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ARTICLE INFO ABSTRACT

The consumption of energy levels has increased in association with economic growth and concurrently increased
the energy demand from renewable sources. The need under Sustainable Development Goals (SDG) intends to
explore various technological advancements for the utilization of waste to energy. Municipal Solid Waste (MSW)
has been reported as constructive feedstock to produce biofuels, biofuel carriers and biochemicals using energy-
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efficient technologies in risk freeways. The present review contemplates risk assessment and challenges in sorting
and transportation of MSW and different aspects of conversion of MSW into energy are critically analysed. The

circular bioeconomy of energy production strategies and management of waste are also analysed. The current
scenario on MSW and its impacts on the environment are elucidated in conjunction with various policies and
amendments equipped for the competent management of MSW in order to fabricate a sustained environment.

1. Introduction

A recent concern is elevated due to the dramatic increase in the usage
of fossil fuels that cause climate change (Ebrahimian et al., 2023). The
International Energy Agency (IEA) has suggested the 2 °C scenario
(2DS), which focuses on reducing carbon dioxide (CO3) emissions by 70
% by 2060 relative to present levels (Oh et al., 2018). Researchers are
continuously working towards establishing suitable alternative sus-
tainable energy. Municipal solid waste (MSW) can be considered a po-
tential raw source for the production of biofuels and energy.
Prominently, worldwide MSW generation has grown dramatically, with
predictions indicating that it will reach 3.4 billion tonnes by 2050
(Varjani et al., 2022). In the following decades, the rate of municipal
solid waste generation will increase enormously. Extremely, handling
and proper disposal of MSW is a critical issue, particularly in developing
countries where it presents considerable risks to the environment and
society (Varjani et al., 2022). Moreover, the conversion of MSW into
energy should be critically analysed to tackle the barriers existing for the
complete utilization towards sustainable energy production.

Wastes generated from municipalities and local authorities are cat-
egorised as municipal solid waste. This category includes trash origi-
nating from commercial and residential activities. MSW contains
extremely diverse components such as plastics, papers, organic, glass
kitchen waste and metals (Rajendran et al., 2021). Solid wastes have a
high organic content (between 40 and 60 %), which presents a great
possibility for energy recovery using the appropriate waste-to-energy
technology (Varjani et al., 2022). Nevertheless, it should be empha-
sized that complexity and high organic contents might cause severe
environmental pollution if the waste was not properly treated. Even
though existing technologies related to the utilization of MSW as a
source are well studied, such technologies continue to face difficulties
due to the complicated designs of treatment facilities, inconsistent
compositions of waste and emission of air pollution (Yang et al., 2021).

The incessant increase in MSW and the demand for fuel in the
transportation field has led to the discovery of new technology called
waste-to-energy technology (WTE-T) and it is a favourable technology
for developing countries to convert their waste into energy (Hoang et al.,
2022). Through the establishment of appropriate WTE technology, the
handling of MSW could become a harsh process and simultaneously
production of energy can be attained, which could directly reflect in
severe circumstances of global warming and climate change situations.
WTE-T has resulted in the production of biofuel from waste cooking oil,
algae and other waste resources. Many communities all over the globe
have recognized biofuel for providing energy security, thereby reducing
the demand for fossil fuels. Government sectors have a strong mind to
encourage an alternative to fossil fuels by applying a policy that supports
biofuel technology and production, especially for biodiesel and ethanol.
Several developed and developing countries are now investing in
feasibility studies and drafting action plans for the effective imple-
mentation of WTE technology. Financial and geopolitical factors,
including high fossil fuel prices, environmental impacts such as GHG
emissions, and supply uncertainty from oil-producing countries have
simplified the greater importance on renewable energy policy
initiatives.

Recently, different strategies have been reviewed to escalate
bioconversion yields from MSW through waste-to-energy technology. A
review by Varjani et al. (2022) highlighted the technologies for trans-
forming MSW into energy. Ebrahimian et al (2023) reviewed

mechanisms, opportunities, and difficulties of pretreatment techniques
for MSW and to improve biofuel yields. Despite the increase in review
articles, a thorough analysis of the reports on waste-to-energy technol-
ogy used for effective MSW conversion to biofuels is still lacking.
Importantly, complex mechanisms and heterogeneous composition of
MSW have hindered not only the performance of conventional pre-
treatment methods, such as anaerobic digestion, incineration, pyrolysis,
composting and gasification but also management techniques and
collection methods. These techniques have several drawbacks that are
posing significant issues in the field of environment. Moreover, inef-
fective and inefficient MSW transportation strategies and routes require
a lot of human, material, and financial resources and raise greenhouse
gas emissions. In addition, the operating procedures of MSW manage-
ment provide dangerous risk factors associated with human health and
the environment (Cai et al., 2021). For sustainable MSW management,
the aforementioned critical concerns with life cycle assessment, envi-
ronmental impacts and economic stability should be addressed.

Recently, artificial intelligence (AI) techniques play an important
role in providing alternative computational strategies to solve MSW
problems. Al is used to manage problems, find the optimized solution
and manage uncertainty. Al is linked to most the field to find and solve
critical issues. In environmental engineering, Al is used in different
applications such as solving environmental pollution issues, logistics,
waste management, water treatment as well as planning MSW strategies
(Abdallah et al., 2020). MSW treatment is a worldwide issue with eco-
nomic losses and environmental impact. Most countries spend huge
money on waste management and pollution indirectly crease socioeco-
nomic problems. The economic and environmental impact analysis
helps to find a sustainable MSW management technique with low
emissions.

The present investigation critically analyses the exploitation of MSW
towards energy production with current trends. Prominently, the role of
Al towards with effective MSW management was discussed with risks
associated factors. Later, environmental impacts consideration with
economic stability connected with MSW management were projected.
The delivered insights allow for the reduction of obstacles encountered
during the implementation of various approaches to produce energy
from MSW.

2. Review methodology

This literature study was conducted to identify the current trends in
waste-to-energy technology used for MSW to bioenergy conversion, the
risk associated with the different waste management techniques, pol-
icies in waste management techniques, and economic and environ-
mental impacts were discussed and conclude the critical points in this
sector. This literature covered the MSW characterizations, collections
techniques, waste to energy technologies, Al technologies in MSW
management, advantages of integrated technologies, Socio-economic
and environmental risk were discussed, and critical points were
reviewed.

3. Distinctive attributes of municipal solid waste

The leading step in managing any sort of solid waste is waste char-
acterization, which is followed by acquisition, transportation, storage,
processing, and disposal. Broadly, MSW can be classified into liquid,
solid, gaseous and semi-solid waste. The primary benefits of
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characterisation are to limit or decrease waste and use proper recycling
techniques to conserve resources. MSW varies in kind, source, content,
and amount based on factors such as geography, economic status, cul-
ture, and so on. MSW comprises non-combustible components such as
inorganics, glass, metals, etc and combustible components such as
plastics, food waste, yard waste, agricultural waste, etc. (Mukherjee
et al., 2020). MSW includes household trash, office waste, industrial
waste, construction and demolition waste, agricultural waste, and urban
garbage (Varjani et al., 2022).

MSW can also be characterized based on the physical, biological and
chemical constituents. Moisture content, density and particle size are the
important parameters used for the physical characterization of MSW.
The chemical composition present in MSW includes phosphorous, po-
tassium, nitrogen and carbon-to-nitrogen ratio. Understanding the
composition and amount of waste generated leads to efficient waste
management procedures and provides an estimate of how much energy
can be produced from MSW. Most developing nations have a higher
proportion of MSW generated by households (55-80 %), in contrast to
the commercial sector’s lesser contribution (10-30 %) (Llano et al.,
2021). Both physicochemical characteristics and calorific value are
essential to obtain an elevated yield of energy and safe residual from the
treatment operations. Identifying the most effective processing and
treatment options for MSW is quite difficult due to its heterogeneity
nature (Varjani et al., 2022). Thus, pre-processing sorting is necessary
for accurate evaluation and characterization, which may, in most situ-
ations, improve the effectiveness of the succeeding waste treatment
procedure. Increased public knowledge, modifying behaviour of cus-
tomers and community acceptability will make MSW sorting and sepa-
ration easier to implement for improved MSW handling effectiveness.

4. Collection, transportation and pre-treatment of municipal
solid waste

Primarily, MSW is removed from its source and transported to
disposal sites, processing facilities, or transfer stations through
employing collection and transportation procedures (Yadav and Kar-
makar, 2020). Pretreatment is an essential step for effective manage-
ment of MSW that alters the characteristics of MSW to increase
accessibility. Advances in collection, transportation and pretreatment
are essential for implementing sustainable approaches to municipal
solid waste management.

4.1. Significance of collection and transportation of MSW

The waste collection includes door-to-door, dumping in the specified
location, pneumatic collection and entering the property (Zhang et al.,
2022). The majority of researchers are concerned with the ultimate
treatment, whereas just a few focus on the expense and environmental
impact of collection and transportation. In practice, collection and
transportation of MSW accounted for 50-75 % of total expenses in
developed nations due to high labour intensity and widespread use of
transportation technologies, whereas in developing nations like India,
this percentage even reached 70-90 % (Yadav and Karmakar, 2020).
Developed countries have discrete MSW mechanical collecting devices.
However, informal recycling, scavengers, or uncontrolled dumping are
widespread practices employed in developing countries and result in a
lot of human effort and expenses towards collection (Yadav and Kar-
makar, 2020). Importantly, negative environmental consequences were
mostly caused by unmanaged GHG emissions and odour pollutants
during transportation. Thus, enhancement of current collection and
transportation methods for MSW are necessary for attaining sustainable
MSW management.

4.2. Significance of sorting and pretreatment technologies

Collected sources separated or mixed MSW is further subjected to
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assist sorting, treatment and utilization of resources. Prior to sorting,
crushing and bag breaking are crucial. Sorting can be performed by
using direct methods such as screw press, air separator, hydro-cyclone,
disc screen etc and indirect methods such as tracer-based sorting, X-ray
sorting, laser-induced breakdown spectroscopy, Optical sorting, mag-
netic induction spectroscopy, etc (Zhang et al., 2022). Currently, sensor-
based indirect automated sorting methods were addressed by (Signoret
et al., 2020). Multi-sensor coupling for precise sorting, processing of
signals, and sophisticated classification algorithms also offer significant
potential for research and commercialization under the challenging
circumstances of factory acquisition. Common pretreatment technolo-
gies of MSW can be classified as physical, chemical, physicochemical
and biological methods. Selection of a suitable pretreatment method is
based on the composition of MSW (Ebrahimian et al., 2023). Table 1
represents an overview of pretreatment technologies applied on organic
fraction of MSW. Usually, compaction is a pretreatment technique that
utilises pressure to minimise waste volume, increase the effectiveness of
treatment, and lower greenhouse gas emissions.

5. Current trends of energy production from municipal solid
waste

The major issue for hygienic conditions and long-term growth in any
nation is the effective planning, management and disposal of waste.
Utilization of MSW for the production of energy is an effective way to
manage it. Management of MSW has a significant impact on the long-
term viability of the nation’s economy and environment (Wang et al.,
2021). WTE technologies produce energy from renewable sources, such
as MSW, reducing reliance on conventional energy sources and signifi-
cantly lowering GHG emissions. Developed countries have successfully
implemented WTE technologies using conventional methods. However,
developing countries still face many burdens for the establishment of
WTE technologies using MSW (Chand Malav et al., 2020). Table 2 rep-
resents current trends in energy production from municipal solid waste.
More efficient and advanced techniques can create a potential pathway
for the effective utilization of MSW and can assist the establishment of
alternative sustainable energy production.

5.1. Anaerobic digestion

Anaerobic degradation (AD) is the process of biodegradable organic
matter being broken down by a variety of anaerobic bacteria without the
presence of oxygen via a number of biochemical reactions. AD involves
mainly-four biochemical phases, such as hydrolysis, acidogenesis, ace-
togenesis, and methanogenesis. In these phases, methane and CO, are
produced from organic matter with help of bacteria. The major factors
such as feedstock type, process parameters, total solid, volatile fatty acid
accumulations, C/N ratio imbalance, ammonia inhibition, and micro-
nutrient deficiency influence AD. Sludge-related environmental issues
may be solved sustainably by using AD, which also helps produce clean,
renewable energy (Lee et al., 2021). MSW can be to be converted into
useful by-products including fertilisers, and electrical and thermal en-
ergy through the employment of AD. However, difficulty in degradation,
complex components and heterogeneous nature create a problematic
burden to the successful implementation of AD on MSW. Further, the
most problematic component present in MSW under anaerobic condi-
tions is lignin which directly affects the performance of the AD process
(Zamri et al., 2021).

Quality of MSW and engaged pretreatment methods are the another
important factors involved in the performance of AD. Based on organic
matter segregation, solubilization, and biodegradability conditions, the
quality of MSW is evaluated (Cesaro and Belgiorno, 2014). Typically,
pretreatment and activation are applied to the organic fraction of MSW
feedstock in order to improve and maximise the digesting activity
(Paudel et al., 2017). Other parameters such as pH, carbon:nitrogen (C:
N) ratio, temperature, the organic loading rate, stirring and hydraulic
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Table 1
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Overview of pretreatment technologies applied on organic fraction of municipal solid waste.

Pretreatment Conditions / requirements

Impact Reference

Physical methods
Grinding/ chopping Ball mill
Irradiation Power of microwave (440-500 W),time
(1-10 min) and temperature (30 — 175 °C)
High pressure High pressure of 60 MPa, homogenizer
homogenization
Electro dialysis Apparatus, anion and cation exchanger, electrolytes, pH
adjustment
Chemical methods
Acid treatment 1 % of HySO,4, 60 min and 130 °C.

Alkali treatment 3 g/L NaOH, 30 min at 125 °C

Organic solvents Acetic acid (1 %), ethanol (85 %) for 30 at 120 °C
Physicochemical treatment
Steam explosion Pressured steam (3.5 MPa) at high temperature 240 °C,
followed by a quick pressure drop to ambient conditions
Hydrothermal Water under high pressure for 30 min at 160-260 °C
pretreatment
Biological methods

Fungal pretreatment Moisture content (10 %), fungal species of Trichoderma viride

Reduction of particle size, more energy required, composition
dependant

Decreased energy consumption, quick heating rate, quick
response time, and high polar component selectivity

Fine structural modification and increased accessibility

(Liu et al., 2022)
(Ahmed et al., 2021)
(Nabi et al., 2019)
Recovery of toxic metals and separation of ionic metals

(Zhan and Kirkelund,
2021)

Lignocellulosic structures are broken down, increasing the
surface area and promoting biodegradability

Elimination of acetyl and lignin groups, devoid of carbohydrate
loss and sugar reduction, biogas production

Degrades lignocellulose fraction, increased enzymatic hydrolysis

(Mahmoodi et al.,
2018a)
(Ahmed et al., 2022)

(Ebrahimian and
Karimi, 2020)

Shear stress leads to break the glycosidic link, disrupts the organic
structure, increased enzymatic hydrolysis possibilities

Water molecules penetration, degradation of lignin, hydrolysis of
hemicellulose,

(Yu et al., 2022)

(Mahmoodi et al.,
2018b)

Delignification can be performed using various species, (Kainthola et al.,

with incubation period prolonged time is required, additional nutrients are required. 2021)
Table 2
Overview of techniques for energy production from municipal solid waste.
S. Technique Overview of process Advantages Disadvantages Reference
No.
1 Anaerobic Decomposition using heat without the Produce clean, renewable energy and biofertilizer Long operation time, (Lee et al.,
digestion presence of oxygen operating problems and 2021)
difficulty in degrade
2 High-solids Same as anaerobic digestion but can Devoid of clogging problem, less water utilization and  Difficult in operating (Ting et al.,
anaerobic handle high organic contents production of high-quality digestate parameter 2020)
digestion
3 Hydrothermal High pressures and temperatures about Hydrolysis, dehydration and decarboxylation occurs, Handling problems with (Gupta et al.,
carbonization 200-260 °C with subcritical water reduction of OH CO and COOH groups, production of ~ organic fraction of MSW 2021)
biogas and char
4 Torrefaction Gradual heating of biomass between Lower moisture content, higher energy density Loss of energy, difficulties in ~ (Gouws et al.,
200 and 300 °C in an oxygen-free or decreased O/C ratio and increased heating value process control 2021)
inert atmosphere
5 Pyrolysis External energy applied to disrupt Can handle mixed MSW, production of syngas, char Toxic gases emission, low (Lee et al.,
chemical bonds, heating upto 1000 °C and pyrolysis oil performance, elevated cost 2020)
without the presence of oxygen
6 Plasma pyrolysis High temperature, almost oxygen-free Requirement of low area, very quick process, supply of ~ Requirement of high energy (Bhatt et al.,
breakdown of waste component’s oxygen is not essential, waste volume reduction, and maintenance 2022)
molecular bonds into slag and gases production of fuel hydrogen, syngas, less toxic
emission
7 Incineration Direct Combustion with an Adequate Quicker than biological processes, heat is released Release of toxic substances, (Wang et al.,
Supply of Air and Oxygen SOx, CO,, NOX, elevated cost ~ 2022)
8 Gasification Requirement of heat and a low oxygen Syngas production, accumulation of char and tar Release of toxic compounds, (Valizadeh
environment elevated cost et al., 2022)

retention time have an influence on the performance of AD of MSW
(Zamri et al., 2021). Several researchers have concentrated on pre-
treatment, co-digestion, additions of conductive materials, and enzy-
matic procedures towards the enhancement of AD performance (Ahmed
et al., 2021).

Increased biomethane/biogas production can be obtained using
notable techniques. Usually, the organic fraction of MSW contains both
liquid and solid fractions. Polyhydroxyalkanoate production was re-
ported from the liquid portion of the organic fraction of MSW. When
compared with AD employed on OFMSW, which increased energy re-
covery from the solid portion of MSW (Papa et al., 2022). But the
problems associated with low energy production should be considered
when additional processing is engaged, which directly reflects on
commercialization.

Rate-limiting step in AD is inadequate hydrolysis because of the rigid

structure of extracellular polymeric molecules. Additionally, the carbon
to nitrogen (C/N) ratio was less, AD hindrance occurs due to the accu-
mulation of ammonia. To overcome this phenomenon, Jiang et al.
(2022) attempted the co-digestion of municipal waste with vegetable
waste which resulted in reduced humidification after co-digestion.
Simultaneously, low levels of total ammonia nitrogen accumulated
after co-digestion (Jiang et al., 2022). Thus, anaerobic co-digestion can
be beneficial for resource recovery and the synergistic disposal of
organic wastes.

5.2. High-solids anaerobic digestion

Due to its inherent benefits for digesting organic fractions of MSW,
high-solids anaerobic digestion (HSAD) has received significant atten-
tion (Ting et al., 2020). HSAD systems work with organic solid wastes
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that have greater total solids contents (usually 20-40 % TS) than wet-
type anaerobic digesters (normally with 10 % TS concentration) (Fag-
bohungbe et al., 2015). However, the fundamental biological processes
of HSAD remain the same as the wet type. In typical wet-type AD sys-
tems, high solid contents and heterogeneity organic MSW may lead to
clogging problems (Ting et al., 2020). Less water utilization, managing
greater organic loading rates, reduced heating costs, and the production
of high-quality digestate without the need for specialised dewatering
techniques are some of the main advantages of HSAD systems (Fagbo-
hungbe et al., 2015). Even though HSAD systems are regarded to be the
most suitable for organic solid wastes, the problems associated with
HSAD should be considered. Engagement of HSAD on MSW could result
in substantial accumulations of volatile fatty acids and ammonia, which
inhibited microbial growth and caused operational instability (Zhang
et al., 2015). Operational variables such as the ratio of feedstock to
inoculum, source of inoculum, and co-substrate mixing ratio need to be
considered for the successful long-term functioning of HSAD (Lee et al.,
2019).

Recently, the HSAD system was engaged for MSW containing organic
fractions and the effect of percolate recirculation time (PRT) and ratio of
feedstock to inoculum (F:I) were analysed (Dastyar et al., 2021).
Importantly, F:I ratio has been reported to be more important than PRT
and interestingly, the generation of volatile fatty acids at a F:I ratio of 3
kg volatile solids /kg volatile solid resulted in noticeably lower the
production of methane (Dastyar et al., 2021). In contrast to wet-type
digesters, the heterogeneous and changeable physicochemical proper-
ties of organic fraction MSW might still suffer from various restrictions
like reduced biomethane production (Dastyar et al, 2021) and
biochemical kinetics (Fagbohungbe et al., 2015). More studies related to
the effect of process parameters on MSW using HSAD systems should be
investigated.

5.3. Hydrothermal carbonization

Recent research has shown that hydrothermal carbonization (HTC)
can be used as a viable option for the synergetic recovery of water and
organic matter from digestate obtained from MSW (Motavaf et al.,
2021). HTC is carried out at high pressures in enclosed vessels with
various hydrothermal conditions (Huezo et al., 2021). Hydrolysis is the
first step in the HTC process, accompanied by dehydration and decar-
boxylation (Reza et al., 2014). The application of HTC on wet biomass
obtained from MSW can improve mechanical dewatering (Aragon-
Briceno et al., 2022). The presence of OH groups is reduced due to
dehydration and subsequently, a decrease in O/C ratio can be attained.
Similarly, CO and COOH groups are reduced due to the process of
decarboxylation (Funke and Ziegler, 2010). Conversion of biomass into
carbon-rich solid fuel depends critically on operating conditions during
HTC. To produce hydrochar with the required qualities, factors such as
temperature, moisture rate, heating rate, residence time and filling ratio
should be considered. Moreover, understanding how water interacts at
higher temperatures is essential because the HTC process occurs with
the presence of water (Wang et al., 2018).

Recently, an anaerobic digester of MSW was subjected to the HTC
process and positively improved the dewatering process under the
process conditions at 200 °C for 120 min (Aragon-Briceno et al., 2022).
In another study, biomethane production was reported from combining
AD of MSW with HTC under the process condition at 180 °C for 60 min.
(Lucian et al., 2020). It created the potential of hydrothermal carbon-
ization process towards promising valorization of MSW. The major
barrier to the successful implementation of the HTC process is other than
organic compounds should be separated from MSW (Wu et al., 2021b).
Studies related to a combination of the anaerobic digester with HTC on
MSW are not explored well. Importantly, extensive research needs to
perform to acquire the influence of various parameters involved in the
HTC process. The effluent obtained from HTC has a notable quantity of
organic compounds and can be easily digested with other substrates.
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Furthermore, the HTC process can alter the inorganic fractions present
in the biomass through the extraction of elements like phosphorous.
Biogas production can be enhanced through the employment of the HTC
process. In addition, biochar can be obtained as solid fuel from the
leftover biomass (Aragon-Briceno et al., 2022).

5.4. Torrefaction

For the pre-treatment of a variety of biomass resources, such as MSW,
forest wastes, non-woody, and woody wastes, multiple research have
employed the promising, practical, and environmentally friendly ther-
mochemical process known as torrefaction (He et al., 2019). Torre-
faction is differentiated by its slow heating rate of under 50 °C/min and
comparatively low reaction temperature, which ranges from 200 to
300 °C in an atmosphere devoid of oxygen (Mohd Fuad et al., 2019).
Enhancing the calorific value or energy density of feedstock is the pri-
mary goal of torrefaction. By lowering oxygen-to-carbon, hydrogen-to-
carbon ratios and moisture content of biomass and increasing fixed
carbon, torrefaction improves the hydrophobic property of biomass
(Abdulyekeen et al., 2022). The torrefaction process is greatly influ-
enced by process parameters such as residence time, heating rate,
biomass type, initial moisture content and particle size (Mohd Fuad
et al,, 2019). Recently, on the basis of mechanical fluidization, the
feasibility of generating high calorific value solid fuel in a specialized
fluidized bed reactor was reported (Abdulyekeen et al., 2022).

Due to reduced energy consumption and cost, flue gas torrefaction
gained increasing interest as a unique oxidative torrefaction (Uemura
etal., 2017). Nitrogen oxides were decreased and the fuel characteristics
of distilled spirit lees were improved as proceeded with flue gas torre-
faction (Zhu et al., 2021). All of these studies concentrated on biomass
feedstock. However, MSW has a complicated composition when
compared to biomass flue gas torrefaction of MSW likely faces various
challenges. Remarkably, the torrefaction of MSW improved its fuel
qualities (Rago et al., 2020). Recently, increased higher heating value
and energy density were reported using flue gas torrefaction of MSW.
Additionally, the effect of operating parameters for optimal flue gas
torrefaction was analysed (Zhu et al., 2022).

5.5. Pyrolysis

Thermal breakdown of organic material without the presence of
oxygen is known as pyrolysis, and results in gas, liquid, and solid by-
products. The three main stages of pyrolysis are initiation, propaga-
tion, and termination. (Sipra et al., 2018). The pyrolysis process con-
verts biomass contents present in MSW into syngas, pyrolysis oil and
biochar and is usually operated at 400 — 1000 °C (Lee et al., 2020).
Various kinds of MSW, including mixed, plastics and paper are thermally
degraded by the permanent process of pyrolysis (Hasan et al., 2021). The
yield and composition of the products produced by pyrolysis vary
depending on a variety of factors, including temperature, reactor sys-
tem, feedstock type, heating rate, residence time of the gas, contact time,
pressure ranges, impact of any catalysts present and the presence of
hydrogen gas or compounds that produce hydrogen (Sipra et al., 2018).

Pyrolysis can be classified into slow, fast, microwave-assisted and
catalytic processes. Research has often been conducted using rapid py-
rolysis due to the lower processing efficiency of slow pyrolysis (Sipra
et al., 2018). Importantly, microwave-assisted pyrolysis eliminates the
requirement for shredding by applying direct heat to the feedstock. Due
to its affordable production, adaptable manufacturing technique, and
simple equipment transportation, it can be utilised for large-scale
commercialization. Table 3 presents the yield of pyrolysis products ob-
tained from MSW. Significant amounts of organic waste such as wood,
food and garden waste are included in MSW. When burnt, the trash
produced by the photosynthetic process, such as wood waste, absorbs
the same quantity of CO, from the atmosphere that it previously
consumed. Hence, there is no overall impact (Grycova et al., 2016).
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Table 3
Yield of pyrolysis products from various municipal solid wastes.
S. Chief component of  Reactor Pyrolysis Operating conditions Yield of products Reference
No. MSW type process Syngas  Biochar  Biooil
1 Mixed Batch Fast At 450 °C, 30 min, 2 cm? of particle size with 42 % 18 % 40 % (Miandad et al., 2017)
10 °C /min heating rate
2 Mixed Batch Fast At 450 °C, 75 min, 2 cm? of particle size with 69.9 % 5.1 % 25 % (Miandad et al., 2017)
10 °C /min heating rate
3 Plastic Fixed bed Slow At 400 °C, 60 min, 5 — 10 cm of particle size 50 % 28.6 % 21.4 (Gandidi et al., 2018)
%
4 Paper Fixed bed Slow At 600 °C, 60 min with 4 °C/min heating rate 22 % 27 % 48 % (Sarkar and
Chowdhury, 2016)
5 Mixed Fixed bed Catalytic At 600-750 °C, 2 mm of particle size 56.6 % 32.4% 10.8 (Tursunov, 2014)
%
6 Mixed Continuous Microwave At 750 °C, 2.45 GHz of frequency, 3 kW of 45.5 % 74.9 % 1.2% (Zhou et al., 2022)
assisted microwave power
7 Organic Fluidized Microwave At 650 °C 35% 54 % 35% (Liu et al., 2020)
bed assisted

A thorough investigation of the product yield from the pyrolysis of
organic MSW was reported by Yang et al. (2018). After being crushed,
the collected MSW was dried at variable moisture percentages between
12.7 and 45.8 %. In an auger screw reactor, the pyrolysis was executed
at variable temperatures of 450-850 °C with a set feeding rate of 300 g/
h. At a temperature of 700 °C, about 40 % bio-oil, 22 % biochar, and 38
% syngas were produced. The production of syngas and bio-oil showed a
divergent pattern with temperature increase. The moisture content had
very little impact compared to the pyrolysis temperature. Lastly, in order
to maximise the production of bio-oil and minimise energy consump-
tion, MSW with a low moisture content should be utilised in the pyrol-
ysis process (Yang et al., 2018). Although the by-products generated by a
pyrolysis process often have characteristics comparable to fuels, pyrol-
ysis on MSW is primarily intended to produce energy. Importantly,
households can utilise MSW as a source of energy by using the pyrolysis
process and larger-scale pyrolysis facilities could operate more effi-
ciently to the energy products produced during the process.

5.6. Plasma pyrolysis

Plasma technologies provide a viable approach for handling waste
due to the efficient utilisation of electrons and ions and the resultant
high energy densities (Sanito et al., 2023). Very high temperatures and a
lack of oxygen, or a nearly complete lack of oxygen, are required for the
plasma pyrolysis process (Bhatt et al., 2022). The solid waste particles
are converted to hydrocarbons, non-leachable solid residue and syngas
at high temperatures. Plasma technologies also provide advantages
related to fast start-up and shutdown mechanisms without the need of
fuels or oxidants (Pei et al., 2020). Another beneficial aspect of plasma
pyrolysis is the tremendous decrease in the enormous quantity of waste
(Bhatt et al., 2022). In contrast to other biological processes, it can also
handle all major forms of waste including MSW and quick treatment
time with less area for the process (Maslani et al., 2021). Recently,
plasma pyrolysis was successfully applied to various waste streams such
as polymer waste, petrochemical waste, polypropylene and waste tires
(Bhatt et al., 2022). Only a few studies were engaged to investigate
plasma pyrolysis on MSW. As most of the components in MSW may be
related to one or more of the aforementioned other wastes, MSW can
also be effectively treated by utilising plasma pyrolysis to produce
syngas. As a safe solution for the environment, plasma pyrolysis may
cure MSW without causing any harm.

5.7. Incineration

Incineration involves the presence of adequate air and the complete
burning of solid waste at temperatures ranging from 980 to 2000 °C,
which effectively converts chemical energy contained in MSW into heat
energy and produces power using a turbine-generator system (Wang

et al., 2022). Incineration is primarily dependent on the characterization
of MSW and is greatly influenced by variations in demography, seasons
and sociocultural activities (Sebastian et al., 2019). However, the major
difficulties associated with MSW incineration are variations in operation
conditions, the uncertainty of input composition of MSW and long-time
operation with optimized conditions. More importantly, inert waste and
moisture content lower the calorific value of MSW and have an impact
on its combustibility (Prajapati et al., 2021). Drying incineration, re-
covery of energy from combustion, and exhaust gas purification are the
steps involved in the incineration process. As heterogeneous operating
conditions are practised in MSW incineration, complications exist
related to practising simulation software. Hence, diverse simulation
conditions need to be developed for the successful execution of MSW
incineration. Customized mathematical simulations near the real oper-
ating process are obligatory. When it concerns the safety and prolonged
usage of incineration units, the appropriate simulation may be utilised to
validate the optimum control algorithm designed offline.

5.8. Gasification

Gasification is a thermochemical technique that transforms carbo-
naceous material such as biomass using heat and a low-oxygen envi-
ronment (Valizadeh et al., 2022) Gasification converts MSW into a blend
consisting of carbon monoxide, hydrogen, carbon dioxide and trace
quantities of methane, known as synthetic gas (syngas) and might be
used to generate power in fuel cells or as fuel in motors and turbines
after cleaning (Lee, 2022). The chief by-product of gasification is syngas,
however, additional gases such as CH4, CO5, and other products ash
particles, char and tar are also produced (Ramos et al., 2020).
Depending on the reaction parameters, the Hy and CO content of the
gasification processes can be changed. In addition, syngas can be utilised
in catalytic conversion to produce liquid fuels, intermediates of chem-
icals and a wide range of final products (Guran, 2018).

Currently, investigations related to gasification from MSW were
concentrated on novel catalyst development, improving reaction con-
ditions and chemical looping gasification. The quality of syngas from
MSW was enhanced by altering the process conditions such as in-
teractions between volatiles and the production of chars reported.
Importantly, raising the temperature, including additional char, and
decreasing air flow rate enhanced gas productivity (Veses et al., 2020).
Catalytic gasification of MSW using a Ni-CaO catalyst was reported.
Novel catalysts were synthesised by dc melting plasma with TiO; to
improve stability and successfully converted the generated CO3 to Hy for
the improvement of high-quality syngas. Subsequently, Hy concentra-
tion was improved from 35.1 % to 57.7 % using a Ni-CaO catalyst (Irfan
et al., 2019).
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5.9. Composting and vermicomposting

Composting and vermicomposting are commonly used techniques to
manage MSW and organic fertilizer. Composting is an aerobic degra-
dation of organic waste using microbes under the optimum condition.
Bacteria, fungi and actinomycetes are widely used for aerobic com-
posting. Aerobic composting is performed in two methods pre- and post-
fermentations. MSW is commonly used post-fermentation (Saravanan
et al., 2022). Some previous studies show the heat energy recovery from
the composting process. The energy recovery from the commercial-scale
composting unit was investigated. The temperature of compost vapor
between 51 and 66 °C resulted in recovery rates of 17,700-32,940 kJ/h
(Smith and Aber, 2018). Vermicomposting and aerobic composting are
used to treat different types of MSW (Bhattacharya et al., 2016). Ver-
micomposting is an eco-friendly and economic method to convert solid
waste residues into value-added products using earthworms. Eisenia
fetida is commonly used in the vermicomposting process (Mondal et al.,
2020; Paul et al., 2019). Vermicomposting is used as an energy recovery
for the regeneration of soils, and energy as liquid and combustible gases.
The end-product of vermicomposting is called vermi-wash which con-
tains large amounts of humic acid used for electricity production in
microbial fuel cells technology (Khan et al., 2022).

5.10. Integrated technologies

In order to address respective limitations and properly use the pro-
cess energy and resources, numerous researchers have recently
attempted to integrate technologies applied to MSW. The employment of
pyrolysis on digestate obtained from AD resulted in fruitful outcomes of
increased overall energy efficiency (Chen et al., 2021). Alternatively,
products obtained from pyrolysis majorly contain organic materials in
bio-oil such as Cy-Cg sugars, hydroxy acids, oligomers, and water-soluble
phenols. These substances can be employed as substrates for AD to
produce biogas to help offset the energy needed in pyrolysis (Feng and
Lin, 2017). Wu et al. (2021a) integrated bacterial cellulose production
and vermicomposting with the AD process. The biochar from vermi-
composting is used in the AD process to improve digestion. Earthworm
biomass, vermicompost and bacterial cellulose were produced from
kitchen waste. The multi-product approach helps to develop sustainable
technology (Wu et al., 2021a).

Recently, AD coupled with pyrolysis was reported in MSW which was
proved to be eco-friendly in process circumstances. Simultaneously, it
resulted in increased production of energy and subsequently may lead to
reduced solid digestate emission (Wang et al., 2021). In another study,
Panepinto et al. (2015) evaluated the processing of MSW gasification,
pyrolysis, and incineration and concluded that gasification might be a
competitive technique when syngas production is taken into account in
aspects of valorisation of energy as well as the flexibility of design
(Panepinto et al., 2015).

HTC of MSW can be combined with pelletization to increase
hydrochar production, as rising temperature and prolonged time leads
to affect (Bhakta Sharma et al., 2021). HTC often results in hydrochars
with limited surface areas, which makes it less suitable for soil additions
and other plans to valorize solid carbon. Biochars derived wastes like
lignocellulose biomass have larger surface areas (Volpe et al., 2018).
Nevertheless, if biochar can be utilised as a soil amendment, fertilisers
need to be added due to the poor nutritional content of most pyrolyzed
biomasses. To address these drawbacks, a thermochemical process
consisting of HTC combined pyrolysis was reported in which hydrochar
produced from cow manure was used to enrich nutrients of biochar and
simultaneously biooil can be produced (Lin et al., 2021). Such an inte-
grated system of MSW can lead to upgrading value-added products such
as biofertilizers.

Biofuels such as bioethanol, biobutanol and biohydrogen were pro-
duced from MSW using the co-cultivation of fungal species such as
Mucor indicus and Clostridium acetobutylicum. By-products such as
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succinic acid, acetic acid and acetone were applied for the pretreatment
of MSW (Ebrahimian et al., 2022). Employing an organic fraction of
MSW as a low-cost feedstock and producing biofuels and necessary
chemicals like acetic acid and acetone for pretreatment, using a bio-
refinery framework, led to a successful bioprocess that may circumvent
the main bottlenecks of biofuel manufacturing processes as well as MSW
management. Thus, there is a high possibility for integrated technolo-
gies on MSW in future. More studies taking into account integrated
technology duration, plant size and purification technique are required
to examine the sustainability of proper utilization of MSW.

6. Municipal solid waste management
6.1. Global scenario on municipal solid waste management

Globally, the concept of WTE-T from MSW is a debated issue and
postulated method to divert MSW from active landfills. Due to land
availability, landfill continues to be the traditional and most economi-
cally feasible alternative for the global MSW stream (Mukherjee et al.,
2020). Although there are many technologies for MSW treatment
available to produce energy, there is a significant gap in the use of WTE-
T policy. This is primarily because creating durable facilities is quite
expensive and has financial risks. However, the economic benefits of
treating MSW and energy production should be considered with envi-
ronmental impact for successful implementation. Many techno-
socioeconomic impact elements are required for the adoption of WTE
technology from MSW. The essential technological variables are the
MSW'’s composition, energy content and volume as well as the plant’s
operating parameters with regard to thermodynamics, chemistry and
total energy output efficiency. Critically, advanced knowledge of inno-
vative technologies like AI can improve the effectiveness of MSW
management activities towards WTE technology. Risk assessment stra-
tegies related to the management of MSW create an absolute impression.

6.2. Role of Artificial intelligence towards prosperous municipal solid
waste management

Al has quickly risen to become among the most game-changing in-
novations in recent times (Andeobu et al., 2022). Al is being utilized in
many industries and is quickly becoming the foundational technology
that organisations and governments need to enhance their operational
efficiency and financial success (Cugurullo, 2020). Many countries have
chances to continue to be prosperous and globally competitive thanks to
AL Future AI development will be significantly shaped by how civili-
zations use and interact with it.

The top five AI technologies used for modelling and solid waste
management process optimization are as follows: Artificial neural net-
works (ANN), support vector machines (SVM), decision trees (DT),
linear regression (LR) and genetic algorithms (GA) (Guo et al., 2021).
Planning and a strategic roadmap for execution are necessary for
effectively managing the accumulation of MSW. Prediction of accurate
MSW accumulation using Al is a crucial prerequisite for effective waste
management (Yigitcanlar and Cugurullo, 2020). Al technology can be
used by waste management organizations to monitor trash containers all
over the city (Ortega-Fernandez et al., 2020). The sorting process is
where Al plays another significant role in MSW management (Gundu-
palli et al., 2017). The use of Al in intelligent sorting involves autono-
mously scanning MSW with cameras, analysing the data using deep
learning algorithms, and providing compositional analysis to assist SWM
management facilities (Gundupalli et al., 2017). Fig. 1 represents the
role of Al towards the sustainable management of MSW.

For many cities, the cost of garbage collection often accounts for
between 70 and 85 % of total SWM expenses. Unplanned collection
patterns and inadequate truck allocation lead to unneeded traffic jams
and delays, which also raises operational expenses. (Singh and Satija,
2018). Whilst the technology for smart garbage collection is still in its
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Fig. 1. Role of Al towards sustainable management of municipal solid waste.

early stages of development, new approaches are being developed and
practised. ANN models can be used to forecast the necessary frequency
of collection at various sites. Optimization of waste collection routes
using a geographic information system and waste prediction model
using ANN was reported (Vu et al., 2019). The analysis showed how the
characteristics of waste items’ composition impact the distance, time
and air emissions of an optimum truck route.

Prediction of process output and process parameters are used to
explore the use of AI models in MSW management. It is crucial to
quantify both safe and harmful byproducts, including leachate and other
pollutants, as well as helpful byproducts like energy and biogas.
(Andeobu et al., 2022). Many research have been reported to use Al
models for forecasting the volume and make-up of various by-products
produced by solid waste (Andeobu et al., 2022). However, studies
related to MSW are not well explored and need to be analysed in future.
Recently, ANN was employed to optimize the process conditions
involved in the production of energy from landfill waste components.
Factors such as pressure and temperature were successively optimized
by ANN model (Alrbai et al., 2022).

The design and operation of waste-to-energy technology are reliant
on process variable modelling and optimization. A few research have
been looking at the application of Al to estimate the process variables of
MSW management. The genetic algorithm was used to predict nitrogen
losses and maturity during composting of waste materials. Additionally,
estimating nitrogen losses across all reactors was done using a both
linear and nonlinear approaches based on a cascaded forward neural
network. The genetic algorithm was used to identify the ideal parameter
values for the composting process (Kabak et al., 2022).

Recently, an admirable work was reported using ANN, gradient
boosting tree (GBT) and random forest (RF) for the prediction of hy-
drothermal carbonization parameters. Municipal sludge composition
was analyzed for carbon recovery, energy production and increased
heating value (Zhu et al., 2023). This study showed municipal sludge as
a potential candidate for energy production. Studies related to the uti-
lization of mixed MSW combined with AI tools should be engaged.
Table 4 highlights the potential Al techniques used for sustainable MSW
management. More analysis needs to be investigated in the future and
subsequently such Al techniques can be expanded further to take into

account additional MSW treatment techniques combined with energy
production. This will result in a more conceptual system that will pre-
cisely direct the management of MSW in the most efficient and sus-
tainable way possible to increase the reduction of carbon emissions in
the waste recycling industry. Thus, an appropriate Al tool can be utilised
as a valid and reliable tool for forecasting energy production, and by
improving this tool, parameter values that would result in successful
MSW management.

6.3. Risk assessment in management of municipal solid waste

Adopting a planned strategy and ensuring risk management are the
primary goals of risk assessment (Yang et al., 2020). The process of
identifying hazards that might result in long-term harm detection is
connected to risk assessment. Transporting and processing of MSW in-
cludes a number of risks, including chemical, mechanical, and biological
threats and health issues (Chowdhury et al., 2019).

6.3.1. Chemical risk factors associated with management of municipal solid
waste

In the informal handling of MSW, direct contact with chemicals
existing leads to higher chemical risk and particularly, blood and skin
infections are more likely to occur as a consequence of skin irritation and
intoxication (Rincon et al., 2019). Any kind of exposure, including skin
contact or inhalation, may result in dermatitis, renal failure, liver
damage, and central nervous system disorders. Inadequate disease
classification, lack of awareness and a long time before the impact
become apparent are major chemical risks directly associated with
negative consequences (Ma et al., 2018). Unsegregated MSW contains
old batteries and waste electrical components from radios, TVs, fluo-
rescent lights, phones, and computers. It might lead to MSW containing
lead, mercury, and cadmium (Udofia et al., 2017). Chronic exposure to
heavy metals may have negative consequences that can lead to cancer
and harm to the digestive system. Acute inhalation of any metal dust
affects the respiratory system, leading to pulmonary inflammation (Shi
et al., 2020). By considering the consequences of chemical risks asso-
ciated with MSW, a proper management system should be engaged.
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Table 4
Role of Artificial Intelligence towards management of municipal solid waste.
Stage of MSW Potential AT Input factors Benefits Output Performance Restrictions Reference
management technique indicator
Sorting of Multi-Layer Images of collected Simple to set up and Types and Accuracy and Inappropriate for (Islam et al.,
MSW Perceptron (MLP) waste train, supports volume of MSW sensitivity difficult tasks, 2014)
adaptive learning, can be predicted complexity in
useful for huge data computing and
sets and effective for duplication problems
solving prediction
issues
Classification Deep Images of collected Architecture is Classification of Operative with Large amountsof data  (Altikat et al.,
of MSW convolutionalneural waste adaptive to new issues,  waste accuracy, are required, and the 2022)
network features are sensitivity and complicated structure
(DCNN) consequently decided error rate makes it difficult to
train and interpret.
Generation of Artificial neural Socioeconomic Contains distributed Prediction of Root mean Additional processors (Qin et al.,
MSW network (ANN) variables like general ~ memory system, hold quantity MSW square value, requirements, 2021)
public budget data on the whole generated correlation network behavior
expenditure, GDP network, responding to coefficients cannot be explained,
per capita, noise, generating Inability to define the
disposable income output even with right network
malfunction. structure
Support vector Unit family, Effective memory MSW projections ~ Root mean Requires (Ayeleru et al.,
machines (SVM) population, management, function and future square value, characteristics 2021)
employment data with maximum forecasts correlation scaling, unsuitable for
marginal separation coefficients huge data,
and nonlinear data Unsatisfactory for
handling noise
Decision tree Variables of Easy to understand and ~ Quantification of =~ Root mean Influenced by noise, (Kannangara
demography and interpret, MSW square value, requires additional et al., 2018)
socioeconomy less effort for the correlation training time
preparation and coefficients
cleaning of the data,
devoid of
normalization of data
Genetic algorithm Variables of Readily adaptable to Assessment of Root mean More time and effort (Pourreza
(GA) demography various issues, simple environmental square value, are needed for Movahed et al.,
to interpret, supportive impacts correlation computation, and 2020)
of multiple coefficients gradients cannot be
optimization goals used.
Linear regression Values of Quick and simple Predicting Correlation Inappropriate for (Hosseinzadeh
independent understanding, recovery of coefficients and nonlinear data et al., 2020)
variables minimal computing compositions root mean modelling
expenses square

6.3.2. Mechanical risk factors associated with management of municipal
solid waste

Piercing, metal cuts, scraping and bruising from coming into touch
with sharp waste cause MSW in terms of mechanical safety in many
places. The additional threats, including glass bottle fragments, landfill
fires, sharp-edged containers, etc., provide certain safety issues for the
local workforce. An incident involving a safety-related injury is a serious
problem. Personal protective equipment, personal protective clothing
and safety warnings all refer to various methods that are associated with
the reduction of mechanical risks while handling MSW. To handle a
greater degree of complexity of smoke and dust, personal protective
equipment such as dust masks and respirators are required (Wassiem
et al., 2021).

6.3.3. Biological risk factors associated with management of municipal
solid waste

Biological agents, such as viruses and bacteria, which cause waste
contamination and are often derived through the breakdown of waste
materials and eventually result in diseases, might infect personnel dur-
ing the management of MSW (Fei et al., 2018). The proliferation of flies
and mosquitoes from sites MSW is a critical biological risk that also
includes water-borne illnesses (Lima et al., 2018). Propagation of haz-
ardous materials through leaching from unregulated MSW management
sites could contaminate water supplies and can cause severe health
problems. Close communication with MSW including animal feeding
waste may cause blood and skin infections (Kasemy et al., 2021).

Prolonged-term exposure to contaminated air may result in allergy
illnesses.

6.3.4. Health risk factors associated with management of municipal solid
waste

Risk to human health occurs with the collection of MSW from an
unregulated region that contains biological waste that has degraded or
compounds that are contaminated with pathogens (Istrate et al., 2020).
Risks of improper MSW disposal in terms of soil, water, and air pollu-
tion, as well as the resulting health consequences on people living
nearby, have been emphasised by the World Health Organization (Vinti
et al., 2021). If municipal solid waste (MSW) is not properly handled via
separation, collection, transport, processing, and removal or recycling
and reuse, it creates a hazard to human health. Due to a lack of readily
available healthcare resources, the accumulated waste in various loca-
tions that are subjected to adequate collection and reuse techniques
poses a variety of health risks that may be difficult to address. Health
threats include infections spread by mice, fliers, and cockroaches, and an
increase in odours (Istrate et al., 2020). Still, opportunities exist to
analyse the prudent strategy related to health risk factors associated
with the management of MSW.

6.3.5. Ergonomic risks factors associated with management of municipal
solid waste

In order to dispose of MSW, the personnel responsible for handling
and acquiring waste must not exceed the advised limits, deviations in
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this phenomenon could lead to making harmful effects. Repetitive mo-
tions, carrying large loads, shovelling, managing heavy objects, and
being exposed to extreme temperatures are some examples of ergonomic
risks. These activities may also lead to muscular and bone disorders.
Even hearing loss can occur due to loud noises exposures. The greatest
ergonomic risk is caused by uncomfortable postures, forced exertions,
heavy loads, bent arms and wrists, and stress from interactions (Park
et al., 2020).

6.4. Policy and amendments in municipal solid waste

To highlight the overlaps and differences between existing policies of
management of MSW towards WTE-T of various nations, representative
examples were chosen. Bioeconomy Strategy, Renewable Energy
Directive and EU Action Plan for the Circular Economy are executed by
European Union towards the successful implementation of MSW (Mak
et al., 2020). The majority of the EU Union have the infrastructure for
MSW handling and biogas facilities according to EU regulation. Conse-
quently, the EU is regarded as the world’s top producer of biomethane,
with a capacity of 2.4 billion m?3 (Jin et al., 2021). California’s Low
Carbon Fuel Standard and the United States (US) EPA Renewable Fuel
Standard are currently the most implemented and possibly significant
policies in the US. These policies ensure the incentives to encourage
facilities for the recovery of energy and resources from MSW in order to
meet the worldwide objectives for lowering GHG emissions (Dalke et al.,
2021).

China has one of the biggest factories with a processing capability of
365 thousand tonnes per year and a biogas production of 28 million m>
per year. It is mainly due to China’s long-term renewable energy strat-
egy. Appreciatively, China has a mixed collection system for MSW as of
now. According to the Chinese government’s 13th Five-Year Plan
(2020), all municipalities, cities, and provincial capitals must prepare
for about 100 % safe disposal of MSW from all regions of the country
(Khalid et al., 2020). Specifically, The Chinese government provided
guidelines on how to properly dispose of MSW through the use of
advanced WTE technology (Khalid et al., 2020).

In the UK, a notable amount of MSW is transferred to AD plants as a
result of the Waste Resources Action Plan, Feed-in-Tariff (FIT) and
Renewable heat incentive (RHI) initiatives that are aimed towards
enhancing renewable power (Ackrill and Abdo, 2020). The FIT pro-
gramme in Canada supports renewable natural gas from AD. Between
2010 and 2017, this initiative resulted in the installation of AD plants
throughout Canada (Norouzi and Dutta, 2022). Other Asian nations are
also making significant efforts in converting traditional waste manage-
ment systems to WTE-T. The National Environmental Agency of
Singapore has just begun exploring the potential of running co-digest
food waste with sewage sludge to achieve energy neutrality in treating
wastewater. If this strategy is effective, they intend to expand it to all
sewage treatment facilities (Dalke et al., 2021).

While drafting the management of MSW policies, difficulties and
concerns related to MSW management should be addressed. Both short-
term and long terms views of environmental impacts, economic aspects
and benefits as well as financial sources must be included in the account
of policy drafting. There is still a lack of worldwide uniformity in the
laws and regulations governing the handling of organic waste streams.
However, all laws and regulations have a heavy focus on conserving and
protecting the environment. In recent years, cities from developed
countries have developed numerous biogas facilities as a waste man-
agement technique, particularly from landfilled MSW (Norouzi and
Dutta, 2022). However, still, many developing countries are facing is-
sues in implementation of WTE-T from MSW. In the near future, many
countries may implement integrated waste management plans with in-
centives for the management of MSW and enhanced WTE technology.

10
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7. Importance of waste to energy using circular economy

Circular economy (CE) is a system of regenerative in which dis-
charges, waste and energy losses are reduced through delaying, shut-
ting, and decreasing material and energy channels (Chakraborty et al.,
2023). Integrating CE principles into systems for managing MSW could
assist the growth of the economy. The CE system aims to combine the
three pillars of sustainable development (social, economic and envi-
ronmental) using a synergistic approach to produce energy and mate-
rials from waste (Venkata Mohan et al., 2020). The value-added usage of
MSW as a potential resource remains an attractive alternative that
complements the circular economy plan. Biorefineries are very energy-
efficient, allowing for zero-waste operation and enabling businesses to
generate environmentally beneficial materials on a long-term basis.
Biorefineries promote the conception of a circular economy by
employing biodegradable resources and producing bioproducts that
may be returned to nature without harming the environment at the end
of their lifespans (Chakraborty et al., 2023). The opinions provided in
this study favour a circular economy and make obvious the resource
potential of MSW.

8. Life cycle assessment and environmental impacts on
sustainability of municipal solid waste management

Computer-based life-cycle assessment (LCA) is used to estimate and
compile the input, output, and environmental effects that occur
throughout the course of a product’s life (Morya et al., 2022). Europe
and Asia have both seen widespread adoption of the LCA technique. All
waste-to-energy methods generate energy, which lessens the environ-
mental effect by easing the pressure on the energy system. The signifi-
cance of life-cycle assessment combined with environmental impacts is
crucial for making decisions on the most advanced, pedagogical, and
environmentally friendly technologies. For the majority of waste
streams, gasification and AD delivered positive environmental conse-
quences (Arafat et al., 2015). However, determining a suitable method
which is more eco-friendly for treating MSW continues to be a signifi-
cant difficulty.

Using LCA, four waste management strategies were evaluated for the
developing country (India). It has been highlighted that appropriate
sorting of MSW and recovery could assist sustainable management of
MSW (Khandelwal et al., 2019). Assessment of energetic and environ-
mental sustainability was reported using LCA for the management of
MSW. Among the scenarios of the production of materials and fuel
through the engagement of WTE technology, the production of fuel was
reported to be better energetic (Barracco et al., 2023). Various WTE
technologies have benefits and drawbacks in regard to the environment.
LCA of MSW was reported in connection with hydrogen production
using gasification and fermentation and compared with the conven-
tional method. With MSW gasification and dark fermentation, the car-
bon footprint of producing hydrogen was approximately-one-third and a
half of the conventional method (Lui et al., 2022). Thus, the LCA of MSW
provides an applicable method for decarbonizing waste disposal and
hydrogen generation. Such fascinating new research directions are
required to concentrate on improving energy production from MSW for
the adaptation of WTE technology.

Thermochemical processes like HTL and HTC have been proven to
work better when it comes to reduction in volume and product trans-
formation of various organic wastes and biomass. The lack of a feedstock
drying requirement and a greater heat value are the benefits of HTL
(Lachos-Perez et al., 2022). However, the HTC method has a major
threat due contamination of heavy metals and organic micropollutants.
Zhu et al. (2023) reported through the employment of appropriate Al
tools carbon recovery can be maximized during HTC technology.
Importantly, reduced energy utilization and increased production of
energy from the organic fraction of MSW could enhance environmental
impact (Ladakis et al., 2022). Thus, more technical and scientific
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findings are being published that reveal significant findings for wide-
spread applications and workable pollution management.

Value chemical production may lead to economic viability, but
process integration advancements and technological advancements are
the only ways to lead to environmental improvement as evaluated by
LCA. In addition to the availability of resources, community engage-
ment, knowledge and skill development, safe and healthy living cir-
cumstances, consumer savings, accountability for technology usage, and
the provision of infrastructure for the technologies, LCA examination of
possible essential aspects including cost, economics, environmental ef-
fect, and competitive advantage will develop innovative greener, car-
bon-neutral technologies.

9. Challenges and outlook on municipal solid waste
management

MSW can be recognized as renewable energy and may be utilised to
produce energy in the form of fuel, heat and electricity. As compared to
other renewable energy sources, MSW is the most economical and
environmentally beneficial feedstock. Many studies have been per-
formed to date on various methods for using MSW to produce energy.
Unfortunately, the research conducted so far has not identified any
practical strategies for energy production on an industrial scale. With
the aid of the analytical Hierarchy process, obstacles to the quick
development of biogas technology from MSW were rated. The top five
impediments include a lack of segregated facilities, waste characteristics
that vary, inconsistent feedstock supply, the necessity for pretreatment,
and expensive installation costs (Yadav et al., 2022). Despite the fact
that certain energy production units are running on an industrial scale,
all of them are in the trial or observation phase. Hence, to translate
laboratory findings to commercial and bigger-scale energy generation, a
significant study is required. Importantly, prominent methods are
available for producing energy from MSW. However, more expensive
and less efficient are the major challenges to implementing in huge
commercial aspects. Thus, further research is required to develop rapid
and cost-effective energy generation methods.

While pyrolysis has the potential to convert MSW into liquid fuels,
the heterogeneous composition of MSW presents a technological diffi-
culty. Hence pyrolysis products must undergo extensive cleaning, sort-
ing, and polishing in order to overcome techno-economic obstacles. To
overcome these difficulties, certain approaches might be performed.
Because of the renewable nature and nearly zero CO; content, bio-oil
made from MSW could be utilized as a substitute for fossil fuels. How-
ever, the reactor, the main component of the pyrolysis system, is heated
to high temperatures either by an internal or an external heater. In
particular, the disintegration of MSW requires a lot of thermal energy.
Such heating equipment is highly expensive and fuel consumption often
results in significant CO, emissions that contribute to air pollution. Is-
sues related to pyrolysis heating can be reduced by integrating the sys-
tems consisting of solar heating and pyrolysis. It allows for the effective
utilization of solar energy with combustion heating systems. Combina-
tion approaches like solar-assisted pyrolysis is more eco-friendly and
uses less energy.

Even though torrefaction encourages the fast growth of biomass-
fired power facilities, torrefied biomass combustion is still difficult,
nevertheless, for a number of reasons. Mostly ash-related concerns
(particularly the slagging) and the viability of the economy are the
major hurdles. The MSW pyrolyzer will have to handle the time-varying
feed amount and compositions, but it may still result in proper treatment
with end products of the highest market value while using the least
amount of energy and emitting the fewest greenhouse gases. New pro-
cess designs, new catalysts, and novel approaches to control the asso-
ciated reactions are necessary for addition to the appropriate MSW
treatment to remove non-combustible substances from the feedstocks to
the pyrolyzer.

The great majority of current research are only concerned with one
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Al model. Nevertheless, integrated models (for instance, ANN/SVM/RF
combined with GA) often exhibit greater prediction accuracy, reduced
overfitting risk, and stronger flexibility than a single model, which may
be preferable for resolving difficult OSW treatment issues. The treatment
and recycling of OSW typically suffer from a lack of adequate data for
model training. The following approaches might be thought of as po-
tential means of overcoming data scarcity: Extrapolate new data from
previous research; construct the experiment using the orthogonal test
technique and response surface approach to increase Al effectiveness
without expanding the sample size.

10. Economic stability of energy resources from municipal solid
waste

WTE technology concentrates on sustainable energy production from
MSW rather than discarding it as garbage. Producing energy at a lower
price is crucial for sustainable production. The economic consideration
of any waste utilisation comprises the estimation of capital cost, oper-
ational cost and profitability evaluation (Usmani et al., 2021). Despite
the fact that many scientific studies on the effectiveness of various
technologies towards the conversion of MSW into energy have been
published, still improvement is required in terms of information on the
economics of advanced techniques. The global market for biorefinery
innovations is projected to increase at an 8.9 % CAGR during 2016-2021
to reach $714.6 billion as a result of the blooming technical progress in
the next years (Shah et al., 2022). The commercial development of in-
tegrated WTE technology is hindered due to a lack of economic viability.
As of now, the economic stability of the management of integrated MSW
is still under process, due to the complex design of such systems, which
raises expenses and makes such methods unfeasible economically.

11. Conclusions

A sustainable MSW management strategy must promote environ-
mental protection and economic stability. This study reports various
aspects of waste-to-energy technology using succeeding techniques.
Developing smart MSW management systems would be an excellent way
to manage the generated waste and to produce bioenergy. Al approaches
have the capacity to anticipate environmental consequences and
recognise the sustainability of energy production. Many novel tech-
niques related with life cycle asssement and environmental analysis
create a spectular pathway to reduce the restriction of fantastic
technologies.
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