.45, and 0.55—the corresponding solutions are 
obtained. Table 3 includes the ‘w’ and ‘m’ values, which are 
affected by changes in ER and used as inputs for the model 
result analysis.

Validation of the equilibrium model
The developed equilibrium model has been validated 

against the results of a published research through the 
implementation of similar material composition and oper-
ating parameter values as used in the research. The material 

Figure 5. Validation of Model results with previous re-
search findings of product gas composition. Figure 6. Composition of RDF samples.

Table 3. ‘m’ and ‘w’ values for varying ER

S.No. ER 0.15 0.25 0.35 0.45 0.55
1. M 0.13034 0.21723 0.30413 0.39102 0.47792
2. W 0.12104 0.12104 0.12104 0.12104 0.12104

Table 2. “K” values for different reaction temperatures

S. No. Temperature
(in K)

K values for reactions

K1 K2

1. 1100 0.03677 0.9444
2. 1200 0.01608 0.6966
3. 1300 0.00793 0.5435
4. 1400 0.00432 0.4406
5. 1500 0.00255 0.3704
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composition of olive wood as used by [59] are incorporated 
in the present model for the ER of 0.45 when H2 and CO 
composition in the product gas is compared in the tempera-
ture range of 1100 K and 1500 K. The comparative results 
as plotted in Figure 5, represent an acceptable agreement 
between the present model and the published results.

RESULTS AND DISCUSSIONS

RDF Composition
Three distinct ratios for RDF compositions are formu-

lated by gradually increasing the amount of textile material 
in MSW alongside plastic. The initial specimen is prepared 
with the inclusion of 100% Textile (T1) as the designated 
test material. The second sample (T2) contains 50% Textile, 
30% Plastics, and 20% Paper, and the third sample (T3) con-
tains 30% Textile, 50% Plastics, and 20% Paper by weight, 
respectively, shown in Figure 6. A proximate analysis of the 
synthesized RDFs determined as per the methodology dis-
cussed in section 2 is shown in Figure 7.

Based on the immediate findings, it is evident that the 
synthesized fuels, specifically T2 and T3, demonstrate a 
reduction in VM and C content with an increase in the ash 
content, in contrast to T1, which consists of 100% textiles. 
One possible reason for the decrease in VM could be that 
the concentration of VM in the fuel has decreased, which 
in turn may have led to a reduction in the VM of the syn-
thetic RDFs. The moisture and ash levels in the synthesized 
RDF were almost identical due to the similar composition 
of plastic and textiles, which are mutually replacing each 
other. As per the proximate analysis, FC in all the samples 
is found to be negligible. Most of the carbon in the samples 
is present in the form of volatile matter, which strengthens 
the argument for the selection of gasification as the waste-
to-energy conversion process. The elemental composition 
is obtained as per the methodology described in section 2.1 
and presented in Table 4, which shows the relative values of 
C, H and O present in the samples.

TEM Results

Gasification results of T1 sample
The effect of ER on the volume composition of indi-

vidual gas for different reaction temperatures is shown in 
Figure 8, whereas the variation in the product gas compo-
sition with respect to ER at a given reaction temperature, as 
obtained from the C-Model for gasification of the T1 com-
position of RDF, is shown in Figure 9. At lower ER values, 
the C-model predicts a more significant fraction of H2 in 
the producer gas during gasification of the T1 RDF sample. 
Additionally, the model suggests that higher gasification 
temperatures led to the highest CO % at an ER of 0.15. This 
is in comparison to the previous statement. Gasification 
processes that take place at lower temperatures display a 
more substantial proportion of hydrogen when the ER is 
greater than 0.25.

In contrast, the quantities of carbon monoxide are con-
siderably larger at higher reaction temperatures, regardless of 
the ER value that is being considered. Figure 8 illustrates that 
hydrogen and methane concentrations are lower than carbon 
monoxide concentrations at any given temperature or ER in 
the gasification process. The largest amount of hydrogen is 
produced at an ER of 0.15, with an average value of 35.20% 
at a reaction temperature of 1100 K. On the other hand, the 
maximum amount of CO that may be acquired is 42.44% at 
an ER of 0.15, but only at reaction temperatures of 1500 K. 
In comparison to other WtE processes, such as pyrolysis, the 
gasification process generates an abnormally low amount of 
methane when air is used as the medium for gasification. 
This is due to the fact that the methanation reaction that 
occurs during gasification is the slowest reaction in terms of 
the thermodynamic equilibrium condition during gasifica-
tion. A pyrolysis environment that is suitable is supplied at 
lower ER, and as a result, the methane concentration is at its 
greatest at 0.15 ER, with a concentration of 1.03% at a reac-
tion temperature of 1500 K. It has been noticed that the range 
of variation of H2, CO, and CH4 in the current reaction tem-
perature and ER limitations is as follows: 11.11%-35.20%, 
17.73%-42.44%, and 0.01%-1.05% accordingly.

Gasification results of T2 sample
TEM results for gasification of T2 RDF samples are 

obtained and illustrated with the help of graphs shown 
in Figure 10 and Figure 11. The critical difference in the 
T2 sample from that of the T1 sample gasification model 

Table 4. Elemental Composition of composite RDF samples

Sample Type Elemental Composition

C H O
T1 43.22 5.85 44.85
T2 41.64 5.65 43.39
T3 41.60 5.64 43.28

Figure 7. Proximate composition of synthesized RDF sam-
ples.
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results is observed at ER 0.2 to 0.25 when there is an 
inflection in the gradient of the H2 concentration profile, 
as seen in Figure 11. The impact of temperature is more 
pronounced for gas compositions of the T2 sample gasifi-
cation using TEM. Volumetric proportions of the predicted 
gases are very close to the T1 sample results. Maximum 
H2 production and CO generation are observed at 1500 K 
reaction temperature at 0.15 ER with 36.68% and 43.17 % 
composition, respectively. The range of variation of H2 and 
CO lies between 14.49% to 36.68 % and 19.74 % to 43.17 
%, respectively. CH4 is obtained at nearly negligible quan-
tities in the given ER, and the reaction temperature range 
varies from 0.02 % to 1.04 %. CH4 production is observed 
to be marginally better at lower gasification temperatures 
at lower ER values but reduces consistently with increasing 
reaction temperatures. The gradient of the H2 production 
rate is observed to be slightly lesser than that of CO pro-
duction with increasing ER values at lower temperatures. 
On the other hand, the CO production rate has a decreasing 
gradient with increasing temperature, as observed in Figure 

11. It is also observable that beyond 1300K, the gradient of 
H2 production is higher than that of CO.

Gasification results for T3 sample
The TEM results obtained from the gasification of the 

T3 sample, as shown in Figure 12 and Figure 13, indicate 
that the primary gas produced is CO across all tempera-
tures. This observation aligns with the findings from the 
gasification of the T1 and T2 samples, which also exhibited 
a similar trend. When gasified at 1500 K, the model indi-
cates maximum CO percentage at an ER of 0.15 with 43.53 
% composition. Although the concentration of H2 is some-
what more significant at higher temperatures for lower ER 
values, it is noted that the graph of H2 exhibits an inflection 
point between ER 0.2 and 0.25. The rise in the proportion of 
MSW in the RDF exhibits slight reductions in the effect of 
temperature on CO production at lower ER values, whereas 
on H2 production at higher ER values.

During the gasification of the T3 sample, the range of 
H2, CO, and CH4 generation was determined to be 14.53% 

Figure 8. Gas compositions vs. ER for gasification of T1 sample.
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Figure 10. Gas compositions vs. ER for gasification of T2 sample.

Figure 9. Volume percent of individual gas vs. ER of T1 sample gasification.
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to 36.70%, 19.92% to 43.53%, and 0.02% to 1.03%, respec-
tively. The amount of CH4 in the product gases is very low; 
however, any increase in the proportion of CH4 can have 
a substantial impact. Any slight increase in the amount of 
methane production throughout the gasification process 
significantly boosts the heating value of the producer gas. 
The fact that the heating value of methane is approximately 
three times greater than that of either carbon dioxide or 
hydrogen gas is the probable cause for this phenomenon.

The findings indicate that the gasification modelling 
conducted in the work aligns well with previous research 
in terms of the trends in the composition of the synthesized 
products. Table 5 presents a comparative study of the results 
of the present gasification investigations with respect to 
previous research publications. The variation in ER, reac-
tion temperature, and material composition are the major 
contributing factors for the deviations seen in the syngas 
compositions.

Figure 12. Volume percent of individual gas vs. ER of T3 sample gasification.

Figure 11. Volume percent of individual gas vs. ER of T2 sample gasification.
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Average Gas Composition and Heating Value
Figure 14 (a) shows the variations in the gas heating 

values with changes in the textile proportions in the RDF 
samples with ER value, and Figure 14 (b) shows the varia-
tion in the average heating value of the product gas with the 
variation in the gasification temperatures for different ER 
values. It is observed from Figure 14 that the heating value 
of gas obtained at lower temperatures is slightly higher than 

that at higher reaction temperatures, owing to the mar-
ginally higher production of Ch4 at lower temperatures. In 
contrast, the heating value drops as the ER values increase. 
Based on the findings depicted in Figure 14 (b), it can be 
inferred that the impact of altering the reaction tempera-
ture is negligible. The heating value of the gas composition 
for the investigated reaction temperature and ER ranges 
from 3.90 MJ/kg feed to 10.29 MJ/kg feed for different RDF 

Figure 13. Gas compositions vs ER for gasification of T3 sample.

Figure 14. Average Heating Value of Product Gas for (a) Different RDF compositions, (b) Different gasification temperature.
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compositions. The highest heating value of gas is obtained 
for the T3 sample gasification at 1100 K reaction tempera-
ture and 0.15 ER, whereas the lowest is obtained for the T1 
sample at 1500 K reaction temperature and 0.55 ER. This 
suggests a lower reaction temperature and low ER value 
for higher heating values. Consequently, the average gas 
composition resulting from different compositions of RDF 
(T1, T2, and T3) is compared with varying ER values. The 
findings suggest that the proportions of the gases in consid-
eration are lower when using 100% textile compared to the 

gasification of MSW, which complemented the proportion 
of RDF. Figure 15 shows the average production of three 
significant producer gas proportions, i.e., H2, CO and CH4. 
It is evident that virgin textile gasification yield is com-
paratively lower than textile-MSW RDF samples, thereby 
supporting the hypothesis of complementing MSW with 
textile waste to enhance the gasification yield for textile 
valorization.

Gasification results obtained using the TEM-based 
C-model for the three RDF samples, i.e., T1, T2, and T3, 

Table 5. Comparison of results of the present study with previous research articles

Reference ER Gasifying Agent Gasification Temperature Gas Composition
Present Study 0.1-0.5 Air 1100 K - 1500 K H2: 11.11%-36.70%

CO: 17.73%-43.53% 
Khoshgoftar Manesh et al., (2024) [60] 0.4 Air - H2: 19.41%

CO:20.08%
Biancini et al., (2023) [61] 1 Air-Steam - H2: 20.50%

CO: 7.88%
Mousavi Rabeti et al., (2023) [62] 0.4 Air-Steam 1023 K - 1223 K H2: 19.41%

CO: 20.08%
Mehdi et al., (2023) [63] 0.01-0.5 Air 1173 K H2: 39.0% - 47.0%

CO:31.0% - 41.0%
0.05-0.8 Steam 1173 K H2: 34.0% - 44.0%

CO:16.0% - 43.0%
Silva et al., (2019) [64] 0.2-0.4 Air 1100 K H2: 15.0% - 23.5%

CO:17.0% - 22.5%

Figure 15. Average gas compositions from varying textile proportions.
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that contain varying proportions of textile waste show that 
a significant composition of syngas may be produced. This 
supports the proposition for gasification as a potentially 
viable WtE conversion technology. It has been observed 
that ER significantly influences gas composition compared 
to temperature, as observed in the variation of the gas heat-
ing value, which increases by approximately 2.5 times for a 
change in ER from 0.55 to 0.15. The variation of textile pro-
portion in RDF shows a shift in H2 and CO percent com-
position with the highest production in the case of the low 
textile proportion RDF, i.e., T3. Despite this, the variation 
in these gases’ percentage proportions is nearly negligible, 
even when the textile proportion in RDF is altered by 50%. 
This implies that the gasification process is adaptable and 
robust, capable of treating any waste to generate reliable 
fuel gas compositions, regardless of the constituents of the 
raw materials.

CONCLUSION

To manage and treat the concerning textile waste issue 
responsibly and practically, it is essential to deploy tech-
nical interventions without delay. The lack of published 
research on textile-based RDF gasification utilizing a com-
bined thermodynamic equilibrium model prompted the 
authors to undertake the current investigations. The results 
obtained from the thermodynamic equilibrium modelling 
based on the combined model (C-model) analysis of three 
refuse-derived fuel samples with varying textile fractions 
demonstrate that gasification can effectively produce a 
significant proportion of syngas. This suggests that gasifi-
cation can be a viable waste-to-energy technique for pro-
cessing waste textiles combined with MSW components. 
The variation of the equivalence ratio has a notable influ-
ence on the composition of gas compared to the impact 
of reaction temperature. The refuse-derived fuel with the 
lowest textile % demonstrates the maximum production of 
carbon monoxide and hydrogen, resulting in the highest 
calorific value of the fuel gas produced.

According to the observations, the proportion of fuel 
gas in the first composition, i.e., the T1 sample, ranges 
from 11.11% to 35.20% of hydrogen and from 17.73% to 
42.44% of carbon monoxide. The proportion of fuel gas in 
the second composition, i.e. T2 sample, varies within the 
range of 14.49% to 36.68% and 19.74% to 43.17% of hydro-
gen and carbon monoxide, respectively. The proportion 
of fuel gas in the third sample, i.e. T3 sample, ranges from 
14.53% to 36.70% and 19.92% to 43.53% of hydrogen and 
carbon monoxide production, respectively. Gasification 
of a blended ratio of refuse-derived fuel consisting of tex-
tile-MSW results in higher gas proportion and heating 
value of the gas. This is in contrast to the gasification of 
100% textile, which results in lower gas proportions and 
a lower overall heating value. It is possible to obtain pro-
ducer gas composition with a comparative heating value of 
10.29 MJ/kg feed, obtained for the gasification of the third 

composition, i.e. T3 sample, at a reaction temperature of 
1100 K and equivalence ratio of 0.15. Nevertheless, the 
difference in the percentage proportions of the gas com-
position is less significant, even when the textile fraction 
in refuse-derived fuel is modified by approximately 50%; 
instead, the equivalency ratio is the primary factor that 
influences the gas composition. A reduction in equivalence 
ratio from 0.55 to 0.15 increases the heating value of pro-
ducer gas by approximately 2.5 times.

The study’s findings indicate that the gasification process 
is adaptable and resilient and has the potential to effectively 
resolve the pressing issue of textile waste through the pro-
duction of a consistent producer gas composition almost 
unaffected by the refuse-derived fuel components, except 
when treating virgin textile waste. Yet there is much more to 
explore in the ongoing field of gasification research, and addi-
tional studies need to be conducted to investigate the impact 
of different gasification parameters, such as the gasifying 
agent and pressure, on the production and composition of 
gases in various operating conditions. Future research could 
involve conducting empirical assessments of textile-domi-
nant refuse-derived fuel gasification under real-world condi-
tions that may align with the modelling parameters.

NOMENCLATURE

ER Equivalence Ratio
EU European Union
FC Fixed Carbon

 Gibbs free energy for individual gas at 
given temperature

ΔGT Gibbs free energy at T temperature
K Equilibrium constant
K1 Equilibrium constant for heterogeneous 

methanation reaction
K2 Equilibrium constant for water-gas shift 

reaction
‘m’, ‘w’ Number of moles of oxygen, and num-

ber of moles of water, per kmol of fuel 
respectively

MSW Municipal Solid Waste
MT Million Tonnes
RDF Refuse Derived Fuel
Ru Universal Gas Constant
T Temperature
T1 RDF with 100% textile composition
T2 RDF with 50% Textile, 30% Plastics, and 

20% Paper
T3 RDF with 30% Textile, 50% Plastics, and 

20% Paper
TCC Thermochemical Conversion
TEM Thermodynamic Equilibrium Model
TGA Thermogravimetric Analysis
VM Volatile Matter
WtE Waste to Energy
xi Number of moles of ith species



J Ther Eng, Vol. 11, No. 3, pp. 659−674, May, 2025672

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The authors declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

ETHICS

There are no ethical issues with the publication of this 
manuscript.

REFERENCES

 [1] Noor M, Khan D, Khan A, Rasheed N. The impact of 
renewable and non-renewable energy on sustainable 
development in South Asia. Environ Dev Sustain 
2023:0123456789. [CrossRef]

 [2] Asif Z, Chen Z, Sadiq R, Zhu Y. Climate change 
impacts on water resources and sustainable water 
management strategies in North America. Water 
Resour Manag 2023;37:2771-2786. [CrossRef]

 [3] Zhou Z, Zhang L. Sustainable waste management 
and waste to energy: valuation of energy potential 
of MSW in the Greater Bay Area of China. Energy 
Policy 2022;163:112857. [CrossRef]

 [4] Li J, Yang D, Yao X, Zhou H, Xu K, Geng L. Slow 
pyrolysis experimental investigation of biomass tar 
formation and hydrogen production by tar reform-
ing. Int J Hydrogen Energy 2024;52:74-87. [CrossRef]

 [5] Yang Y, Pan R, Shuai Y. Investigation of the 
effect of alumina porous media on the polyeth-
ylene waste pyrolysis with continuous feed. Fuel 
2024;361:130734. [CrossRef]

 [6] Kumar A, Verma SK. Experimental analysis for 
thermodynamic characteristics of municipal solid 
waste for energy generation with environmental and 
economic assessment in Indian scenario. J Therm 
Eng 2023;9:823-840. [CrossRef]

 [7] Mukherjee C, Denney J, Mbonimpa EG, Slagley J, 
Bhowmik R. A review on municipal solid waste-to-
energy trends in the USA. Renew Sustain Energy 
Rev 2020;119:109512. [CrossRef]

 [8] Alsaleh M, Zubair AO, Abdul-Rahim AS. The 
impact of global competitiveness on the growth of 
bioenergy industry in EU-28 region. Sustain Dev 
2020;28:1304-1316. [CrossRef]

 [9] Elkhouly HI, Abdelzaher MA, El-Kattan IM. 
Experimental and modeling investigation of physico-
mechanical properties and firing resistivity of cement 
pastes incorporation of micro-date seed waste. Iran J 
Sci Technol Trans Civ Eng 2022;46:2809-2821. [CrossRef]

[10] Kulkarni BN, Anantharama V. Repercussions of 
COVID-19 pandemic on municipal solid waste 
management: challenges and opportunities. Sci 
Total Environ 2020;743:140693. [CrossRef]

[11] Patil SS, Mali ST, Walvekar PP. Waste to bioen-
ergy perspective through life cycle inventory. In: 
Chowdhary P, Pandit S, Khanna N, eds. Bio-Clean 
Energy Technologies Volume 2. Clean Energy 
Production Technologies. Singapore: Springer; 
2022. pp. 333-342. [CrossRef]

[12] Malav LC, Yadav KK, Gupta N, Kumar S, Sharma GK, 
Krishnan S, et al. A review on municipal solid waste 
as a renewable source for waste-to-energy project in 
India: current practices, challenges, and future oppor-
tunities. J Clean Prod 2020;277:123227. [CrossRef]

[13] Abushammala H, Ghulam ST. Impact of residents’ 
demographics on their knowledge, attitudes, and 
practices towards waste management at the house-
hold level in the United Arab Emirates. Sustainability 
2023;15:685. [CrossRef]

[14] Jabeen F, Adrees M, Ibrahim M, Mahmood A, 
Khalid S, Sipra HKH, et al. Trash to energy: a mea-
sure for the energy potential of combustible content 
of domestic solid waste generated from an indus-
trialized city of Pakistan. J Taiwan Inst Chem Eng 
2022;137:104223. [CrossRef]

[15] Agaton CB, Guno CS, Villanueva RORO. Economic 
analysis of waste-to-energy investment in the 
Philippines: a real options approach. Appl Energy 
2020;275:115265. [CrossRef]

[16] Eboh FC, Andersson BÅ, Richards T. Economic 
evaluation of improvements in a waste-to-energy 
combined heat and power plant. Waste Manag 
2019;100:75-83. [CrossRef]

[17] Gandhi FR, Patel JN. An integrated approach for 
the application of geographical information system 
and remote sensing for prospective groundwater 
zones in Surat region, India. Groundw Sustain Dev 
2022;18:100805. [CrossRef]

[18] Weber S, Weber O, Habib K, Dias GM. Textile waste in 
Ontario, Canada: opportunities for reuse and recycling. 
Resour Conserv Recycl 2023;190:106835. [CrossRef]

[19] Pathak M. Surat textile industry faces 30% drop 
in demand, reduces working hours. Available at: 
https://www.hindustantimes.com/cities/others/
surat-textile-industry-grapples-with-financial-cri-
sis-and-reduced-production-due-to-chinese-im-
ports-and-quality-issues-101684142473487.html. 
Accessed Apr 20, 2024.

[20] Ruiz A. 17 most worrying textile waste statistics 
& facts. Available at: https://theroundup.org/tex-
tile-waste-statistics/. Accessed Jul 15, 2023.

https://doi.org/10.1007/s10668-023-03210-3
https://doi.org/10.1007/s11269-023-03474-4
https://doi.org/10.1016/j.enpol.2022.112857
https://doi.org/10.1016/j.ijhydene.2023.01.326
https://doi.org/10.1016/j.fuel.2023.130734
https://doi.org/10.18186/thermal.1300859
https://doi.org/10.1016/j.rser.2019.109512
https://doi.org/10.1002/sd.2085
https://doi.org/10.1007/s40996-021-00760-2
https://doi.org/10.1016/j.scitotenv.2020.140693
https://doi.org/10.1007/978-981-16-8094-6_18
https://doi.org/10.1016/j.jclepro.2020.123227
https://doi.org/10.3390/su15010685
https://doi.org/10.1016/j.jtice.2022.104223
https://doi.org/10.1016/j.apenergy.2020.115265
https://doi.org/10.1016/j.wasman.2019.09.008
https://doi.org/10.1016/j.gsd.2022.100805
https://doi.org/10.1016/j.resconrec.2022.106835


J Ther Eng, Vol. 11, No. 3, pp. 659−674, May, 2025 673

[21] Khan MI, Wang L, Padhye R. Textile waste manage-
ment in Australia: a review. Resour Conserv Recycl 
Adv 2023;18:200154. [CrossRef]

[22] Papamichael I, Voukkali I, Loizia P, Rodrıguez-
Espinosa T, Pedreño JN, Zorpas AA. Textile waste 
in the concept of circularity. Sustain Chem Pharm 
2023;32:100993. [CrossRef]

[23] DeVoy JE, Congiusta E, Lundberg DJ, Findeisen S, 
Bhattacharya S. Post-consumer textile waste and dis-
posal: differences by socioeconomic, demographic, 
and retail factors. Waste Manag 2021;136:303-309. 
[CrossRef]

[24] Bianchi S, Bartoli F, Bruni C, Fernandez-Avila C, 
Rodriguez-Turienco L, Mellado-Carretero J, Spinelli 
D, et al. Opportunities and limitations in recycling 
fossil polymers from textiles. Macromol 2023;3:120-
148. [CrossRef]

[25] Juanga-Labayen JP, Labayen IV, Yuan Q. A review 
on textile recycling practices and challenges. Textiles 
2022;2:174-188. [CrossRef]

[26] Kumar A, Singh E, Mishra R, Lo SL, Kumar S. 
Global trends in municipal solid waste treatment 
technologies through the lens of sustainable energy 
development opportunity. Energy 2023;275:127471. 
[CrossRef]

[27] Ghasemi A, Shayesteh AA, Doustgani A, Pazoki M. 
Thermodynamic assessment and optimization of 
a novel trigeneration energy system based on solar 
energy and MSW gasification using energy and 
exergy concept. J Therm Eng 2021;7:349-366. [CrossRef]

[28] Kim JH, Jung S, Lin KYA, Rinklebe J, Kwon EE. 
Comparative study on carbon dioxide-cofed cata-
lytic pyrolysis of grass and woody biomass. Bioresour 
Technol 2021;323:124633. [CrossRef]

[29] Gerun L, Bellettre J, Tazerout M, Gøbel B, Henriksen 
U. Investigation of the oxidation zone in a bio-
mass two-stage down-draft gasifier. ECOS 2005 - 
Proceedings of the 18th International Conference 
on Efficiency, Cost, Optimization, Simulation, and 
Environmental Impact of Energy Systems; 2005. pp. 
1525-1532.

[30] Kumar RN, Aarthi V. From biomass to syngas, 
fuels and chemicals - a review. AIP Conf Proc 
2020;2225:70007. [CrossRef]

[31] Alsaleh M, Abdul-Rahim AS. Bioenergy industry 
and the growth of the energy sector in the EU-28 
region: evidence from panel cointegration analysis. 
J Renew Sustain Energy 2018;10:5032323. [CrossRef]

[32] Central Public Health and Environmental 
Engineering Organisation. Guidelines on usage 
of refuse derived fuel in various industries. 
Government of India Ministry of Housing and 
Urban Affairs; 2018. pp. 1-104.

[33] Zeeshan M, Pande RR, Bhale PV. A modeling study 
for the gasification of refuse-derived fuel as an 
alternative to waste disposal. Environ Dev Sustain 
2023;26:1-24. [CrossRef]

[34] Safarian S, Unnþórsson R, Richter C. A review of 
biomass gasification modelling. Renew Sustain 
Energy Rev 2019;110:378-391. [CrossRef]

[35] Alfè M, Gargiulo V, Porto M, Migliaccio R, Le Pera 
A, Sellaro M, et al. Pyrolysis and gasification of a 
real refuse-derived fuel (RDF): The potential use 
of the products under a circular economy vision. 
Molecules 2022;27:8114. [CrossRef]

[36] Lee J, Lin KYA, Jung S, Kwon EE. Hybrid renewable 
energy systems involving thermochemical conver-
sion process for waste-to-energy strategy. Chem Eng 
J 2023;452:139218. [CrossRef]

[37] Alsaleh M, Abdul-Rahim AS. Determinants of cost 
efficiency of bioenergy industry: Evidence from 
EU28 countries. Renew Energy 2018;127:746-762. 
[CrossRef]

[38] Smith WR, Tahir H, Leal AMM. Stoichiometric and 
non-stoichiometric methods for modeling gasifica-
tion and other reaction equilibria: a review of their 
foundations and their interconvertibility. Renew 
Sustain Energy Rev 2024;189:1-7. [CrossRef]

[39] Ruggiero M, Manfrida G. An equilibrium model 
for biomass gasification processes. Renew Energy 
1999;16:1106-1109. [CrossRef]

[40] Zainal ZA, Ali R, Lean CH, Seetharamu KN. Prediction 
of performance of a downdraft gasifier using equilib-
rium modeling for different biomass materials. Energy 
Convers Manag 2001;42:1499-1515. [CrossRef]

[41] Gautam G, Adhikari S, Bhavnani S. Estimation of 
biomass synthesis gas composition using equilib-
rium modeling. Energy Fuels 2010;24:2692-2698. 
[CrossRef]

[42] Barba D, Prisciandaro M, Salladini A, Mazziotti Di 
Celso G. The Gibbs free energy gradient method 
for RDF gasification modelling. Fuel 2011;90:1402-
1407. [CrossRef]

[43] Fortunato B, Brunetti G, Camporeale SM, Torresi 
M, Fornarelli F. Thermodynamic model of a down-
draft gasifier. Energy Convers Manag 2017;140:281-
294. [CrossRef]

[44] Kabli MR, Ali AM, Inayat M, Zahrani AA, Shahzad 
K, Shahbaz M, et al. H2-rich syngas production from 
air gasification of date palm waste: an experimen-
tal and modeling investigation. Biomass Convers 
Biorefinery 2022:02375-7. [CrossRef]

[45] Carotenuto A, Di Fraia S, Massarotti N, Sobek S, 
Uddin MR, Vanoli L, et al. Predictive modeling for 
energy recovery from sewage sludge gasification. 
Energy 2023;263:125838. [CrossRef]

[46] Gutierrez-Galicia F, Coria-Páez AL, Tejeida-Padilla 
R, Oliva-Aguilar VR. Thermal utilization of munic-
ipal solid waste in the central region of Mexico. 
In: Baskar C, Ramakrishna S, Baskar S, Sharma R, 
Chinnappan A, Sehrawat R, eds. Handbook of Solid 
Waste Management. Singapore: Springer; 2021.pp. 
1-28. [CrossRef]

https://doi.org/10.1016/j.rcradv.2023.200154
https://doi.org/10.1016/j.scp.2023.100993
https://doi.org/10.1016/j.wasman.2021.10.009
https://doi.org/10.3390/macromol3020009
https://doi.org/10.3390/textiles2010010
https://doi.org/10.1016/j.energy.2023.127471
https://doi.org/10.18186/thermal.850819
https://doi.org/10.1016/j.biortech.2020.124633
https://doi.org/10.1063/5.0005864
https://doi.org/10.1063/1.5032323
https://doi.org/10.1007/s10668-023-03631-0
https://doi.org/10.1016/j.rser.2019.05.003
https://doi.org/10.3390/molecules27238114
https://doi.org/10.1016/j.cej.2022.139218
https://doi.org/10.1016/j.renene.2018.04.085
https://doi.org/10.1016/j.rser.2023.113935
https://doi.org/10.1016/S0960-1481(98)00429-7
https://doi.org/10.1016/S0196-8904(00)00078-9
https://doi.org/10.1021/ef901477c
https://doi.org/10.1016/j.fuel.2010.12.022
https://doi.org/10.1016/j.enconman.2017.02.061
https://doi.org/10.1007/s13399-022-02375-7
https://doi.org/10.1016/j.energy.2022.125838
https://doi.org/10.1007/978-981-15-7525-9_18-1


J Ther Eng, Vol. 11, No. 3, pp. 659−674, May, 2025674

[47] Parikh J, Channiwala SA, Ghosal GK. A correla-
tion for calculating elemental composition from 
proximate analysis of biomass materials. Fuel 
2007;86:1710-1719. [CrossRef]

[48] Cerinski D, Ferreiro AI, Baleta J, Costa M, Zimbardi 
F, Cerone N, et al. Modelling the biomass updraft gas-
ification process using the combination of a pyroly-
sis kinetic model and a thermodynamic equilibrium 
model. Energy Rep 2021;7:8051-8061. [CrossRef]

[49] Ayub HMU, Park SJ, Binns M. Biomass to syngas: 
Modified non-stoichiometric thermodynamic mod-
els for the downdraft biomass gasification. Energies 
2020;13:5668. [CrossRef]

[50] Cau G, Tola V, Pettinau A. A steady state model for 
predicting performance of small-scale up-draft coal 
gasifiers. Fuel 2015;152:3-12. [CrossRef]

[51] Sutar KB, Kohli S, Ravi MR. Clean cooking with 
downdraft biomass gasifier cookstove: Effect of gas-
ifier performance. Energy 2023;263:125631. [CrossRef]

[52] Ramalingam S, Rajendiran B, Subramiyan S. Recent 
advances in the performance of co-current gasifi-
cation technology: a review. Int J Hydrogen Energy 
2020;45:230-262. [CrossRef]

[53] Simone M, Barontini F, Nicolella C, Tognotti L. 
Gasification of pelletized biomass in a pilot scale 
downdraft gasifier. Bioresour Technol 2012;116:403-
412. [CrossRef]

[54] Buentello-Montoya DA, Duarte-Ruiz CA, 
Maldonado-Escalante JF. Co-gasification of waste 
PET, PP and biomass for energy recovery: A ther-
modynamic model to assess the produced syngas 
quality. Energy 2023;266:126510. [CrossRef]

[55] Huang HJ, Ramaswamy S. Modeling biomass gasifi-
cation using thermodynamic equilibrium approach. 
Appl Biochem Biotechnol 2009;154:193-204. [CrossRef]

[56] Turns SR. An Introduction to Combustion: Concepts 
and Applications. 3rd ed. New York: McGraw Hill; 
2011.

[57] Wagman DD, Kilpatrick JE, Taylor WJ, Pitzer KS, 
Rossini FD. Heats, free energies, and equilibrium 
constants of some reactions involving O2, H2, 
H2O, C, CO, CO2, and CH4. J Res Natl Bur Stand 
1945;34:143. [CrossRef]

[58] Sandler SI. Chemical, Biochemical, and Engineering 
Thermodynamics. New York: Wiley; 2017.

[59] Antonopoulos IS, Karagiannidis A, Gkouletsos A, 
Perkoulidis G. Modelling of a downdraft gasifier fed 
by agricultural residues. Waste Manag 2012;32:710-
718. [CrossRef]

[60] Khoshgoftar Manesh MH, Davadgaran S, Mousavi 
Rabeti SA. Gasification potential of municipal solid 
waste in Iran: application of life cycle assessment, 
risk analysis, and machine learning. J Clean Prod 
2024;434:140177. [CrossRef]

[61] Biancini G, Moradi R, Cioccolanti L, Marchetti 
B, Moglie M, Del Zotto L. A general model for air 
gasification of heterogenous municipal solid waste. 
Energy Convers Manag 2023;278:116749. [CrossRef]

[62] Mousavi Rabeti SA, Khoshgoftar Manesh MH, 
Amidpour M. Techno-economic and environmental 
assessment of a novel polygeneration system based 
on integration of biomass air-steam gasification 
and solar parabolic trough collector. Sustain Energy 
Technol Assess 2023;56:103030. [CrossRef]

[63] Mehdi M, Taqvi SAA, Shaikh AA, Khan S, Naqvi SR, 
Shahbaz M, et al. Aspen Plus simulation model of 
municipal solid waste gasification of metropolitan 
city for syngas production. Fuel 2023;344:128128. 
[CrossRef]

[64] Silva IP, Lima RMA, Silva GF, Ruzene DS, Silva 
DP. Thermodynamic equilibrium model based on 
stoichiometric method for biomass gasification: 
a review of model modifications. Renew Sustain 
Energy Rev 2019;114:109305. [CrossRef]

https://doi.org/10.1016/j.fuel.2006.12.029
https://doi.org/10.1016/j.egyr.2021.05.079
https://doi.org/10.3390/en13215668
https://doi.org/10.1016/j.fuel.2015.03.047
https://doi.org/10.1016/j.energy.2022.125631
https://doi.org/10.1016/j.ijhydene.2019.10.185
https://doi.org/10.1016/j.biortech.2012.03.119
https://doi.org/10.1016/j.energy.2022.126510
https://doi.org/10.1007/s12010-008-8483-x
https://doi.org/10.6028/jres.034.004
https://doi.org/10.1016/j.wasman.2011.12.015
https://doi.org/10.1016/j.jclepro.2023.140177
https://doi.org/10.1016/j.enconman.2023.116749
https://doi.org/10.1016/j.seta.2023.103030
https://doi.org/10.1016/j.fuel.2023.128128
https://doi.org/10.1016/j.rser.2019.109305

