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Abstract

The increasing energy demand has impacted global economic development. The increase in energy and
the growing economy have strained the supply chain of energy sources. The higher energy demand can
still be covered by the availability of fossil energy, making it one of the sources of environmental
pollution. Therefore, finding safe, renewable, and sustainable alternatives has become urgent. Energy
from waste is one of the alternative sources to fossil fuels as it is sustainable for economic, social, and
environmental growth. A significant contributor to the development of renewable energy, the economy,
and the environment is municipal solid waste (MSW). Waste disposal and scarcity of renewable energy
sources have become challenging problems, especially in developing countries. This has caused
problems both economically, socially, and environmentally. Based on these problems, researchers'
interest in converting and developing alternative energy from solid waste has attracted worldwide
attention. Reliable waste-to-energy technologies have been developed under various scenarios such as
plasma, thermal conversion (pyrolysis, incineration, torrefaction, and gasification), biochemical, and
mechanical technologies. In addition, automated biological treatment technologies (MBT), bio-
electrochemical, and photo-biological processes aim to remedy developing countries' energy scarcity.
The framework for evaluating solid waste-to-energy technologies was reviewed in depth to facilitate
the work of researchers in carrying out their duties in the field. Furthermore, this review is to conclude
that renewable energy sources from solid waste have the potential to meet energy needs. Thus, MSW
management can address environmental pollution efficiently.
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1.  Introduction

Economic growth and progress in a country are highly dependent on the availability of energy
sources and have become a concern for governments worldwide (Pirlogea and Cicea 2012;
Saez-Martinez et al. 2016; Depra et al. 2022). The exponential increase in energy for industrial
needs has reduced interest in using non-renewable energy sources as they still depend on fossil
fuels. Dependence on fossil fuels has increased global pollution (Guruswamy 2015; Schneider
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2016). Industrial and economic growth in a country is closely related to the generation of
municipal solid waste (MSW). MSW increases as society grows, especially in developing
countries (Fazeli et al. 2016; Shah et al. 2021). Urban expansion, population growth, and
technology also contribute to the increase of MSW (Tozlu et al. 2016; Rajaeifar et al. 2017;
Erdiwansyah et al. 2021). Increasing waste generation and unreliable energy sources have
caused environmental problems, especially greenhouse gas emissions and air pollution (Aja
and Al-Kayiem 2014; Tsai et al. 2020; Hoang et al. 2022). Global MSW production has already
reached two billion tons; by 2050, it is expected to reach 9.5 billion annually (Chen 2016;
Sodari 2017). MSW will also increase significantly, especially in developing countries (Zuberi
and Ali 2015; Rena et al. 2020; Chew et al. 2022). Industrial, domestic, commercial, and
institutional waste constitute municipal solid waste (Pavlas and Tous 2009; Zhang et al. 2022).
Plastic, textiles, wood, paper, glass, hazardous household garbage, leather, recyclables, and
food waste account for 25-70% of the MSW that the IPCC is given (Albores et al. 2016;
Baniasadi et al. 2016; Beyene et al. 2018; Dong et al. 2019). Clean and environmentally
friendly energy is renewable and can contribute to power generation globally (Herva and Roca
2013; Antonopoulos et al. 2014).

The energy development from biomass conversion in recent years has attracted worldwide
attention. This is due to less environmental impact, climate change, and lower energy costs
(Apergis and Payne 2011; Radmehr et al. 2021; Sharma et al. 2021). Non-renewable energy
sources have increased in price, so converting solid waste into energy has become a significant
focus for researchers worldwide (Arafat et al. 2015; Ali et al. 2020; Rios and Picazo-Tadeo
2021). Reliable waste-to-energy technology has been so well recognised that it has become
challenging. However, toxic emissions are the most difficult challenge to solid waste-to-energy
(Zhao et al. 2016; Cudjoe and Wang 2022). Lack of funding to develop energy from solid waste
is also one of the challenges (Zhang et al. 2010; Khan et al. 2022; Sajid et al. 2022). Developed
countries have now started to implement and utilise power from solid waste. The new reliable
waste energy technologies that have emerged with MSW feedstock for renewable energy
production are exhaustively discussed in this work. The main focus of this review is the current
and future trends of conversion technologies. Renewable energy production through MSW
conversion is the best, most profitable, and environmentally friendly suggestion. Attempts to
present renewable technologies from solid waste to energy have been discussed, and especially
those that are not widely known are also discussed in this paper. Energy production from solid
waste, environmental, water, and soil pollution can also be well-controlled and profitable.

2.  The requirements to produce solid waste into energy

By the end of this century, global energy demand is predicted to have multiplied six times from
what it is now (Kothari et al. 2010; Jaiswal et al. 2022; Zhou and Li 2022). The need for energy
supply in some developed countries is lower than the collection required. The primary source
of electricity generation today around the world still relies on fossil fuels. Fossil fuels are
needed to meet 84% of electricity demand (Ouda et al. 2016, 2017). The depletion of fossil fuel
reserves has required scientists to find solutions to find alternative sources to reduce future
energy crises. These renewable energy sources include solid waste that can be produced into
energy (Charters 2001; Radpour et al. 2021). As has been done in some developed countries,
massive urban waste generation can be relied upon as a sustainable energy source (Aljerf 2016).
Environmental pollution is very high, one of which is caused by MSW. Solar energy sources
can help fulfil energy needs because they are sustainable. Strict government regulations, such
as incentives, industrial development, and pollution control systems, can help develop solid
waste-to-energy technology as a clean energy alternative, especially in developing countries.
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Alternative energy sources can be provided through reliable waste-to-energy technology. In
addition, this technology can reduce the damage caused by unused materials. Electricity
production using one ton of MSW can reduce CO> emissions by 1.3 tons (Scarlat et al. 2015;
Adeboye et al. 2022; Misganaw and Teffera 2022). This is similar to that obtained from fossil
fuel power plants (Elmnifi et al. 2019; Farouk et al. 2022). However, this power plant is
different from fossil fuel power plants. These power plants only deal with burning waste to
solve the energy crisis. In addition, fewer pollutants and carbon are associated with residual
fuel power plants (Patumsawad and Cliffe 2002; Suksankraisorn et al. 2003, 2010). Falsifying
waste data for some landfill sites has increased the public's response to environmental impacts,
forcing the government to develop designs such as operational facilities and landfills (Sikarwar
et al. 2016; Lopez et al. 2018). The development of solid waste-to-energy technology is still
very little compared to landfills, so the amount of existing waste has not been handled optimally
(Jamasb and Nepal 2010; Haraguchi et al. 2019). The existence of plants for energy production
from solid waste only reaches 30 years. Only about 1 million tons of garbage can be disposed
of each year. Approximately 100,000 m2 of plant space is required, and 300,000 m? is needed
to dispose of 30 million tons of MSW (Arena 2012; Munir et al. 2019; Hameed et al. 2021;
Sajid et al. 2022).

3. Solid waste options for energy

The primary goals of waste management systems are energy and material recovery and the
disposal of residues. On the other hand, the optimal selection of waste management
technologies is related not only to resource recovery, economic desires, or the ability to destroy
waste but also to the search for such a regulations configuration on environmental preservation
in the concerned area. As a result, choosing the best waste management technology that meets
all of the necessary criteria for efficient operation is critical (Ali et al. 2013). Numerous waste
transformation techniques use the three most commonly available technologies (Kalyani and
Pandey 2014). These techniques include gas recovery from landfills, biological conversion,
and thermal conversion. The performance standards and MSW treatment methods are shown
in Fig. 1.
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Fig. 1. Several waste-to-energy procedures convert municipal solid waste (MSW) into
valuable products.
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4.  Methodology of solid waste technology: Combustion

Incinerators were primarily used to reduce volume rather than recover energy and protect the
environment and public health from hazardous waste (Brunner and Rechberger 2015).
Incineration is now purposefully viewed as an appealing method for waste treatment, especially
in developing countries, due to advancements in environmental technologies and
methodologies for controlling air pollution (Psomopoulos et al. 2009; Sadef et al. 2016). Due
to stringent regulations against landfilling waste, Scarlet and colleagues found that incineration
is the most widely used technique for waste disposal in most developed nations like Japan,
Europe, and the United States (Scarlat et al. 2015). In 2003, the US Agency for Environmental
Protection declared that burning waste is a cleaner and more environmentally friendly energy
source (Leme et al. 2014). It is the most commonly used waste treatment method in which the
capacity and excess mass can be reduced to 90% and 70%, singly, by producing electricity and
heat simultaneously (Cheng and Hu 2010; Singh et al. 2011; Chand Malav et al. 2020; Ding et
al. 2021). In nations with shallow temperatures, incinerators provide heat for local heating and
occasionally to factories like the paper industry, while electricity is produced in all other
circumstances (Brunner and Rechberger 2015). The schematic representation of the procedure
is shown in Fig. 2.
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Fig. 2. The process of incineration is schematically illustrated.

In addition to electricity generation and volume reduction, the researchers have documented
other benefits in other reports. These benefits may include using waste and byproducts (fly ash)
from burning plants in adhesive manufacturing and road construction and retrieving non-
ferrous and ferrous residents (Allegrini et al. 2014; Gomes et al. 2020; Bakalar et al. 2021). As
a result, further technological advancements in metal recovery from incineration plant dry
bottom ash will increase recognition of waste-to-energy accessibility (Morf et al. 2013). In
developing countries, on the other hand, incineration is regarded as the most cost-effective and
dependable method of burning waste without the need for waste pretreatment to generate
electricity. The approach's main advantage is the conversion of organic substances, minerals,
and living organisms into innocuous end products (Brunner and Rechberger 2015). Because
MSW's physical characteristics and arrangement are incredibly mixed, they must be evaluated
previously in the waste-to-energy technology structure (Turconi et al. 2011). Tan and
colleagues discovered that combustion is relevant for undelaying and flammable MSW with
less moisture (Tan et al. 2014; Chand Malav et al. 2020; Varjani et al. 2022). The most notable
feature to be discussed here is that using these fuels with MSW is not required when MSW's
latent vaporised heat (LHV) is surrounded by 1000 kcal/kg and 1700 kcal/kg above. Secondary
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fuels occasionally incinerate MSW (Chen and Christensen 2010; Komilis et al. 2014).
According to the World Bank, once the calorific value of MSW reaches 1700 kcal/kg, the
incineration process's effectiveness and energy recovery are advantageous (Kumar and
Samadder 2017). However, the International Energy Agency believes these values should
exceed 1900 kcal’kg (Melikoglu 2013; Hameed et al. 2021; Huang and Fooladi 2021).
Additionally, it is well known that the presence of passive waste and moist contents
significantly affect combustion due to the reduction in calorific values, which has a noticeable
impact on incinerator performance (Aljerf 2016). This disadvantage can be reduced by
chemically, biologically, thermally, or mechanically pretreating MSW to eliminate wetness,
toxic essentials, inert waste, such as chlorine and mercury, or both (Lombardi et al. 2015).
Modern MSW incineration facilities in developed nations effectively increase energy
production (Psomopoulos et al. 2009). Reduced operative and yearly principal costs, skilled
labour, and increased daily production (Psomopoulos et al. 2009). Compared to other waste-
to-energy technologies, incineration is unquestionably more striking for developing countries'
cities due to the increased calorific value of waste (Bosmans et al. 2013). Japan is the leading
Asian nation for waste-burning technology due to its strict regulations and constrained disposal
options. Similarly, 35% and 80% of MSW is burned on a larger scale in some European
countries (Reddy 2011). Only incineration is used to recover energy from the North-eastern
US's total solid waste production—more than 40%. Incineration is not a practical method for
various emerging nations, except for those with rapidly expanding economies (like Malaysia,
China, etc.). This is due to several factors, including (a) high conservation and working
investment prices, (b) the ease with which cheap land can be acquired for waste disposal, (c) a
lack of technical experts, and (d) the hazardous configuration and physical characteristics of
waste.

Nevertheless, China has recently made enormous strides in the incineration of MSW, and by
the end of 2020, this volume is anticipated to reach 500,000 tons/day (Lu et al. 2017; Fu et al.
2022; Wei et al. 2022b). According to Li and colleagues, China had 166 coal combustion
facilities producing electricity from MSW at a rate of 166,000 tons of coal per day by 2013 (Li
et al. 2015; Song et al. 2017; Wei et al. 2022a). The team noted that incomplete combustion,
poor waste feedstock quality, and increased air pollution are all issues China has when
incinerating MSW (Lombardi et al. 2015). Variable composition, increased moisture, and low
energy content are other significant issues with burning MSW in developing nations (Minghua
et al. 2009; Chen et al. 2010; Reddy 2011).

a.  Pyrolysis

Another cutting-edge method constructed on the thermal action of MSW is pyrolysis. It
operates at temperatures between 400 and 800°C without air or oxygen (Czajczynska et al.
2017b, a; Tayibi et al. 2021). How much char, oil, and pyrolysis gas are produced throughout
the process varies on several factors, including heating rate, residence time, temperature test,
waste particle size, and composition (Kalyani and Pandey 2014; Lombardi et al. 2015). Wax,
tar, and pyrolysis oil are the byproducts of the pyrolysis response at temperatures below 500—
550°C. In contrast, the main byproduct of the reaction at temperatures above 700°C is the
smoke formed by pyrolysis (Kern et al. 2012; Gholizadeh et al. 2020). The following types of
feedstocks, such as wood waste, plastic, electronic waste, electrical waste, tyres, etc., can be
used to produce high-quality products. Reports on the specific waste type for pyrolysis have
been published, and the findings of numerous investigations have been presented. These studies
are focused more on the pyrolysis process than the potentially lucrative commercial
applications of the pyrolysis products. Pyrolysis has recently drawn attention, especially for
reprocessing fight tyres to recover oil, gas, wire, and carbon black (Lombardi et al. 2015; Ni et
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al. 2022; Peltola et al. 2023). Additionally, using MSW, pyrolysis has been used commercially
on a large scale for energy recovery. Since 1987, a plant in Germany (Burgau) that processes
110 tons of MSW per day has successfully used pyrolysis to generate electricity (Lombardi et
al. 2015; Ni et al. 2022; Peltola et al. 2023).

It is heated using a microwave or traditional methods without shredding the feedstock. The
pyrolysis process can be used for large-scale commercialisation due to the production's
flexibility and low cost, as it is affordable and straightforward to use in the commercial sphere
(Sipra et al. 2018; Lu et al. 2020a; Gao et al. 2022). The physical separation of glass and metal
(an incombustible material) before pyrolysis prevents its adverse effects. Some synthetic or
natural catalysts' chemical and biological properties are reduced due to structural restrictions
and high costs. For instance, impurities and contaminants in the mixed type of MSW can
prevent the catalysts in the feedstock from carrying out their catalytic function. Unlike natural
stimuli, synthetic catalysts like ruthenium and nickel deactivate quickly (Sipra et al. 2018; Lu
et al. 2020a; Gao et al. 2022). The temperature is typically kept on the higher side to activate
the motivation and at an appropriate particle size (Lappas et al. 2016; Kabakci and
Hacibektagoglu 2017; Zhang et al. 2018). The heavy metals and organic pollutants pyrolysis
easily contaminate the char.

b.  Gasification

The organic compounds are converted into syngas under precise oxygen and temperature
conditions (Arafat and Jijakli 2013). The primary outcome of the gasification process is the
gas, which is also used to fuel the combustion process for energy generation. Chemical
feedstock and liquid fuels are additional process byproducts (Yap and Nixon 2015). The
process is depicted schematically in Fig. 3. Most documented reports show that Specific types
of MSW and homogenised solid fuel flows, like coal, wood, etc., are the areas of concern.
Although gasification is regarded as an essential potential option for energy recovery from
MSW, it is most commonly used in the coal industry (Arafat and Jijakli 2013; Chanthakett et
al. 2021; Rahman et al. 2022). When Panepinto and colleagues looked into how many plants
used the gasification technique, they discovered that 100 plants used it worldwide to treat MSW
(Panepinto et al. 2015). Eighty-five gasification plants operated in Japan in 2007 (Sikarwar et
al. 2016). At the same time, other nations like Germany, the United States, Norway, the United
Kingdom, Iceland, and Italy use gasification to treat MSW (Panepinto et al. 2015). When
dealing with the same amount of MSW, gasification technology produces significantly less
CO2> than incineration (Murphy et al. 2004). Modern gasification plants have inclusions that
effectively reduce the likelihood of soil and water groundwater pollution (Kumar and Samadder
2017). Asia is now considered the region most favourable for gasification technology after
Africa, Europe, and the United States due to the recent massive increase in this technology
there (Ouda et al. 2016; Almulhim 2022; Melaibari et al. 2023). The best methods for treating
MSW are gasification and pyrolysis regarding energy recovery and environmental impact
(Zaman 2010). Compared to incineration, gasification and pyrolysis technologies can reduce
waste volume by 95% and require less extensive flue gas cleaning (Nixon et al. 2013; Yap and
Nixon 2015; Malinauskaite et al. 2017). Compared to other waste-to-energy techniques, both
strategies are less polluting and more efficient at recovering energy. Due to insufficient gas
cleaning techniques, gasifier efficiency, particle size, heterogeneity in high moisture content,
and MSW composition, they must be developed globally on a large scale, particularly in
developing countries (Leme et al. 2014; Luz et al. 2015; Liu et al. 2022).
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Fig. 3. The gasification process is depicted schematically.

The treatment of MSW using plasma-supported gasification is becoming increasingly popular
in the United States (Rajasekhar et al. 2015; Ramos et al. 2020; Hameed et al. 2021). Tyres,
hazardous waste, and MSW are just a few wastes used by plasma gasification (Sikarwar et al.
2016; Dai and Whitty 2022; Nirmala et al. 2022). The solid waste component is pyrolysed into
syngas using an AC or DC plasma torch as a heat source (Anyaegbunam 2013). The heat energy
is produced by a plasma torch, allowing an electric current to pass through oxygen or air (gas)
to be used for oxidation (Campos et al. 2015; Pandey et al. 2016). Fluidised bed plasma
gasification, which can improve gasification performance in solid waste, is a promising new
technology (Du et al. 2018). Plasma-supported gasification has several benefits and drawbacks
compared to other waste-to-energy technologies. The following is a list of some of them.

Advantages. Waste-to-energy technology is more effective and cleaner. When compared to
conventional gasifiers, plasma stimulates a more significant amount of syngas. The operating
temperature is typically in the range of 5000°C, which is exceptionally high. In this method,
the components of the inorganic waste are impassive as inert vitrified slag, with minimal
solubility of toxic compounds (Rajasekhar et al. 2015; Ramos et al. 2020; Hameed et al. 2021).
Compared to traditional gasification and incineration methods, syngas contain fewer poisonous
elements. Additionally, plasma gasification exhibits significantly lower slag leachate harmful
effects than incinerator ash in garbage dumps (Mountouris et al. 2003).

Disadvantages. (a) This method's use in solid waste is relatively new despite being recognised
in nearly biological and metal manufacturing (Sanlisoy and Carpinlioglu 2017; Cudjoe and
Wang 2022; Lee 2022). (b) This technology is not widely used for MSW commercial action in
the US. (c) Most of these methods are still in the investigational justification or demo step for
industrial and pilot-scale use (Fabry et al. 2013; Pang et al. 2018; Ramos and Rouboa 2018).
As a result, US military installations are considering using available waste-to-energy
techniques for waste management at their facilities (Bing et al. 2016; Mesjasz-Lech 2019;
Santos and Ogunseitan 2022). A small number of businesses, such as Gas Energy Technologies,
InEnTec Biological LLC, Green Energy Processes LLC, and Geo-plasma Inc., are in the stage
of development (Jones et al. 2013; Danthurebandara et al. 2015; Laner et al. 2019).
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c.  Plasma of Technology

Plasma technology works at the time of energy change from solid to liquid and further to the
gas mixture to become heat and energy. Thus, the gas content can be organised by applying
more power, known as plasma, because it is rich in energy (Burm 2012; Frank-Kamenetskii
2012; Keidar et al. 2019). This technology uses energy from thermal or electric currents and
electromagnetic radiation. The presence of gas species makes it more reactive with different
behaviour from other materials. The advantage of plasma technology is that there is energy
content, so biomass energy is more minor and unsuitable for gasification technology power
plant feedstock (Gumisiriza et al. 2017). High temperatures in plasma technology can help
integrate organic materials into their constituents. Ultimately, each can develop a synthetic gas
with high energy. In addition, hydrogen and carbon monoxide contents serve as the main
constituents. However, plasma-based methods can be used for more interesting future waste
management. Furthermore, inorganic parts such as glass, silicates, and metals, when melted,
turn into solid, inert, unverified slugs that can be harmful when disposed of in the environment.

d. Torrefaction

Homogeneous products can be improved through thermal biomass compacted by palletisation
to produce reliable energy. They are torrefied pellets or briquettes with the same properties as
coal (Batidzirai et al. 2013; Kota et al. 2022). This energy is beneficial for the conversion
process of more thermocyclers (Yan et al. 2010; Mamvura and Danha 2020). This torrefaction
technology is known as the trivial pyrolysis method. The recommended temperature range for
thermochemical technology is between 200-300°C for low heating and in an inert atmosphere
(Medic et al. 2010; Thengane et al. 2022). To enable more efficient drying and screening of
impurities from chipping biomass so that drying rates of up to 20% can be achieved (Batidzirai
et al. 2013; Chen et al. 2022a). Torrefied biomass from briquettes can retain up to 96% of its
chemical energy and withstand hydrophobicity and biodegradation in nature (Chen and Kuo
2010; Safar et al. 2019). Thus, it can replace coal fuel for heating, power generation, cooking,
gasification, and co-firing (Prins et al. 2006; Phanphanich and Mani 2011; Kong et al. 2022).

e Convection Thermal

This technique thermally treats the organic MSW matrix to produce gas, heat energy, or fuel
oil (Abdel-Shafy and Mansour 2018; Ezeudu et al. 2021; Tejaswini et al. 2022). Low moisture
content (dry waste) and more undelaying organic matter should undergo thermal treatment.
Thermal treatment technology is frequently used on combustible materials with a higher heat
value (RDF) (Azam et al. 2019). By palletising and grating the remaining waste, fireproof and
recyclable components are separated from MSW to create the RDF (Rezaei et al. 2020).
Incineration is the most frequently used thermal treatment technology. Controlled combustion
raises the temperature of the waste residues.

Additionally, techniques for thermal conversion like pyrolysis and gasification are still in their
infancy. Due to inadequate facility design, preliminary MSW data and characterisation, and
poor feedstock quality, they are unsuitable for large-scale commercial production (Appels et
al. 2011; Tsapekos et al. 2022; Song et al. 2023). A few plants based on gasification are in
operation worldwide to treat MSW. These plants treat MSW and other types of waste, such as
biomass, biomedical, and industrial waste (Ionescu et al. 2013; Awasthi et al. 2022; Saif et al.
2022). The main differences between these three thermal treatment methods are the operating
temperature and environmental factors. Both parameters are in charge of the reaction's product
quality and useful intermediated products. Similarly, the design of the process and the feedstock
material significantly impact the operational temperature of the process. MSW
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supplementation is not well set for incineration in developing nations, so raw MSW has been
used effectively as raw material (Nie 2008).

f Bio-Chemistry

It is known that thermal or thermochemical technologies have limitations for high moisture
content, such as banana waste. Thus, biochemical technology is the right choice compared to
the above mentioned technologies. In addition, biochemical technology is also very friendly to
the environment. The conversion of waste into energy is due to enzymes from microorganisms.
Anaerobic digestion technology has been very well developed, especially for converting energy
from waste. Some developing countries have also used this technology as it has a standardized
cost. This is because destruction is highly associated with organic matter. The decomposition
of airless waste can be done with the help of microbes so that moisture is maintained and biogas
can be extracted (Ahn et al. 2009). Carbon dioxide, methane, and elements produced from
biogas can be further purified to remove various impurities and carbon dioxide. Thermophilic
50-60°C and mesophilic 30-37°C can be grouped as far as digester classification is concerned,
but depending on the temperature range of the digester itself (Van et al. 2020; Cazaudehore et
al. 2022). Each type has attributes such as ease of maintenance and operation with slight
deactivation of pathogens. At the same time, the latter is a bit more challenging to operate but
still doable with a longer time to process the effluent (Zaks et al. 2011; Fekete et al. 2021).

Two-phase anaerobic digestion has also been reported to offer better methane production rates
than single-phase anaerobic digestion. Two-phase anaerobic digestion in renewable and
renewable energy technology has enormous potential. Biohythane can be disposed of from
organic waste while solving energy scarcity and overcoming waste disposal. Two-phase
anaerobic technology can also provide an optimized process, increased energy efficiency, and
maintained control. On the other hand, the benefits of total AD solids and Wet AD obtained
from the three-stage anaerobic digester were more significant. In addition, significantly
increased methane production was possible in the three-stage anaerobic system compared to
the conventional one. Increased treatment capacity and reduced solids rate with smaller reactor
volume are advantages of the three-stage anaerobic digester. This three-stage digester is ideal,
especially for the anaerobic digestion of food-based and other waste materials. However, there
are several methods in anaerobic digestion, but it can be done for the primary process, pre, and
post-process. This technology must be controlled continuously by making the control
automatic (Nguyen et al. 2015; Wu et al. 2021; Vu et al. 2022). Anaerobic digestion systems
also have disadvantages and advantages, like other technologies, as presented in Table 1.

Table 1. Anaerobic digestion's benefits and drawbacks (Chand Malav et al. 2020; Mukherjee
et al. 2020; Hanson et al. 2022).

Benefits Drawbacks
Applications for digestive agents in Expensive biogas removal Digester
agriculture. sensitivity to weather;

Blender malfunction;
Unexpected digester shutdowns;
Solids accumulating

Biogas has a variety of uses (e.g. heating, Decreased biodegradability
cooking, generating electricity)
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The process of converting ethanol from fructose and glucose found in fruits and sugar cane can
be done through fermentation so that it can be used as an alternative engine fuel. The process
is directly carried out with alcohol fermentation microorganisms. Saccharolytic and
ethanologenic fermentation processes through co-metabolism are carried out with
microorganisms to produce ethanol (Fernandez-Sandoval et al. 2019). This technique has
tremendous potential, but several issues must be addressed, such as the danger of producing
by-products in the distillation process. In addition, the challenges of ethanol's hygroscopicity
to power generation and spark generation in machinery (Atabani et al. 2013; Deshmukh et al.
2019; Harish et al. 2021). Ethanol fermentation has the advantage of contributing to reducing
CO; emissions. At the same time, the limitation of solid waste that is rich in cellulose or must
make the activity of ethanol fermentation.
Landfilling is better and more economical than directly burning waste in incinerators.
Landfilling is done by burying waste in pits and allowing it to decompose naturally over time.
The process of operating waste in landfills has specific requirements to minimise seepage,
odours and greenhouse gases. The use of this technology also has advantages and
disadvantages, as presented in Table 2. Some of the current technologies that have been used
and have been running well include:

- Persulfate and oxidation applications that serve as leachate treatment (Usman et al.

2020).
- Irradiation using microwaves so that the carbon in the waste can be activated.
- Hydrogen proxied oxidation with adsorption for leachate removal (Adeniran et al.
2017; Eljaiek-Urzola et al. 2018; Ugwu et al. 2020).

Table 2. Benefits and Drawbacks of Gas Capture Landfill (Mukherjee et al. 2020).

Benefits Drawbacks
It is more cost-effective than the incineration Methane is created, a more potent
of waste. greenhouse gas than other greenhouse gases

(such as CO, CO, and NOx).
Leachate contamination of underground
water.
Methane produced in this way can be utilized Significant, isolated lands are needed for it.
to generate energy and heat.

Composting is a stable waste production process that converts biodegradable waste to heat,
compost, water, and carbon dioxide under normal conditions. Further use of compost can
improve the properties of the soil, which is easier to maintain (Irvine et al. 2010; Chand Malav
et al. 2020). Generally, three types of microorganisms are involved in composting:
actinomycetes, bacteria, and fungi. However, the degradation process is initially directly
through mesophilic microorganisms through heat generation from metabolic activities.
Subsequently, thermophiles can increase the temperature to 60-65°C (Ugwuanyi et al. 2004,
2008). In addition, bacteria and fungi can recolonize so that the process can be completed.
Composting is specially organized through static compost piles with thinning and stored in an
isolated space. The use of fans dissipates the heat generated from the metabolic process of
microorganisms. The level of effectiveness of this technique is a success against thermal
energy, which is rarely reported in its use. In addition, the composting process through waste
mixing causes heavy metals to enter the food chain.
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g. Torrefaction

Torrefied pellets (TOPs), a denser energy product with properties similar to coal, are produced
by thermally upgrading biomass into a more homogeneous product that is then densified over
palletization (Batidzirai et al. 2013). This energy can facilitate more thermochemical
conversions (Yan et al. 2010). The term "trivial pyrolysis method" is another name for this
technology (torrefaction). This thermochemical method operates in the 200-3000C
temperature range with minimal heating and an inert atmosphere (Medical.,2010). The process
entails chipping biomass to enable impurity screening and effective drying before sizing and
drying to a moisture content level of 20% Fig. 4 (Schorr et al. 2012). The briquettes produced
by torrefying biomass are hydrophobic and retain up to 96% of their chemical energy (Chen
and Christensen 2010; Hoekman et al. 2014). As a result, it can replace charcoal or coal in
domestic heating, co-firing, gasification, and power generation systems (Phanphanich and
Mani 2011; Chen et al. 2022a).

Low Carbon Foot Print.

e I]i]lectncdl?f prudlt.lced directly.
| Less Sludge Disposal. © need fo aerate.
- Energy Benefit Environmental Impact -

Microbial Fuel Cell =
Operating Stability Economics
Microorganisms that self-replicate. Recovery of energy.
a strong ability to withstand environmental stress. Recovery of Valuable Products.
real-time controllable Low Cost of Operation.

Fig. 4. Microbial Fuel Cell Scheme for direct electricity generation. It is reproduced from
reference with permission (Beyene et al. 2018).

5. Mechanical and Chemical Methodologies

Biodiesel is created through the esterification of used vegetable oil (Aljerf 2016). The three
primary techniques for producing biodiesel from used cooking oil are as follows ((a).
transesterification with a base catalyst; (b). transesterification catalyzed by an acid; (c). oil is
converted first into fatty acids, then into biodiesel). The first of the methods mentioned above
is most frequently used because it is the most cost-effective. The maximum yield of 98%
involves low-temperature and low-pressure processing. Transesterification is completed when
the reaction produces distinct layers of glycerol and esters. The resulting biodiesel is less toxic
than petroleum diesel and more likely to degrade, so it is frequently used in conjunction with
it (Wang et al. 2009; Chou et al. 2014; Ren et al. 2022).

a.  Microbial Fuel Cells

These are devices that use a variety of substrates and bio-electrogenic microorganisms to
produce energy. With the aid of bacteria, which serves as a catalyst, biohydrogen is made using
aerobic and anaerobic processes. A wide range of animal, sludge, and household waste can be
used as feedstock. It is cutting-edge technology that can attempt to meet the needs for hydrogen
and electricity. It operates on electron distribution, which occurs within bacteria through a
redox reaction. A metabolic pathway allows a bacterium to take in and transfer the electrons
current in proteins, fats, and further fragments due to absorption (Rabaey and Verstraete 2005).
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The Kerb cycle comes next, and an organic process occurs within the membrane as the final
step (Logrofio et al. 2015). The following is a list of the benefits this technology offers: (a)
direct generation of electricity; b) a smaller carbon footprint; c) water recovery; d) colony self-
renewal in microorganisms; ¢) low sludge production; and f) low operating costs).

MFCs are bio-electrochemical devices that use bio-electrogenic microorganisms on various
substrates to produce organic reactions that release energy. These devices generate electricity
using electrochemically active microorganisms (EAM) (Logrofio et al. 2015). MFC uses
bacteria as a catalyst in both anaerobic and aerobic conditions. It's a promising method for
producing bio-hydrogen. Various organic substrates can be used as feedstock, including sludge,
animal, and household waste. The MFC promotes an eco-friendly way to meet rising energy
demands by converting MSW into electricity and hydrogen gas. MFC will produce electricity
by utilising the microbe's options for relocation because of the electron passage cable to the
electrode surface and the creation of a nucleon engine (Li et al. 2014). Most metabolic
processes with high microbe inhabitants use fruit waste for organic reactions (Nitisoravut and
Regmi 2017; Narayana Prasad and Kalla 2021; Wang et al. 2021) Fig. 4 and 5.
Monosaccharides, disaccharides, and polysaccharides are present in fruit waste. Waste from
vegetables contains polysaccharides. Polysaccharides require more energy to break down and
participate in the metabolic pathway (Logrofio et al. 2014, 2015; Tremouli et al. 2019). MFC
is a great way to apply the concept of electron allocation. Redox reactions occur in bacteria
when they consume food (MSW).

The absence of oxygen in the environment typically limits the bacterium's growth. The
bacterium is moved along the metabolic pathway of the microorganism by taking electrons
from sugars or other waste molecules. A straightforward method by which cells use electrons
as energy Fig. 5 (Logrofio et al. 2014, 2015; Tremouli et al. 2019). Pyruvate is converted to
CO; and Acetyl-CoA in the mitochondrial cells of the second section by distraction.
Oxaloacetate is produced from Acetyl-CoA and enters the Krebs cycle after that. NADH and
its byproduct store high-energy electrons and CO». The Krebs cycle is unaffected by NAD+
regeneration because it uses molecular oxygen. NADH enables high-energy electrons to
interact with O and produce water in the membrane-bound electron transport chain.
Aldohexose is finally converted to an organic step bound to an energy membrane in the third
section (Xavier et al. 2016). The electron transport chain is used by mitochondria and cellular
membranes in eukaryotic and prokaryotic cells (Gunawardena et al. 2008). When protons cross
the membrane again, ADP is phosphorylated to create ATP. NADH, FADH, and QH2
coenzymes function as electron carriers by reducing oxygen. Nanowires or other membrane-
associated electron mediators directly transfer electrons from the anode to the cathode (Xavier
etal. 2016).
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Fig. 5. The microbial fuel cell's schematic. It is reproduced from reference with permission
(Rabaey and Verstraete 2005).

b.  Microbial cells that electrolyze.

It is a futuristic, intelligent, green technology to address climate change and rising energy
demands. It can generate a variety of chemicals, including hydrogen, methane, formic acid,
acetate, ethanol, and hydrogen peroxide. Except for the cathode not being exposed to air, it is
constructed similarly to a microbial fuel cell. When the reduction process occurs, and the
electrons reach the cathode, hydrogen is created. When combined with fermentation, this
technology can boost the yield even more. The main advantages include a higher hydrogen
recovery rate (roughly 90%, as opposed to dark fermentation's value of just 33%), availability
of a wide range of substrates compared to MFC and fermentation, and a climate that is both
carbon-neutral and energy-positive (Beyene et al. 2018). It transforms MSW into H> and
chemicals such as acetate, formic acid, ethanol, hydrogen peroxide, and CH4 (Kadier et al.
2015). Although MECs and MFCs techniques are similar, the MECs cathode is not open air
(Kadier et al. 2016). MEC has gained attention recently for its capacity to produce affordable,
clean energy from waste (Xavier et al. 2016; Yin et al. 2017).

MEC is substrate-diverse and shows high hydrogen recovery compared to MFC, photo, and
dark fermentation (Rahimnejad et al. 2015; Erdiwansyah et al. 2021; Thulasinathan et al. 2022).
Fig. 6 explains how MECs can produce H, biofuels, and other valuable materials from every
biodegradable waste. However, applying it to various substrates or environments can
significantly alter the system's value. Since this electrolysis is endothermic, it needs external
hydrogen pressure to proceed spontaneously to have H, from photons flow electrons to the
cathode (Khan et al. 2017; Katuri et al. 2019; Desmarais and Kralji¢ 2021). This process
produces hydrogen by overcoming an endothermic barrier induced by microbial fermentation
products. The potential required to overcome this barrier is minimal for water electrolysis. By
applying an external voltage, electrochemically active bacteria grow selectively and are easily
susceptible to electron sinking (Zhao et al. 2017; Wang and Jiang 2019; Shi et al. 2021). In
MEC, 90% of the hydrogen is recovered compared to 33% in dark fermentation. MEC
demonstrated immediate wastewater treatment and converting organic materials to CH4 and Ha
(Karampinis et al. 2015).
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Fig. 6. Microbial electrolysis cell with a single chamber. It is reproduced from reference with
permission (Beyene et al. 2018).

As demonstrated by MEC, the use of waste biorefineries in the future has a high potential. By
converting biodegradable waste into bioproducts and value-added energy carriers, MECs
enable carbon-neutral and energy-positive systems. Integrating MEC increases fermentation
speed and yield. By utilizing new materials and altering reactor configuration, prices are
decreased while system efficiency is improved. Investigations lead to a deeper comprehension
of syntrophic competition and interactions among various microorganism groups, including
Proteus vulgaris, Erwinia dissolvens, Shewanella putrefacient, Rhodoferax ferry reducers,
Pseudomonas aeruginosa, Escherichia coli, Rhodoferax ferry reducers, Geobacter sulfur
reducers, etc. Methods are frequently developed to reduce energy and increase syntrophic
connections for system application and proportion (Beyene et al. 2018).

c.  Hydrogen Production Via Biological Means

Hydrogen, the most common element in the universe, is usually found in the necessary
arrangement. It can be produced by electrolyzing water, reforming fossil fuels, being a
significant source of hydrogen, or being a byproduct of an industrial process. According to
predictions, traditional fossil fuels will soon be replaced by hydrogen. Additionally, waste has
been discovered to be a sustainable and renewable source of hydrogen production (Dehhaghi
et al. 2019). In essence, microorganisms are responsible for converting trash into hydrogen.
The element hydrogen is unusually prevalent on the planet but does not exist in its elemental
form. Fossils are the primary source for the industrial mass production of H, gas through water
splitting, natural gas steam reforming, and as a byproduct of some industrial systems (Beyene
et al. 2018). Hydrogen is currently produced by several sources, including water electrolysis
(4%), coal (18%), oil (30%), and natural gas (48%) above one billion m/day globally (Kian
2020; Liguori et al. 2020). Researchers think hydrogen is the “fuel of the future” and will
eventually replace non-renewable fuels globally (El Bouraie and El Din 2016; Lin et al. 2018;
Srinivasan and Sadasivam 2021; Wang et al. 2023). Demand for biologically produced
hydrogen from waste is rising due to its natural sustainability and replenishment ability. MSW
is converted into bio hydrogen energy by the action of microorganisms with various flexible
digestive mechanisms (Kourkoumpas et al. 2015). Biologically produced hydrogen is
preferable due to its low energy requirement, cost-effectiveness, high yield (142kjg!, 2.75
times that of any other hydrocarbon fuel), high calorific value, and GHG-free nature (Kumar
and Samadder 2017; Bello et al. 2022; Luis Padilha and Luiz Amarante Mesquita 2022). In
addition, hydrogen is an essential feedstock for chemical plants (Fountoulakis and Manios
2009; Zahedi et al. 2016). Biological and physical-chemical processes, such as thermal
conversion, dark fermentation, photo fermentation, and photo-biological operation, are the two
main ways to produce hydrogen. The two main categories of photo-biological fermentation are
light-dependent. The former is exhausting and contributes to global warming.
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In contrast, the latter is environmentally friendly, lessens energy depletion, provides
inexpensive substrate, has a high calorific value, and yields superior energy. Light-dependent
or light-independent anaerobic fermentation also controls biological production techniques
(Beyene et al. 2018). Although greenhouse gases are produced using energy-intensive physical-
chemical processes that contribute to global warming, natural methods are more
environmentally friendly, use less energy, and require less expensive substrate (Zhang and
Angelidaki 2014; Kadier et al. 2016; Bora et al. 2022).

Hydrogen production is influenced by many factors, including the bioreactor used, pH,
temperature, microbial strains, light intensity, hydraulic retention time, nutrients, and hydrogen
partial pressure. Two different types of bioreactors are used to produce biological hydrogen.
One is an open system comprised of lacks and open ponds (raceway ponds), and the other is a
closed system composed of flat plates, tubular fermenters, pyramidal fermenters, conical
fermenters, etc. Biohydrogens are a growing field of study, and researchers are interested
(Zahedi et al. 2016; Bernat et al. 2021; Mahesh et al. 2021). Fig. 7 provides a schematic
representation of biomass change into several forms of bioenergy consuming various wastes.
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Fig. 7. Utilization of various wastes to convert biomass into bioenergy. It is reproduced from
reference with permission (Dehhaghi et al. 2019).

Analysis of the techno-economic viability of producing biohydrogen. According to the current
trend, energy needs are expected to increase by 60%, with India and China accounting for 35%
of global demand (Khatib 2011). A multifaceted approach should be used to reduce ecological
footprints, focusing on renewable energy sources, particularly biohydrogen (Sudhakar et al.
2011). Increased CO; emissions from their burning accompany the depletion of conventional
fuels (Srivastava and Prasad 2000). In this case, hydrogen gas may be viable in meeting the
energy requirements because it is a carbon-free fuel with a high energy density per unit of mass
and is regenerative. Biohydrogen production has several advantages compared to other
hydrogen generation methods (Dutta et al. 2005). The estimated capital costs of USD 40 million
and operating costs of USD 10 million go along with the estimated annual output of N1.0
million GJ from photo-bioreactors (14 h) and open pond-based (140 h) systems, which include
bio-photolysis. The estimated cost of producing hydrogen is USD 10/GlJ, representing about
90% of the total price with a 25% annual charge (Akkerman et al. 2002; Sakurai et al. 2013;
Poudyal et al. 2015). It's challenging and technologically advanced to produce hydrogen using
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algae. Because it is believed to be the safest, cleanest, and most environmentally friendly fuel,
hydrogen has increased in demand in recent years (Sathyaprakasan and Kannan 2015). It is the
best fuel for generating electricity using fuel cells because it does not produce carbon dioxide
or hydrogen sulfide when used (Macaskie et al. 2005). It is necessary to form a group of
committed engineers and scientists who can research biohydrogen and fuel cells and supply an
uninterrupted supply of hydrogen using bioreactors. The bioreactor's design and the chosen
production method will affect how much biohydrogen costs.

For this reason, it is strongly advised to use cost-effective and R&D-based technologies for
hydrogen production. Because hydrogen can be directly supplied to the fuel cell at room
temperature, one feature that sets it apart from other fuels, developed nations plan to build
hydrogen highways to encourage using hydrogen fuel cells (Demirbas 2009). The following
estimate the reactors' construction costs: Blue trap $0.46, PVC $5.56, glass $51.61, and
Plexiglas $15.47 (Sathyaprakasan and Kannan 2015). According to the literature, a closed plant
would require labour costs of about $15,000 per hour and maintenance costs of 10% per hour
for a total price of $100,000. An estimated $50 billion will be spent on labour for the larger
bioreactors (2 million ha) (Sathyaprakasan and Kannan 2015).

d.  Biological and Mechanical Treatment

Anabaena variabilis 32 W/m2 7.73 l/kg/h 1.32 and mechanical treatment (MT) are two
pretreatment stages for waste production known as MBT. Mechanical treatment in the first
stage determines a larger MSW size, and in the BT stage, MT residue is used to create organic
fertilizer and biogas. Material capital is recycled using the MBT method. This restricts the
emission of greenhouse gases. MBT increases resource recovery, reduces landfill waste
volume, and produces renewable MSW fuels. The MBT application manages and transports
waste feed in various streams for material recycling, disposal, and energy recovery (2009;
Khatib 2011, 2012). Mechanical separation involves using multiple tools, including magnets,
ballistic separators, and near-infrared (NIR) separators, and manually removing bulky, heavy
materials. Waste materials like plastic and glass are typically broken into a few hundred
millimetres of fragments to facilitate separation (Kourkoumpas et al. 2015).

6. New Technologies and Trends

a.  Processes Involving Photobiology

Rhodopseudomonas palustris, Rhodopseudomonas capsulate, Rhodobacter sphaeroides, and
Rhodospirillum rubrum are light-dependent examples of phototropic bacteria that are used in
these processes, along with organic carbon as a substrate. In contrast to hydrogenase and
nitrogenase, bacteria use other enzymes to break down substrate into bio-hydrogen, carbon
monoxide, and organic acid. Additionally, bacteria lose photosystem II, which aids in removing
oxygen from the system and permits a fully anaerobic condition during application (Sudhakar
etal. 2011). Table 3 lists the rates at which bacteria and algae produce hydrogen.
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Table 3. Rate of hydrogen synthesis by different cyanobacteria and green algae strains. They
are taken from a reference (Mona et al. 2020; Karishma et al. 2022; Kumar Sharma et al. 2022).

Microorganism PCCT: Anabaena  Anabaena Alpicola  Synechococcus Phyllostachys

Anabaena diverse of Gloeocapsa sp. reinhardtii
120 variabilis

Light 456 32 W/m? 353 165 25 W/m? 100

Illumination

(LE/m?/s)

Rate mL/h 14.9 7.73 1/ kg/h 20 25 - 2.8-2.9

The efficiency of 0.042 1.32 1 - 2.6 -

Light Conversion

(%)

b.  Fermentation of ethanol

It is a biochemical reaction that involves the hydrolysis of sucrose and the fermentation of
sugars. First, sugar hydrolysis by the enzyme produces glucose and fructose. Then, ethanol is
delivered through an enzyme reaction from glucose and fructose. Up until the enzyme is
inactivated, fermentation continues to hydrolyze enzymes. Then, water is removed during
distillation to produce anhydrous bioethanol (Boukelia et al. 2015, 2016, 2017). Various food
waste, including cafeteria food waste, banana peel waste, potato peel waste, grape waste, and
household food waste, can be converted into bio-ethanol (Zaman 2009; Kobayashi et al. 2012;
Sarkar et al. 2016; Baldi et al. 2019). Waste is pretreated using enzymatic, thermal, alkali, and
acid processes to increase cellulose solubility (Dong et al. 2009; Allegue et al. 2020; Jojoa-
Unigarro and Gonzalez-Martinez 2023). Enzymatic hydrolysis is the most popular
pretreatment method for producing ethanol from food waste (Alibardi and Cossu 2015; Paillet
et al. 2021; Zhou et al. 2021). To produce ethanol from food waste, ethanol fermentation is an
alluring technology and viable strategy that reduces carbon footprint and food waste. Research
is still required to determine the process's price and viability to increase the economics of
producing ethanol from food (Tawfik and El-Qelish 2014; Yong et al. 2021; Zamri et al. 2021).
Fig. 8 shows a general schematic illustration of the procedure.
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Fig. 8. Diagram of the organic matter used in ethanol fermentation and reproduced from
reference with permission (Beyene et al. 2018).
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7. Impacts on the Environment and Health

Air pollution occurs due to the release of COx, NOx, SOx, furans, and dioxin from the
incineration of MSW. Thanks to efforts to improve pollution control mechanisms and
incineration energy recovery systems, the MSWM option has become more appealing (Raheem
et al. 2016). Compared to conventional coal-related power plants, Incineration plants' climate-
friendly controls focus on capturing furans, dioxin, nitrogen oxides, and fine particles (Kim et
al. 2011). Numerous studies have found that incineration plants potentially risk human health.
The public is against incineration plants because they are expected to pose a health risk, even
in developed nations like the UK. However, incinerations produce a variety of pollutants, and
incomplete combustion results in the production of polychlorinated biphenyls, polychlorinated
dibenzofuran, and polychlorinated dibenzo-p-dioxin, which is the leading cause for concern
(Khan and Faisal 2008; Nixon et al. 2013; Yap and Nixon 2015). Dioxins are highly
carcinogenic to animals, according to laboratory research by the International Agency for
Cancer Research, which also examined a group of residents of industrial (Oberoi et al. 2011a,
b; Mishra et al. 2020). Additionally, numerous studies found conflicting and improbable effects
of incineration on public health (Arapoglou et al. 2010; Lu et al. 2020b; Soltaninejad et al.
2022).

8. Effect of Climate Change

Most of the evidence presented in reports on the impact of waste-to-energy technologies and
additional MSWM options on environmental change comes from developing nations
(Rodriguez et al. 2010). Because environment modification is a global problem, collective
efforts are required to reverse it. Technologies that reduce greenhouse gas emissions and
improve climate change brought on by producing and using energy derived from conformist
methods are necessary (Matsakas et al. 2014). MSW is the third-largest source of
anthropogenetic methane gas, accounting for 3-4% of global GHG and 18% of global methane
production (Matsakas et al. 2014; Liu et al. 2020; Chen et al. 2022b). Since there is currently
no thoroughly recommended method, the methane emission from landfills is estimated using
theoretical models with numerous assumptions (Mohanty et al. 2009; Rodriguez et al. 2010;
Mazaheri et al. 2012). Because methane is 21 times more potent than carbon dioxide and has a
high energy content, methane capture requires a mechanism of sense to protect the environment
from its potential GHG. According to research, recycling and waste minimization effectively
reduce global GHG emissions (Ali et al. 2013; Baniya et al. 2021a, b). Biofuels from MSW
(non-recyclable) will positively impact climate change (Damgaard et al. 2010; Siddiqi et al.
2020). The present ability of waste-to-energy technologies to combat global warming and
estimate that using integrated SWM and the 3Rs principle can reduce global GHG emissions
by up to 15-20% (Reduce, Reuse, and Recycle) (Bruno et al. 2021; Abbasi et al. 2022; Dan et
al. 2023).

9.  Conclusion

Finally, various waste-to-energy technologies used for energy recovery have been examined.
Municipal solid waste (MSW) is one of the renewable energy sources that could be used by
implementing waste-to-energy technologies. To meet the growing energy demand and reduce
the MSWM problem, it is determined that adopting waste-to-energy technologies will reduce
reliance on stereotypical energy conversion sources. The most practical technologies are
landfilling for inert wastes, anaerobic digestion, pyrolysis, incineration for mixed MSW, and
gasification for electronic tools, wood, plastic, electric wastes, tyres, etc. Additionally,
choosing a suitable waste-to-energy technique depends critically on the makeup and
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characteristics of MSW. While waste-to-energy technologies are meticulously used in
developing nations to manage MSW, most facilities lack proper infrastructure, maintenance,
and pollution control. Investigations show that, in contrast to developing countries, the waste-
to-energy sectors are given priority and are well-established and equipped with advanced
technology. Although on a smaller scale, some developed nations have already installed waste-
to-energy plants. On the other hand, waste-to-energy technologies in developing countries can
be strengthened by enhancing governmental policies, regulations, and financial support. This
modest effort will undoubtedly assist researchers and policymakers in classifying the best
waste-to-energy technologies for developed countries.
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