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Waste-to-value Opportunity and Challenges

1.1 Introduction

Rapid economic growth and urbanization worldwide have resulted in a substan-
tial increase in resource consumption and waste generation. Disposing of this
growing volume of solid waste, particularly in landfills, is often neither economi-
cally feasible nor sustainable in urban environments. Energy recovery from waste,
resource recovery, and waste volume reduction represent attractive and viable alter-
natives for waste management. Extracting energy from waste minimizes the need
for energy produced from finite resources. Therefore, there is an urgent need to
develop sustainable strategies for waste management. This study explores the latest
advancements in sustainable waste-to-energy (WtE) technologies, resource recovery
methods, and low-carbon biotechnologies and bioenergy options. Recent research
highlights the growing importance of the circular economy as a sustainable waste
management approach [1, 2]. WtE alternatives are crucial in the waste management
sector. This chapter presents an innovative approach focused on addressing the
challenges of managing organic waste by integrating WtE technologies. Globally,
there is increasing emphasis on sustainable waste management practices, as uti-
lizing organic waste for WtE purposes is a viable option. Identifying and prioritizing
WLE alternatives is key, given the large quantities of waste in the management
system. The goal is to reduce the environmental and logistical impacts of organic
waste disposal, contributing to a more efficient and sustainable waste management
system aimed at minimizing environmental effects and producing renewable
energy. Ludlow et al. [3] emphasize that achieving net-zero greenhouse gas (GHG)
emissions by 2050 fundamentally requires a shift in waste management practices.
Organic waste disposal frequently presents significant challenges, including insuffi-
cient collection infrastructure, limited public awareness, and operating difficulties,
particularly in urban areas. Daily per capita waste generation varies considerably
globally, ranging from 0.11 to 4.54 kg [4].

Managing waste involves complexity and costs, which differ depending on local
resource allocation and population density. However, as waste volume and dis-
posal costs rise, developing countries face significant challenges in managing waste
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effectively [5]. Despite these challenges, alternative waste management options,
such as anaerobic digestion (AD), pyrolysis, and gasification, are gaining traction.
Implementing effective waste management practices and technologies is critical
for mitigating negative environmental and health impacts [6]. Developing nations
urgently need to adopt sustainable waste management practices.

1.1.1 Waste-to-energy

WLE technologies are commonly employed for sustainable waste management,
facilitating simultaneous energy generation and effective disposal [7]. Among WtE
methods, thermal conversion is the most widely adopted approach for large-scale
waste-processing. Incineration, a thermal technology, is still under development;
while pyrolysis remains experimental, it is not yet commercially viable for managing
municipal solid waste (MSW) globally. Biological conversion methods like AD are
also used, particularly for bio-methanization. AD is frequently utilized for processing
organic-rich biodegradable waste like manure and sewage sludge [8]. Using land-
fills for waste disposal is less favored due to drawbacks such as unpleasant odors,
GHG emissions from methane (CH,), leachate production, and associated health
risks. Evidence suggests that WtE technologies implemented in Latin American
and Caribbean (LAC) countries offer long-term advantages, including economic
development, environmental benefits, and improved human well-being [9]. Existing
literature provides a detailed look at the scale of waste challenges in developing
nations and explores potential methods to promote sustainable waste management
practices in the future.

This chapter helps fill knowledge gaps by analyzing treatment methods used in
developing countries and their potential to support continuous sustainability by
aligning with renewable energy sources such as hydroelectricity, which are envi-
ronmentally friendly and non-emission-generating. For example, South Africa’s
electricity mix in 2021 heavily relied on coal-fired plants (84%), resulting in sub-
stantial CO, emissions of 396 g CO,/kWh. Energy consumption also surged sharply
in New Zealand (66 kg CO,/kWh, primarily powered by geothermics [57%], hydro
[17%], and thermal sources ([9%]) [10, 11]. The rapid urbanization in many devel-
oping countries intensifies waste management challenges.

Nonetheless, these challenges also present significant opportunities. Treating
waste as a valuable resource rather than a problem allows different nations to adopt
sustainable waste management techniques and achieve future development goals.
Studies conducted in Korea demonstrate how WtE operations reduced GHG emis-
sions by 16,061 tCO,eq annually; this reduction is projected to increase further to
26,477 tCO,eq per year by 2021 [12]. The environmental advantages of WtE tech-
nologies (like incineration, pyrolysis, gasification, and incineration) vary depend-
ing on the specific method used [13]. The purpose of this chapter is to provide a
systematic evaluation and highlight the benefits and challenges of WtE technology,
especially in developing countries. This includes assessing the characteristics and
volume of waste produced, current treatment methods, the opportunities and obsta-
cles within the waste management sector, and the feasibility of implementing or
expanding WtE solutions domestically.
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Figure 1.1 GHG emissions and emission saving from WtE technologies (tCO,-eq/year).
Adapted from [16].

1.1.2 Environmental Benefits

Figure 1.1 illustrates that incineration notably influences the global warming poten-
tial (GWP), contributing between 975,554 and 830,750 tCO,-eq/year due to the large
quantity of processed waste. In thermal technologies, emissions are a primary con-
tributor to the GWP [14]. The environmental impact of incineration is largely dic-
tated by its energy conversion efficiency; higher efficiency leads to lower emission
rates. For instance, an incineration plant operating at 25% efficiency emits roughly
1,007 kg CO,-eq per MWh of combustion, while increasing efficiency by just 5%
(to 30%) reduces emissions by approximately 17% due to lower GHG emissions [15].
The significant emission reductions from incineration can be attributed to the char-
acteristics of the burned materials. Plastic waste, comprising over 20% of facility
input, has the most notable impact on GWP due to its chemical properties and low
moisture content, resulting in greater emission contributions [16]. Moreover, the
common practice of disposing of MSW without source separation leads to high
moisture levels [17]. Achieving greater environmental and economic benefits from
WHE technologies requires continuous improvements.

1.1.3 Energy Generation Potential

Uncollected CH, (25%) from landfill gas (LFG) is a major factor contributing to
GWP, amounting to 417,533 tCO,-eq/year of GHG emissions [18]. In contrast, AD
methods produce the lowest emissions, achieving 99% efficiency in capturing CH,,
leaving only 5% to be released into the atmosphere. The environmental performance
of WtE technologies compared to coal-based electricity generation was also exam-
ined [19]. Research indicates that LFG recovery results in the highest net GWP,
estimated between 137,439 and 323,604 tCO,-eq annually. Incineration shows a
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lower GWP, ranging from 219,121 to 84,803 tCO,-eq/year. Incineration with energy
recovery surpasses simple incineration in reducing emissions. Energy generation
from WtE can offset some of the benefits gained from electricity production but
significantly counteracts global warming effects. AD technology has substantially
reduced impact on GWP, resulting in an avoidance of 95,321-195,395 tCO,-eq/year
of GHGs. From an environmental standpoint, AD technology is arguably the most
suitable option due to its lower emissions.

1.1.4 Economic Potential

The global waste recycling services market is projected to reach US$99.2 billion by
2032, with an average annual growth rate of 5.1% from 2023 to 2032 [20]. In 2022,
the Asia-Pacific region’s waste recycling services market constituted over 80% of the
total market share. The US Environmental Protection Agency (EPA) reports that
the recycling industry employs 534,000 people and contributes US$13.2 billion in
wages and benefits [15]. An analysis indicates that in 2020, only 9% of electronic
waste (e-waste)was properly collected and recycled [21]. According to the EPA, the
United States generated 292.4 million tons of MSW in 2018, of which 69 million
tons were recycled [22]. The increasing adoption of advanced WtE technology offers
substantial potential for adding value to waste and generating energy [23]. The pre-
cise potential varies based on factors such as the type and volume of available waste,
technological readiness, environmental considerations, and government policies.
Figure 1.2 illustrates potential applications of waste recycling and processing tech-
nologies that significantly influence the waste recycling services market value.

WE presents considerable potential, but its viability is dependent on various
factors including public acceptance, regulatory frameworks, technological matu-
rity, and economic feasibility. WtE initiatives should be driven by efforts to generate
waste, recover resources, and explore renewable energy sources to establish a truly
sustainable waste management system.

Comparing WtE options involves evaluating different technologies and strat-
egies for converting waste into energy. Figure 1.3 provides a comparative analysis of
common WtE approaches.

The selection of a WtE option is influenced by factors such as waste composition,
local regulations, infrastructure availability, energy demand, environmental impacts,
and economic viability. Often, a combination of technologies is utilized to maximize
resource recovery and energy generation while minimizing environmental effects.
While WtE has shown notable advancements in waste management and energy pro-
duction, recognizing that the most suitable approach is dependent on local circum-
stances, waste characteristics, technological readiness, and environmental factors is
important. Therefore, the reasons for favoring WtE are often multifaceted:

1. Waste Reduction: WtE facilities substantially decrease the volume of waste
sent to landfills by converting it into energy, thereby prolonging the lifespan of
existing landfill sites and lessening the need for new ones [26].

2. Energy Production: WtE plants generate electricity or heat from burning
MSW, biomass, or other waste sources, diversifying energy supply and meeting
local energy demands.
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Waste reduction: by converting waste into energy, WIE facilities can help
reduce the volume of waste going into landfills, thereby extending the
lifespan of existing landfill sites and reducing the need for new ones.

Energy generation: WtE plants generate electricity or heat by
burning municipal solid waste (MSW), biomass, or other waste
materials. This contributes to the diversification of energy sources
and can help meet local energy demands.

Renewable energy source: while some argue about the
sustainability of burning waste, modern WtE technologies are
designed to minimize emissions and can be considered a
renewable energy source, particularly when using organic
waste.

Resource recovery: WiE processes can recover metals,
glass, and other materials from waste streams, contributing

to resource conservation and recycling efforts.

Environmental benefits: while there are emissions
associated with WtE processes, modern facilities are
equipped with pollution control technologies to minimize
environmental impact. Compared to landfilling, WtE can
reduce greenhouse gas emissions and air pollutants.

Economic opportunities: WtE projects can create employment
opportunities in construction, operation, and maintenance. Also,
they can provide revenue streams through electricity or heat sales
and by charging tipping fees for waste disposal.

Local solutions: WtE facilities can be tailored to local waste compositions
and energy needs, making them adaptable solutions for various
communities.

Figure 1.2 Potential of waste-to-energy (WtE) technology. Adapted from [24].

3. Resource Recovery: WtE processes can recover valuable materials like metals
and glass from waste, supporting resource conservation and recycling efforts.

4. Environmental Benefits: WtE facilities are equipped with pollution control
technologies to minimize harmful emissions. Compared to landfilling, WtE can
reduce GHG emissions and air pollutants.

5. Renewable Energy Source: Depending on the type of waste processed, WtE can
be considered a renewable energy source, especially when using organic waste.

6. Job Creation: WtE facilities create employment in construction, operation,
and maintenance, benefiting local economies.

7. Local Solutions: WtE facilities can be customized to local waste streams and
energy needs, providing flexible options for different communities.

However, acknowledging the complexity of waste management and the lack of
a single solution for every situation is crucial. Effective implementation of sustain-
able waste management strategies, such as sorting, recycling, composting, and other
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Figure 1.3 Comparative analysis of some commonly used WtE techniques. Adapted
from [25].

waste management methods, is essential. Furthermore, advancements in tech-
nology and continuous process optimization are necessary to determine the most
appropriate waste management strategy for a given region or municipality.

1.2 Classification of Waste

Waste materials are classified based on various factors such as their composition,
potential risks to human health and the environment, and relevant regulatory
guidelines, as detailed below.

1.2.1 Hazardous Waste

Hazardous waste is defined as waste that poses significant risks to public health or
the environment due to its inherent chemical, biological, or physical characteris-
tics [6]. Waste materials are categorized as hazardous based on specific properties
or origins, and regulations govern their handling. Key characteristics defined by
regulatory bodies are as follows:

« Ignitability: Waste that can easily ignite, such as certain solvents, paints, and
some types of oils.
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1.2 Classification of Waste

« Corrosivity: Waste that is highly acidic or alkaline and can corrode containers,
such as battery acid or specific cleaning agents.

« Reactivity: Waste that is unstable and can undergo violent reactions,
release toxic gases, or explode under certain conditions, such as certain
cyanide-containing wastes.

« Toxicity: Waste that contains substances harmful to human health or the envi-
ronment, including heavy metals (like lead, mercury), pesticides, or certain
industrial chemicals.

Specific hazardous wastes by Akpan et al. [27] are shown in Figure 1.4.

« F-list: Wastes from common manufacturing and industrial processes, such as
specific solvents and wastewater.

« K-list: Wastes from specific industries (e.g., chemical manufacturing, pulp and
paper industry), including sludges and residues from metal production.

« P- and U-list: Discarded commercial chemical products that are unused,
off-specification, or spilled, including certain pesticides and laboratory
chemicals.

« Mixed Waste: Waste containing both hazardous and radioactive components,
often found in certain medical or research laboratories.

« Medical Waste: Waste generated by healthcare facilities, including contami-
nated sharps, materials soaked in blood, and expired medications.

« Radioactive Waste: Waste contaminated with radioactive materials, such as
those from nuclear power generation, specific medical treatments, and research
activities.

« E-waste: Discarded electronic devices containing hazardous substances like
lead, mercury, and brominated flame retardants.

P & U-list

F-list

oWastes from
common
manufacturing and
industrial processes,
such as solvents,
sludges, and
wastewater.

oDiscarded commercial
chemical products that
are unused, off-
specification, or spill
residues. Examples
include certain
pharmaceuticals,
pesticides, and
laboratory chemicals.

K-list

Wastes from specific
industries, such as
petroleum refining,

chemical
manufacturing, and
metal production.

Figure 1.4 Category of hazardous wastes according to US EPA. Adapted from [27].
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Table 1.1 Impact of hazardous waste on human health. Adapted from [28].

Toxic materials present
in hazardous waste

Source of origin

Impact on human health

Cadmium

Manganese

Nickel

Hydrocarbons

PCBs

Pesticides

Battery waste/mining/
fertilizer industries

Mining region
Mining/metal refining

Industries of
petrochemical

E-waste/fluorescent light/
hydraulic fluid

Insecticides

Pulmonary diseases, liver and
kidney damages, carcinogenic,
skeletal/cardiovascular disorder

Neuropsychiatric disorder/
respiratory diseases

Gastrointestinal system damage/
lung or nasal cancer

Nausea, bone marrow damage,
headaches, nausea

Gastrointestinal/skin damage,
carcinogenic

Stillbirths, carcinogenic, immune
system disorder

Exposto et al. [28] documented adverse health effects in humans caused by
exposure to toxic compounds in hazardous wastes, as presented in Table 1.1.

According to Saleh et al. [29], hazardous wastes are further categorized into spe-
cial classes under specific regulations, even if they don’t meet standard character-
istics or appear on lists. Examples include medical waste, radioactive waste, and

e-waste.

« Medical Waste: Waste generated by healthcare facilities, including contami-
nated sharps, materials soaked in blood, and expired medications.

« Radioactive Waste: Waste contaminated with radioactive materials, such as
waste from nuclear power plants, specific medical treatments, and research

materials.

« E-waste: Discarded electronic devices containing hazardous substances like
lead, mercury, and brominated flame retardants.

Proper management of hazardous waste is crucial to prevent environmental con-
tamination and protect human health. Regulations govern its generation, storage,
transportation, treatment, and disposal to minimize risks. This often involves
labeling, secure storage, specialized handling procedures, and disposal at autho-
rized facilities equipped to manage hazardous materials safely.

1.2.2 Non-hazardous Waste

Non-hazardous waste is waste that does not pose significant risks to human health,
or the environment based on its chemical, biological, or physical properties. This
category encompasses various materials that can be safely disposed of in standard
landfills or recycled without special handling procedures [30]. Some common exam-
ples and categories of non-hazardous waste are general non-toxic waste (paper,
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cardboard, plastic packaging, food scraps, wood, concrete, bricks, and textiles), recy-
clable waste such as paper, cardboard, glass, metals (aluminum, steel), e-waste and
certain types of plastics, biodegradable organic waste like food scraps, yard waste
(leaves, grass clippings), and other organic materials.

Regulatory bodies, such as the EPA in the United States or the European
Environment Agency (EEA) in Europe, provide detailed criteria and guidelines
for waste classification. These classifications are crucial for the correct handling,
storage, transportation, and disposal of waste to minimize environmental and public
health risks. Effective management of non-hazardous waste typically involves strat-
egies like source reduction, recycling, composting, and landfill disposal in compli-
ance with local regulations. Recycling and composting help reduce the volume of
waste sent to landfills and conserve natural resources by recovering valuable mate-
rials for reuse. Additionally, initiatives promoting waste reduction and sustainable
practices aim to minimize the overall environmental impact of waste generation.

1.3 Current Status in Waste Management

1.3.1 Waste Collection

As of early 2022, waste management methods and technologies continue to
advance, influenced by increasing environmental awareness, regulatory demands,
and progress in waste treatment and recycling. Waste collection methods vary con-
siderably depending on location, infrastructure, regulations, and environmental
factors. Usual waste collection practices [31] are as follows:

1. Curbside Pickup: A widely used method, especially in urban and suburban
areas. Residents place separated waste (recyclables, organic waste, general
trash) in designated containers or bags for collection on scheduled days. Waste
management trucks collect and transport the waste to processing facilities.

2. Drop-off Centers: In some regions, residents transport their waste to central
drop-off points. These centers often provide separate containers for different
waste types, facilitating recycling and proper disposal.

3. Composting Programs: Many municipalities promote composting by offering
residents compost bins or composting services. Organic waste (food scraps,
yard trimmings) can be collected separately and processed into compost for
gardening or landscaping use.

4. Special Collection Services: Some areas offer dedicated services for bulky
items like furniture, appliances, or electronics that don’t fit standard bins.
Residents can arrange pickups or drop items off at specific locations.

5. Hazardous Waste Collection: Hazardous materials (batteries, paint, chemi-
cals, e-waste) require special handling due to environmental and health risks.
Many communities organize programs or events for the safe disposal of these
items.

6. Commercial Waste Collection: Services for businesses, industrial facil-
ities, and institutions differ from residential services. Commercial waste often
requires specialized handling and uses larger bins or dumpsters.

9

28-11-2025 21:12:57



c0l.indd 10

10

1 Waste-to-value Opportunity and Challenges

7. Recycling Programs: Recycling collection is typically part of regular waste col-
lection. Residents are encouraged to separate recyclables (paper, plastic, glass,
metal) from general waste for collection and transport to recycling facilities.

8. Public Awareness and Education: There is growing emphasis on engaging
the community and educating the public to promote waste reduction, recy-
cling, and proper disposal. Effective collection practices include campaigns to
inform residents about correct disposal methods, the importance of recycling,
and strategies to reduce waste through composting and reuse initiatives. These
efforts aim to raise awareness about waste generation’s environmental impacts
and encourage behavioral changes to minimize waste production and increase
recycling rates.

9. Technological Innovations: Some waste management systems integrate
technology, such as RFID tags on bins for tracking collection routes and opti-
mizing efficiency, or smart sensors to monitor bin fill levels and schedule col-
lections dynamically.

10. Informal Waste Collection: In some areas, informal waste collectors (scaven-
gers or waste pickers) play a significant role by collecting recyclable materials
from streets, dumps, or landfills for sale or reuse.

These practices aim to minimize environmental impact, promote sustainability,
and efficiently manage waste to protect public health and the environment. The
integration of technology with smart practices enhances efficiency and reduces col-
lection burdens. Abubaker et al. [32] highlighted that many solid waste management
practices involve combining household waste with commercial waste, which can
contain hazardous substances during collection and handling, negatively impacting
the environment. This process involves waste material collection, transportation,
and disposal, which presents cost concerns globally. Literature from 1970 onwards
shows that investing in waste collection equipment has resolved most technical
problems related to SWM. Daily waste collection practices in high-, middle-, and
low-income countries are compared in Table 1.2.

Furthermore, waste collection is a critical component of waste management
worldwide. Various approaches and expenditures are adopted in developed and
developing nations, as detailed in Table 1.2. Thus, the current state of waste collec-
tion involves:

1. Efficiency and Optimization: Waste collection services are increasingly
adopting data-driven methods and technologies to optimize routes, schedules,
and resource allocation. This includes using Geographic Information Systems
(GISs), route optimization software, and real-time monitoring systems to
improve efficiency and reduce costs.

2. Smart Waste Management: Smart waste management solutions, incorpo-
rating sensors, Internet of Things (IoT) devices, and data analytics are being
deployed to monitor waste bin fill levels, optimize collection routes, and
schedule pickups more effectively. These technologies help reduce unnecessary
collections, minimize overflow, and enhance overall service quality.

3. Separation at Source: Many waste management programs emphasize source
separation, where residents or businesses are encouraged to separate recyclable
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Table 1.2 MSW collection practices commonly by country’s economic development.

Activity High-income countries Low-income countries  Middle-income countries
Waste Collection rate >90%. Generally, it serves In residential areas,
collection  Transfer stations, wealthy, business, there is an improvement
compactors, and and high-visibility in collection and
motorized trucks are areas. Overall transportation. Mainly
commonly available. collection <50%. 50-80% collection,
In design of system, Inefficient and mechanization, large
volume of waste and infrequent vehicle fleet, and
aging collection workers transfer stations
is considered
Cost Cost of collection Cost of waste Cost of collection is
collection is 80-90%  50-80% of MSWM
<10% of budget, .
: of SWM budget. budget. Some national
while treatment of
. . Government and local governments
intermediate waste . .
. regulation of require waste fees and
is a large budget . . S
N . waste fees exists, show innovation in
allocation. Community - .
articipation reduces but collection is collection methods.
P . insufficient, and a More collection fleets,
costs and increases . L
. small budget portion  mechanization, and
options for planners . . ] .
is for disposal disposal expenditure

materials, organic waste, and non-recyclable waste at the point of generation.
Source separation facilitates more efficient processing and recycling down-
stream, reducing contamination and maximizing resource recovery.

4. Specialized Collection Programs: Municipalities and waste management
companies are implementing specialized collection programs for hazardous
waste, e-waste, bulky items, and other materials that require separate handling
and disposal due to their potential environmental and health impacts.

5. Integration of Sustainable Practices: Eco-friendly practices such as com-
posting, AD, and material recovery facilities (MRFs) are becoming more
integrated into waste management systems to divert organic waste from land-
fills, recover valuable resources, and reduce GHG emissions.

6. Innovations in Collection Vehicles: Waste collection vehicles are evolving to
incorporate cleaner and more efficient technologies, such as electric and hybrid
propulsion systems, compressed natural gas (CNG), or biodiesel engines. These
vehicles help reduce emissions, noise pollution, and dependency on fossil
fuels [33].

According to Keerthana et al. [34], land pollution is primarily caused by garbage
spillage. They proposed various existing methods for monitoring garbage. One such
method is an advanced waste collection system that separates waste into wet, dry,
and metallic categories, as shown in Figure 1.5. This system uses sub-bins for dif-
ferent waste types and a dual motor/tray mechanism. Waste is initially placed in a
common tray, where an IR sensor detects its presence. A moisture sensor then acti-
vates, and if the moisture reading is high, the waste is classified as wet; otherwise,
it’s dry. The three bins are positioned below, and an ultrasonic sensor checks the
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IR sensor

WIFI
module

Ultrasonic sensor

Metal Pic micro
sensor controller

Moisture
sensor

Motor
driver

Sub-bins

Figure 1.5 Block diagram of waste collection. Adapted from [34].

garbage level. The sensed data is transmitted via a PIC microcontroller. This entire
process operates using an IoT application.

Overall, waste collection practices are increasingly focused on efficiency, sus-
tainability, and innovation to address the challenges of waste management in an
environmentally responsible manner while meeting the needs of growing urban
populations.

1.3.2 Waste Consolidation and Transportation

Waste transportation involves moving collected waste from its origin (homes,
businesses, or drop-off centers) to various destinations for processing, recycling,
or disposal. Kumar et al. [35] state that India faces primary challenges in waste
management related to waste generation, inefficient collection, transportation,
treatment, and disposal, with waste volumes increasing daily. As illustrated in
Figure 1.6, it is estimated that by 2041, total waste generation will reach 160.95 x 10°
tons per year, with the population projected to be approximately 595.4 x 10°. This
suggests a per capita waste generation of around 0.741kg/day. Since waste gen-
eration comes from various sources, including households, construction, organic
matter, and agriculture, their collection, storage, and transportation are crucial
aspects of waste management practices.
Here’s a scenario illustrating waste transportation practices:

« Consolidation: After collection, waste is transported to a central transfer
station or depot, where different types of waste are consolidated and loaded
onto larger transport vehicles for efficient transport to processing facilities.

« Recyclables: Reusable materials (paper, plastic, glass, metal) are loaded onto
separate trucks and transported to recycling facilities. These facilities may be
located within or near the city, depending on contracts and logistics.
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Figure 1.6 Total waste 200
generation per year.
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« Organic Waste: Organic waste from residential and commercial sources is
transported to a composting facility. Specialized trucks are used, designed to
handle organic material without odor or leakage during transit.

+ General Trash: Non-recyclable and non-organic waste (residual household
and commercial waste) is transported to a landfill or WtE plant. Trucks
equipped with compaction mechanisms ensure efficient loading and transport
to the designated facility.

« Special Handling: Hazardous materials from households and businesses (bat-
teries, paints, chemicals) are transported separately to specialized treatment or
disposal facilities equipped to safely handle hazardous waste.

« Monitoring and Compliance: Throughout transport, waste management
authorities monitor vehicle routes, adherence to safety rules, and environ-
mental standards. GPS tracking, electronic manifests, and regular inspections
help ensure proper waste handling and transport.

« Continuous Improvement: Waste management authorities regularly eval-
uate and optimize transportation routes, vehicle fleet efficiency, and logistics
to minimize costs, reduce environmental impact, and improve service delivery.

This scenario highlights the coordinated efforts involved in moving different types
of waste from collection points to appropriate processing or disposal sites, aiming
for effective waste management and environmental sustainability [36].

1.3.3 Waste Disposal Practices

A comprehensive approach is needed in order to manage large quantity of waste
disposal in an energy efficient and environmentally friendly manner. Waste disposal
practices involve the final stage of waste management, where waste is permanently
removed from the environment through various methods [37]. Common waste dis-
posal practices include:

1. Landfilling: Engineered landfills represent a primary method of waste disposal,
designed with specific containment areas where waste is systematically depos-
ited. Within these sites, the waste is typically compacted to reduce volume and
subsequently covered with soil, a process often carried out daily or periodically.
Contemporary landfill designs incorporate advanced environmental safeguards,

13
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including impermeable liners and integrated systems for collecting leachate, the
liquid that drains from waste, to prevent the contamination of surrounding ground-
water and soil. Additionally, the anaerobic decomposition of organic matter within
the contained waste mass produces LFG, which is primarily CH,. Specialized col-
lection systems are installed to capture this gas, which can then be either utilized
for energy generation or safely flared, thus mitigating GHG emissions.

. Incineration: Waste incineration serves as a thermal treatment process

involving the combustion of waste materials at elevated temperatures within
controlled facilities. The primary objectives of this method are to significantly
reduce the volume and mass of the waste stream. Furthermore, modern energy
recovery facilities are often integrated with incinerators to capture the heat gen-
erated during this combustion process. This heat is typically used to produce
steam, which subsequently drives turbines for electricity generation. To miti-
gate the environmental impact, these facilities are equipped with sophisticated
air pollution control systems, such as scrubbers and filters, which are designed
to minimize the emission of harmful substances including particulate matter,
heavy metals, and dioxins into the atmosphere.

. Composting: Biological decomposition, specifically through composting,

offers a viable treatment method for organic waste materials, including food
scraps, yard trimmings, and paper products. This process is typically carried
out in controlled environments where parameters such as moisture content,
aeration, and temperature are carefully managed to optimize the microbial
breakdown of organic matter. The outcome is the production of nutrient-rich
compost. This valuable finished product can then be effectively applied as a soil
amendment in various settings, including agriculture, landscaping, and erosion
control initiatives, thereby enhancing soil health and promoting fertility.

. Recycling: This process constitutes a crucial waste management strategy

focused on recovering valuable materials from discarded products. This process
entails collecting and processing waste materials such as paper, plastics, glass,
and metals to convert them into new products, thereby facilitating resource
conservation and reducing the demand for virgin raw materials. Dedicated recy-
cling facilities are equipped to sort, clean, and process these recyclable streams,
transforming them into secondary raw materials or feedstocks suitable for var-
ious manufacturing industries. Furthermore, policy instruments like Extended
Producer Responsibility (EPR) programs play a vital role by establishing manu-
facturer accountability for the collection and recycling of their products at the
conclusion of their intended use phase.

. Biological Treatment: Bio-treatment methods leverage the metabolic activity

of microorganisms to decompose organic waste, yielding valuable byproducts.
Key techniques within this category include AD and aerobic digestion, which
are employed to break down biodegradable materials. AD, conducted in the
absence of oxygen, results in the production of biogas, primarily composed of
CH,, which can be harnessed for energy generation. In contrast, aerobic diges-
tion utilizes oxygen to facilitate the biological decomposition of organic matter,
typically yielding compost or other stable organic residues.

. Hazardous Waste Treatment: Hazardous waste, a category encompassing

materials such as chemicals, solvents, heavy metals, and e-waste, necessitates
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specialized treatment protocols due to the inherent and significant environ-
mental and health risks associated with improper handling. The primary
objective of hazardous waste treatment is to minimize these risks. Employed
methods are diverse and may include chemical neutralization to alter haz-
ardous properties, thermal processes like high-temperature incineration, or
stabilization and immobilization techniques designed to render the waste less
harmful or inert before final disposition.

. Waste-to-energy: WtE facilities represent systems that convert waste materi-

als into usable energy forms, including heat, electricity, or fuel. This conversion
is achieved through a variety of thermal and biochemical processes. Advanced
WLE technologies, such as gasification, pyrolysis, and plasma arc gasification,
are capable of converting solid waste into syngas, a versatile intermediate prod-
uct. This syngas can then be utilized directly for energy production or as a
valuable chemical feedstock for further industrial processing.

. Secure Disposal: Secure waste handling is a critical practice designated for

specific waste streams, including medical waste, pharmaceuticals, and con-
fidential documents, to ensure the prevention of unauthorized access and
minimize the risk of environmental contamination. The methods employed
for secure disposal are designed to guarantee safe handling and containment.
These techniques may incorporate physical destruction processes such as shred-
ding, biological neutralization through sterilization, or physical containment
methods like encapsulation within specialized containers specifically designed
for secure handling and ultimate disposition.

Agamuthu and Babel et al. [38] studied about SWM practices in Asia and pointed
out that from last five decades, it was ranged over in Asia and identification of dif-
ferent challenges/issues were carried out. Since there is an increment in waste gen-
eration worldwide and concerning their disposal sites, most of the adopted disposal
techniques are open dumps/landfills, which have become more widespread in low-
or middle-income countries (79% south, 64% southeast, 51.1% south and central
Asia) as summarized in Table 1.3.

Table 1.3 Distribution (%) of waste disposal techniques by different income level. Adapted

from [38].
Upper-middle- Lower-middle-

Waste management High-income income income Low-income
type counties (%)  countries (%) countries (%) countries (%)
Open dump 2 30 66 93
Landfill 39 54 18 3
Incineration 22 10 — —
Composting 6 2 10 —
Other advanced 2 — — —
methods
Recycling 29 4 6 3.7
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Effective waste disposal practices aim to minimize environmental impact, con-
serve resources, and protect public health while meeting regulatory requirements
and societal expectations for sustainable waste management.

1.3.4 Lack of Awareness

Limited awareness about waste treatment is a significant barrier to implementing
sustainable waste management practices. In accordance with Hasan et al. [39],
current human health problems and environmental degradation are due to lack of
awareness and improper handling of waste. Various reasons for this lack of aware-
ness and its potential consequences can be limited education, as communities
may lack awareness of available waste treatment options and their importance. In
some cultures or communities, there may be a lack of emphasis on proper waste
management, leading to a mindset of disposability and indifference toward waste
treatment practices. People may be unaware of the types of waste that can be treated
and recycled, as well as the facilities and services available for waste treatment in
their area. Without access to clear and accurate information, individuals may resort to
improper disposal methods out of convenience or ignorance. Some individuals may
perceive waste treatment options as too costly or inconvenient, particularly if they
are accustomed to traditional disposal methods like landfilling or open burning. This
perception can discourage people from seeking out and utilizing more sustainable
waste treatment practices. Weak enforcement of waste management regulations can
contribute to a culture of non-compliance and disregard for proper waste treatment
practices. When there are no consequences for improper disposal, individuals may
be less motivated to adopt responsible behaviors. Misinformation or misconceptions
about waste treatment methods, such as the belief that certain materials cannot be
recycled or composted, can lead to confusion and apathy among the public [40].

« Limited Access to Infrastructure: May be another reason, as in some
regions, especially in rural or underserved areas, there may be a lack of infra-
structure for waste treatment, such as recycling facilities or composting cen-
ters. Without access to these facilities, communities may resort to dumping or
burning waste, exacerbating environmental pollution.

Addressing the lack of awareness for waste treatment requires a multi-faceted
approach, including education, outreach, infrastructure development, regulatory
enforcement, and community engagement. By raising awareness, providing acces-
sible information, and promoting the benefits of sustainable waste management
practices, individuals and communities can make informed choices and contribute
to a cleaner and healthier environment.

1.4 Problems Encountered in Waste Handling

Technological bottlenecks in waste handling refer to challenges or limitations in
the application of technology to effectively manage and process waste. These bottle-
necks can arise at various stages of waste handling, from collection and sorting to
treatment and disposal, which are shown in Figure 1.7.
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Figure 1.7 Common
technological
challenges associated
with waste handling.
Adapted from [41].
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Kumar and Agrawal et al. [41] reported that municipalities face problems in
MSWM related to collection efficiency, treatment, and other factors. Inefficient
collection systems, stemming from outdated routes or inadequate scheduling, can
lead to missed pickups, uneven service distribution, and higher costs. Furthermore,
limited integration of technology, such as GPS tracking or route optimization soft-
ware, can hinder the optimization of collection routes and real-time monitoring.

Manual sorting at recycling facilities is labor-intensive and time-consuming,
resulting in inefficiencies and inconsistencies in material recovery. Automated
sorting technologies (optical sorters, magnetic separators) struggle to accurately
identify and separate mixed or contaminated waste streams. Regarding quality
control and contamination, it is estimated that contamination of recyclables with
non-recyclables or hazardous substances lowers the quality and value of recovered
materials [42, 43]. Existing technologies for contamination detection and quality
control may have limited ability to effectively identify and remove contaminants.
Processing capacity and efficiency also impact MSWM; limited processing capacity
and outdated equipment in waste treatment facilities can create bottlenecks in
waste-processing and disposal. Similarly, technological constraints, such as ineffi-
cient energy recovery systems or inadequate throughput, can impede the efficient
conversion of waste into energy, compost, or recyclables.

Moreover, resource recovery and recycling are the crucial parts of MSWM, yet
these are also responsible for waste disposal management such as technological limi-
tations in recycling processes, such as the inability to effectively recycle certain types
of plastics or composite materials, can restrict the recovery of valuable resources
from waste streams, and lack of investment in research and development of innova-
tive recycling technologies may impede progress toward achieving higher recycling
rates and closing material loops [44]. In terms of data management and analytics, the
limited use of data-driven technologies in waste management can hinder decision-
making, resource allocation, and performance monitoring. Challenges in collecting,
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integrating, and analyzing data across different waste management systems and stake-
holders can impede efforts to optimize waste handling. Additionally, infrastructure
development plays a key role; insufficient investment in facilities for waste handling
(recycling centers, composting plants, WtE facilities) can limit the adoption and scal-
ability of advanced technologies. Technological bottlenecks may arise from delays
or setbacks in planning, permitting, and constructing new infrastructure projects.
Thus, addressing technological bottlenecks in waste handling requires investment
in research, development, deployment of advanced technologies, capacity building,
and collaboration among stakeholders. Overcoming these challenges can improve
the efficiency, sustainability, and resilience of waste management systems.

1.5 Economic Competitiveness

Waste is a byproduct of economic actions and related to it by government, household
as well as suggested by Balasubramanian et al. [45] and further pointed out that
in terms of energy recovery/material, waste is also an input to economic activity.
Economic competitiveness in waste management refers to the ability of waste
management systems, technologies, and practices to deliver cost-effective solutions
while meeting environmental and regulatory requirements. Several factors contribute
to the economic competitiveness of waste management, which are given in Table 1.4:

Table 1.4 Factors contributing to economic competitiveness of waste management.
Adapted from [45].

Market demand for

Cost efficiency Resource recovery Energy generation recyclables

» Waste + Waste management « Waste-to-energy  « Economic
management systems that technologies, competitiveness
operations must prioritize resource such as in waste
be cost-efficient recovery and incineration management is

to remain
competitive
This includes
factors such

as collection,
transportation,
processing, and
disposal costs

Investments in
technologies and
infrastructure
that improve
operational
efficiency can
help reduce costs
over the long term

recycling can
enhance economic
competitiveness by
capturing the value
of materials that
can be reused or
repurposed
Recycling and
recovery facilities
can generate
revenue from the
sale of recovered
materials, offsetting
some of the costs
associated with
waste management

or anaerobic
digestion, can
contribute

to economic
competitiveness
by generating
electricity, heat,
or biogas from
waste materials
Revenue
generated from
the sale of
energy can offset
operational costs
and provide
additional
income streams

influenced by
market demand
for recyclable
materials

« Fluctuations
in commodity
prices can impact
the profitability
of recycling
operations

« Diversification
of markets and
development
of domestic
recycling
infrastructure
can help mitigate
market volatility
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Blagoeva et al. [46] suggested that waste management contributes to economic
growth and development through innovation and technology. Investments in inno-
vation and technology can drive economic competitiveness by improving sorting
and processing technologies, automation, and data analytics, thereby enhancing
efficiency, reducing operational costs, and improving the quality of recovered mate-
rials. Compliance with environmental regulations and waste management stan-
dards is essential for economic competitiveness. Non-compliance penalties can lead
to additional costs and damage reputation. Proactive measures to meet or exceed
regulations can help minimize risks and ensure long-term viability.

Moreover, transitioning to a circular economy, where materials are reused, recy-
cled, and regenerated, can boost economic competitiveness in waste management.
Circular economy principles promote resource efficiency, reduce waste generation,
and create opportunities for innovation and value creation throughout the supply
chain. Collaboration between public and private sectors can enhance economic
competitiveness by combining resources, expertise, and innovation. Public-private
partnerships can facilitate infrastructure investment, technology deployment,
and service delivery, leading to cost savings and better outcomes. Thus, by prior-
itizing cost-effectiveness, resource recovery, innovation, and collaboration, waste
management systems can improve economic competitiveness while advancing
environmental sustainability and meeting societal needs.

1.6 Sustainable Challenges

Sustainable challenges in waste management systems encompass a range of issues
related to environmental, social, and economic sustainability. These challenges vary
depending on factors such as geography, population density, waste composition, and
available resources. Common sustainable challenges as adumbrated by Srivastava
et al. [47] in waste management are:

1. Waste Generation and Composition: Rapid population growth, urbaniza-
tion, and industrialization contribute to increased waste generation and chang-
ing waste composition, posing challenges for waste management systems. The
proliferation of single-use plastics and packaging materials exacerbates waste
management challenges due to their persistence in the environment and diffi-
culties in recycling.

2. Waste Minimization and Prevention: Promoting waste minimization and
prevention strategies, such as source reduction, reuse, and repair, is essential
for sustainable waste management. Encouraging behavioral changes and
consumer awareness to reduce consumption, adopt eco-friendly alternatives,
and embrace a circular economy mindset can help mitigate waste generation.

3. Resource Recovery and Recycling: Maximizing resource recovery and recy-
cling rates is critical for sustainable waste management. However, challenges
such as contamination of recyclable materials, limited markets for recycled
products, and inefficient recycling infrastructure hinder progress. Investment
in recycling technology, market development, and public education is needed
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to improve recycling rates and ensure the economic viability of recycling
programs.

4. Waste Collection and Transportation: Inefficient waste collection and
transportation systems lead to increased energy consumption, GHG emissions,
and operational costs. Optimizing collection routes, investing in alternative fuel
vehicles, and implementing smart technologies for real-time monitoring and
route optimization can improve the efficiency and sustainability of waste col-
lection and transportation.

5. Waste Treatment and Disposal: Sustainable waste treatment and disposal
methods are essential to minimize environmental pollution, conserve natural
resources, and protect public health. Challenges include limited capacity and
outdated infrastructure for waste treatment, inadequate regulatory enforce-
ment, and concerns about the environmental and social impacts of incineration
and landfilling. Investing in advanced WtE technologies, composting facilities,
and hazardous waste treatment plants can help address these challenges and
promote sustainable waste management practices.

6. Community Engagement and Participation: Engaging communities in
waste management initiatives and fostering stakeholder participation is crucial
for sustainable waste management. Lack of awareness, cultural attitudes, and
socio-economic disparities can hinder community participation and support for
waste reduction and recycling programs. Implementing education campaigns,
outreach activities, and incentive programs to promote behavior change and
community involvement can enhance the sustainability of waste management
efforts.

7. Policy and Governance: Strong policy frameworks and effective governance
structures are essential for promoting sustainable waste management prac-
tices. Challenges include inadequate regulation and enforcement, lack of
coordination among government agencies and stakeholders, and insufficient
funding for waste management initiatives. Strengthening waste management
policies, enhancing regulatory compliance, and fostering multi-stakeholder
partnerships are key strategies for addressing these challenges and advancing
sustainable waste management [48].

Addressing sustainable challenges in waste management requires a holistic
approach that integrates environmental, social, and economic considerations.
By adopting innovative technologies, engaging stakeholders, promoting waste
reduction and recycling, and strengthening policy and governance frameworks,
communities can build more resilient and sustainable waste management systems.

1.6.1 Feedstock Availability

Feedstock availability is a crucial consideration in waste management techniques, par-
ticularly in processes that involve the conversion of waste materials into valuable prod-
ucts or energy. The availability and composition of feedstock can vary depending on
factors such as waste generation rates, waste streams, and regional characteristics [49].
Here’s how feedstock availability influences various waste management techniques:
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1. Waste-to-energy: WtE technologies, such as incineration and gasification,

2 =
Composting WIE with
recovery of H,

rely on the combustion or thermal conversion of waste materials to generate
heat or electricity. Feedstock availability is critical for maintaining consistent
energy output and operational efficiency in WtE facilities. The right investment
in institutional and technological changes contributing in conversion of waste
into sources that take part in socio-economic development [50]. MSW, biomass,
and certain industrial wastes can serve as feedstock for WtE processes, but the
composition and calorific value of the feedstock may vary, affecting process
performance. Jamilatun et al. [51] proposed that composition, characteristics,
and amount of waste differ in every country based on growth rate of population,
income, and urbanization, and variety of alternative treatments can be carried
out depending upon the waste composition such as paper, wood, plastics, cloth,
etc., and transformed into energy via WtE technology as shown in Figure 1.8.
Thus, feedstock availability in the form of waste is an important part of
WLE technologies, and in the same manner, these technologies even require
consideration of financial, environmental aspects and energy efficiency.

. Anaerobic Digestion: This is a biological process that converts organic waste

into biogas (primarily CH,) and digestate through microbial activity in the
absence of oxygen. Feedstock for AD includes organic waste streams such as
food waste, agricultural residues, sewage sludge, and animal manure. The avail-
ability and quality of organic feedstock influence biogas production rates, CH,
content, and nutrient content in the digestate. Haque et al. [52] indicated that
AD is a widely used technology for converting organic waste into valuable prod-
ucts due to its cost-effectiveness and applicability. However, its success depends
on operating conditions and feedstock properties, which affect the quantity and
quality of biogas and digestate produced. Supplementary processes like pyrol-
ysis, hydrothermal liquefaction, and pretreatment methods can enhance biogas

No pre-processing WLE options by Slag, ash, char and tar
mass burn

Combustible
constituent
(paper, wood,
plastic, food
waste, etc.)

Non-combustible
constituents

Calorific value
low/high

rific value

If cost effective/

" nomical
Sorting economical

Reuse/recycle

/ Irefurbish
v / v

Biodegradable

Bio-electrochemical
& treatment Landfill (reduced
& £ waste volume)

v Collection of landfill gas

WLE with
CH,/biogas
recovery

Figure 1.8 Technologies of waste treatment. Adapted from [52].
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production and yield valuable byproducts, although challenges related to high
operating temperatures and feedstock composition remain. Furthermore,
understanding the composition and generation rate of MSW feedstock charac-
teristics is necessary for designing full-scale biodigesters for municipal use and
assessing environmental impact [53].

. Composting: Composting is a biological process where organic waste decom-

poses into nutrient-rich compost through microbial activity. Feedstock for
composting includes organic materials like food scraps, yard waste, paper prod-
ucts, and agricultural residues. A proper balance of carbon (C) and nitrogen
(N) ratios, moisture content, and particle size in the feedstock is essential for
efficient composting and high-quality compost production. Cao et al. [54] pro-
posed that feedstock characteristics (seasonality, maturation regimes) and
processing technologies are key factors that improve the composition of MSW
compost and the production of good-quality compost by influencing feedstock
selection/screening. Additionally, industrialization and urbanization lead to
complex MSW composition with more diverse feedstock and larger logistical
networks, further contributing to the variety of compost properties.

. Recycling: Recycling processes involve collecting, sorting, and processing recy-

clable materials into raw materials or products for reuse. Feedstock for recy-
cling includes materials like paper, plastics, glass, metals, and e-waste [42-55].
The availability of high-quality recyclable feedstock relies on effective waste
collection and sorting systems, as well as consumer participation and material
recovery rates [56].

. Biofuels Production: Biofuels, such as biodiesel and ethanol, can be pro-

duced from organic feedstock like vegetable oils, animal fats, crop residues,
and dedicated energy crops. Feedstock availability, composition, and logistics
are crucial factors in biofuel production, influencing the process’s economics
and sustainability. Skaggs et al. [57] emphasized the importance of feedstock
in biofuel production, as biofuels are recognized as sustainable renewable
energy that can replace fossil fuels and offer environmental benefits. Biofuels
are classified into different generations based on feedstock characteristics, and
these feedstocks are considered readily available and accessible, contributing to
socio-economic growth. Utilizing waste feedstocks helps mitigate controversies
related to using food materials for biofuels. Waste materials (including animal
manures) contain various types of feedstocks that can be converted into diverse
biofuels. Sharma et al. [58] suggested that organic waste (waste feedstock) is
an efficient feedstock for biofuel production, offering opportunities across var-
ious manufacturing processes and potential for biofuels. Organic waste (food
waste, farming waste, paper, corporate garbage, forestry, etc.) is inexpensive
and readily available, thereby boosting the economic potential of biofuels and
reducing pollution [23, 59].

. Advanced Recycling Technologies: Advanced recycling technologies, such

as pyrolysis and chemical recycling, convert plastic waste into valuable prod-
ucts or feedstock for producing new plastics, chemicals, or fuels. Feedstock
availability, feedstock quality, and feedstock consistency are key considerations
in developing and scaling up advanced recycling processes [60].
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In summary, feedstock availability plays a critical role in determining the fea-
sibility, efficiency, and sustainability of various waste management techniques.
Ensuring a reliable and consistent supply of suitable feedstock is essential for opti-
mizing process performance and maximizing resource recovery from waste streams.
Effective waste management strategies should consider feedstock availability as a
fundamental aspect of planning, design, and implementation.

1.6.2 Operational Challenges

Operational challenges in waste management can arise at various stages of the
waste management process, from collection and transportation to treatment and
disposal. These challenges can impact efficiency, cost-effectiveness, and environ-
mental performance. Some common operational challenges in waste management
as suggested by Kwakye et al. [61] are given in Table 1.5:

Table 1.5 Challenges associated with waste management. Adapted from [61].

Common operational challenges

Inefficient waste « Poor route planning and scheduling can lead to inefficient
collection collection, resulting in missed pickups, uneven service coverage,
and higher operational costs

Inconsistent collection frequencies and service levels may cause
overflowing bins, illegal dumping, and community dissatisfaction

Contamination of « Contamination of waste streams with non-recyclable materials,
waste streams hazardous substances, or inappropriate waste items can
compromise the quality of recyclable materials and increase
processing costs

Lack of public awareness, improper sorting practices, and
inadequate enforcement of recycling guidelines contribute to
contamination challenges

Limited access to « Rural and remote areas may face challenges in accessing waste
collection services collection services due to logistical constraints, long distances,
and dispersed populations

Providing equitable access to collection services for underserved
communities while addressing cost and operational barriers
presents a challenge for waste management providers

Technological « Outdated or inadequate waste management infrastructure and
constraints equipment can hinder operational efficiency and performance
« Limited use of technology, such as GPS tracking, route
optimization software, and smart sensors, may impede real-time
monitoring, data analysis, and decision-making in waste
management operations

Waste « Inefficient waste transportation systems, including outdated
transportation fleets, congested roadways, and long travel distances, can
challenges increase fuel consumption, emissions, and operational costs

Addressing logistical challenges, optimizing transportation
routes, and reducing vehicle idle times are key strategies to
improve the efficiency and sustainability of waste transportation

(Continued)
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Table 1.5 (Continued)

Common operational challenges

Capacity constraints « Limited capacity in waste treatment facilities, such as landfills,
in waste treatment incinerators, and recycling plants, can lead to bottlenecks in
facilities waste-processing and disposal

Balancing waste generation rates with treatment capacity,
implementing diversion strategies, and investing in infrastructure
upgrades are necessary to address capacity constraints

Regulatory + Compliance with environmental regulations, permitting
compliance and requirements, and operational standards presents challenges for
permitting waste management operators
+ Navigating complex regulatory frameworks, obtaining permits,
and maintaining compliance with evolving regulations require
dedicated resources and expertise
Financial « Funding constraints, revenue fluctuations, and budgetary

sustainability pressures pose challenges for achieving financial sustainability in
waste management

Balancing service affordability with revenue generation,
optimizing cost structures, and exploring alternative funding
mechanisms are critical for ensuring long-term financial viability

Addressing operational challenges in waste management requires a comprehen-
sive approach that integrates technology, infrastructure development, regulatory
compliance, community engagement, and financial planning. Collaboration among
stakeholders, innovation, and continuous improvement are essential for over-
coming these challenges and advancing sustainable waste management practices.

1.7 Carbon Sequestration for Green and Sustainable
Environment

Carbon sequestration in WtE processes involves capturing and storing carbon
dioxide (CO,) emissions generated during the combustion or thermal conversion
of waste. While WtE technologies generate energy, they also release CO, and other
GHGs, contributing to climate change [62]. Carbon sequestration aims to mitigate
these emissions by capturing CO, and preventing its release into the atmosphere
[63]. Carbon sequestration can be incorporated into WtE processes as follows:

« Carbon Capture and Storage (CCS): CCS technologies are specifically
designed to intercept CO, emissions generated at WtE facilities before they are
vented into the atmosphere. Post-combustion capture represents one primary
approach, focusing on separating CO, from the flue gases downstream of the
combustion process, often employing techniques such as absorption or adsorp-
tion. Alternatively, pre-combustion capture can be integrated with processes
like waste gasification or pyrolysis, where waste is converted into a synthesis
gas (syngas), and the CO, is removed from this syngas prior to its combustion.
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Table 1.6 Processing conditions of CCS Technology. Adapted from [64].

Technology of CCS  Pressure (bar) Processing temperature (K)  Concentration of CO, (%)

Direct air capture 1.0 298 ~0.05
Pre-combustion 14.0-70.0 473-723 16-61
Oxy-combustion 1.0 218 17-71
Post-combustion 1.0 313-333 4-21

The captured CO, is then typically transported and permanently stored in secure
geological formations, such as depleted oil and gas reservoirs or deep saline aqui-
fers, effectively preventing its re-entry into the carbon cycle. Table 1.6 provides
an overview of typical operating conditions associated with various CCS tech-
nologies [64]. Table 1.6 summarizes the operating conditions of CCS technology.

Carbon Capture and Utilization: In parallel with storage, Carbon Capture
and Utilization (CCU) technologies offer an avenue to convert captured CO,
into commercially valuable products or industrial feedstocks. This approach
provides an economic incentive that can support the implementation of carbon
capture systems. One significant application of captured CO, is in mineraliza-
tion processes, where it is reacted with minerals to form stable, long-term car-
bonate compounds. Beyond mineralization, captured CO, can also be leveraged
in various other applications, including the synthesis of fuels, production of
chemicals, polymerization processes, and manufacturing of building materials,
effectively integrating waste-derived carbon into new product value chains.
Bioenergy with Carbon Capture and Storage (BECCS): BECCS represents
a synergistic approach that couples the generation of energy from biomass
with carbon capture and geological storage. This method utilizes biomass feed-
stocks, which can include organic waste, agricultural residues, or dedicated
energy crops. A key advantage of using biomass is that it absorbs CO, from the
atmosphere during its growth phase. When this biomass is subsequently con-
verted into energy and the resulting CO, emissions are captured and stored, the
overall process can potentially achieve net negative CO, emissions, meaning
more CO, is removed from the atmosphere than is released. Consequently,
BECCS holds significant potential to offset CO, emissions generated not only
by WE processes but also from other sources, thereby contributing substan-
tially to climate change mitigation efforts.

Enhanced Landfill CH, Capture: Landfills constitute a notable source of
CH, emissions, which is a potent GHG significantly contributing to climate
change. This CH, is primarily produced through the anaerobic decomposition
of organic waste materials buried within landfill sites. Enhanced LFG capture
systems are specifically designed to collect these CH, emissions effectively.
These systems can be readily coupled with WtE facilities, enabling the cap-
tured CH, to be utilized for energy production. By capturing and converting
this potent GHG into usable energy, enhanced landfill CH, capture plays a
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vital role in reducing overall GHG emissions and advancing climate change
mitigation.

« Carbon Offsetting and Carbon Credits: Market-based mechanisms, such as
carbon offsetting and carbon credits, provide financial frameworks to support
emission reduction initiatives. WtE facilities that successfully implement
carbon sequestration technologies may be eligible to generate carbon offset
credits or participate in carbon trading schemes. These credits offer a finan-
cial incentive that can enhance the economic feasibility of emission reduction
projects. Carbon offsetting, facilitated by these credits, allows organizations to
compensate for their unavoidable emissions by investing in projects elsewhere
that reduce or sequester an equivalent amount of CO,, such as those imple-
mented at WtE facilities equipped with CCS capabilities.

Integrating carbon sequestration technologies into WtE processes can help miti-
gate GHG emissions, reduce the carbon footprint of waste management systems,
and contribute to climate change mitigation efforts. However, challenges related
to technological feasibility, cost-effectiveness, and regulatory requirements must be
addressed to fully realize the potential of carbon sequestration in WtE operations.

1.8 loT Services
According to Tamakloe et al. [65], the integration of IoT technologies in WtE tech-
niques offers several benefits, including improved efficiency, real-time monitoring

and data-driven decision-making, and proposed smart waste management design
as shown in Figure 1.9.

Smart waste

ETGITETEY management system Software
component component
Server-side
Smart bin web

application

Self-compacting
Integrated mechanism Waste
level and Wt. management
Sensor report
generation

Microprocessor

P Solar Bl
Communication powered location

module and route

Software mapping
database Communication
module

Figure 1.9 Design component structure of waste management. Adapted from [65].
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As shown in Figure 1.9, the hardware design implementation involves efficient
coordination of sensors and microprocessors for effective system function. The soft-
ware design utilizes a developed web application based on the Adonis JS web frame-
work, representing a modern waste management system. As recommended by
Khan et al. [66], the integration of IoT technologies within waste management sig-
nificantly enhances operational efficiency across collection, routing, and equipment
monitoring. At the level of individual bins, 10T sensors provide real-time data on fill
levels, temperature, and other parameters. This sensor data is leveraged to dynam-
ically optimize waste collection routes and schedule pickups precisely according
to necessity, thereby preventing both overflowing bins in dense areas and ineffi-
cient trips to underutilized containers. Extending this capability to transportation,
IoT-enabled fleet management systems offer real-time tracking of waste collection
vehicles, monitoring their location, operational status, and performance. By synthe-
sizing data from bins, vehicles, and traffic conditions, sophisticated route optimiza-
tion algorithms can be applied to enhance logistical efficiency, resulting in reduced
fuel consumption and minimized associated emissions. Furthermore, IoT facili-
tates the remote monitoring of waste-processing equipment and facilities, including
incinerators, gasifiers, and digesters. Sensors placed on these assets continuously
monitor operational parameters and performance metrics, providing essential data
for performance assessment and proactive maintenance planning. This remote
oversight enables prompt detection of equipment anomalies, identification of inef-
ficiencies, and scheduling of preventive repairs, thereby minimizing unplanned
downtime and optimizing facility throughput.

Beyond direct operational improvements, IoT applications contribute signif-
icantly to energy management, environmental oversight, and predictive capabil-
ities within waste management systems. IoT-based energy management systems
offer comprehensive monitoring of energy consumption, generation, and distribu-
tion at WtE facilities. Utilizing smart meters and sensors, these systems enable the
optimization of energy usage, allow for adaptive production adjustments based on
demand, and pinpoint opportunities for efficiency enhancements. Environmental
monitoring and regulatory compliance are also bolstered by IoT integration.
Sensors measure key parameters such as air quality, GHG emissions, and other
environmental indicators. Continuous Emissions Monitoring Systems (CEMSs),
often IoT-enabled, track pollutant levels, detect non-compliance anomalies, and
trigger alerts for necessary corrective actions. Operational data, including histor-
ical trends, is analyzed using IoT data analytics platforms to identify performance
patterns and predict potential equipment failures, enabling a shift toward pre-
dictive maintenance strategies. These algorithms prioritize maintenance tasks
and schedule interventions proactively, further reducing unscheduled downtime.
Finally, IoT-enabled WtE systems can integrate with smart grids and energy mar-
kets. This connectivity allows for the optimization of energy production, storage,
and distribution in response to real-time grid conditions, market prices, and renew-
able energy availability, contributing to grid stability and potentially increasing
revenue streams.

By leveraging IoT services, WtE techniques can achieve greater efficiency, reli-
ability, and sustainability while reducing operational costs and environmental
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impact. However, challenges such as data security, interoperability, and scalability
need to be addressed to realize the full potential of IoT in WtE applications.

1.9 Smart City Infrastructure

WILE plays a significant role in smart city infrastructure by contributing to sus-
tainability, resilience, and resource efficiency [67]. WtE technologies occupy a
significant and multifaceted role within the development of smart urban infrastruc-
ture, contributing fundamentally to sustainability, resilience, and overall resource
efficiency [60]. A primary contribution lies in energy production and security; WtE
facilities convert organic waste into various energy carriers — electricity, heat, or
biofuels - decreasing reliance on fossil fuels and enhancing energy independence.
Furthermore, their capacity for distributed energy generation and integration
with smart grids allows for optimized production, distribution, and consump-
tion, bolstering the reliability and efficiency of the urban energy network and con-
tributing to grid stability by balancing supply and demand. Beyond energy, WtE
drives significant advancements in waste management optimization. Providing
a vital alternative to traditional landfilling and open burning, these technologies
minimize environmental impacts and substantially reduce landfill CH, emissions.
This aligns with circular economy principles, as WtE facilities facilitate resource
recovery by extracting energy and valuable materials such as metals, organic matter,
and plastics from waste streams. When integrated with smart waste management
systems, WtE enables real-time monitoring, optimized collection routes, and more
efficient utilization of waste resources, supporting conservation efforts within the
smart city framework. The environmental and public health benefits are also pro-
found; by treating waste that would otherwise decompose and release CH, or be
combusted inefficiently, WtE processes contribute directly to climate change miti-
gation by reducing GHG emissions, with advanced techniques like carbon capture
and utilization/storage (CCUS) potentially amplifying these benefits. Moreover,
modern WtE facilities employ sophisticated pollution control technologies that sig-
nificantly minimize emissions of air pollutants, particulate matter, and hazardous
substances, leading to improved air quality and contributing positively to public
health and overall environmental sustainability within urban areas. The imple-
mentation of smart WtE systems fosters data-driven decision-making by leveraging
sensors, advanced data analytics, and predictive algorithms to optimize operational
performance, maintenance scheduling, and energy efficiency, providing necessary
insights for proactive management. Finally, successful WtE initiatives actively pro-
mote community engagement and public education, raising awareness about waste
management, energy recovery, and sustainability, which cultivates a sense of shared
ownership and responsibility essential for achieving sustainable development goals
in future smart cities.

By leveraging WtE technologies and integrating them with smart city infrastruc-
ture, urban areas can achieve greater sustainability, resilience, and livability while
addressing challenges related to waste management, energy security, and climate
change mitigation.
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1.10 Conclusion and Discussion

In conclusion, integrating WtE technologies into smart city infrastructure offers
significant benefits across multiple dimensions of sustainability, resilience, and
resource efficiency. By converting organic waste into electricity, heat, or biofuels,
WLE facilities contribute to energy security, reduce GHG emissions, and promote
the transition to a circular economy. Furthermore, WtE plays a key role in opti-
mizing waste management processes, enhancing resource recovery, and mitigating
environmental pollution in urban areas. The synergy between WtE and smart tech-
nology initiatives facilitates data-driven decision-making, real-time monitoring, and
optimization of energy production, waste collection, and grid integration. By har-
nessing IoT technologies, advanced analytics, and smart grid capabilities, WtE sys-
tems improve operational efficiency, reduce environmental impacts, and encourage
community engagement in sustainable waste management practices. Overall, the
integration of WtE represents a holistic approach to urban sustainability, tack-
ling interconnected challenges in waste management, energy production, climate
change mitigation, and public health. Through cooperation among government
bodies, private sector stakeholders, and local communities, cities can utilize WtE
technologies to build more resilient, livable, and sustainable urban environments
for present and future generations.

References

1 Das, A, Li, H., Kataki, R., Agrawal, P.S., Moyon, N.S., Gurunathan, B., et al.
Terminalia arjuna bark — A highly efficient renewable heterogeneous base catalyst
for biodiesel production. Renew. Energy. 2023. https://doi.org/10.1016/j.renene.
2023.05.066.

2 Saikia, K., Rajkumari, K., Moyon, N.S., Basumatary, S., Halder, G., Rashid, U.,
et al. Sulphonated biomass-based catalyst for solketal synthesis by acetalization
of glycerol — A byproduct of biodiesel production. Fuel Process. Technol. vol. 238,
no.15, pp. 107482, Dec. 2022. https://doi.org/10.1016/J.FUPROC.2022.107482.

3 Ludlow, J., Jalil-Vega, F., Rivera, X.S., Garrido, R.A., Hawkes, A., Staffell, I.,
et al. Organic waste to energy: resource potential and barriers to uptake in Chile.
Sustain. Prod. Consum. 2021. https://doi.org/10.1016/j.spc.2021.08.017.

4 Maalouf, A. and Mavropoulos, A. Re-assessing global municipal solid waste
generation. Waste Manag. Res. 2023. https://doi.org/10.1177/0734242X221074116.

5 Chadar, S.N. Solid waste pollution: a hazard to environment. Recent. Adv.
Petrochemical. Sci. 2017. https://doi.org/10.19080/rapsci.2017.02.555586.

6 Zolnikov, T.R., Furio, F., Cruvinel, V. and Richards, J. A systematic review on
informal waste picking: occupational hazards and health outcomes. Waste.
Manag. 2021. https://doi.org/10.1016/j.wasman.2021.03.006.

7 Nanda, M.A., Sugandi, W., Wijayanto, A.K., Imantho, H., Sutawijaya, A.,

Nelwan, L.O., et al. The Waste-to-Energy (WtE) technology to support alternative
fuels for agriculture in the context of effective solid waste management in the
Jabodetabek Area, Indonesia. Energies. 2023. https://doi.org/10.3390/en16247980.

c0l.indd 29 28-11-2025 21:12:59



c0l.indd 30

30

1 Waste-to-value Opportunity and Challenges

8 Bywater, A., Heaven, S., Zhang, Y. and Banks C. J. Potential for biomethanisation
of CO2 from anaerobic digestion of organic wastes in the United Kingdom.
Processes. 2022. https://doi.org/10.3390/pr10061202.

9 Zhang, Y. Heaven, S. and Banks, C. J. Validation of two theoretically derived
equations for predicting pH in CO2 biomethanisation. Processes. 2023.
https://doi.org/10.3390/pr11010113.

10 Makgato, S.S. Roadmap towards clean coal technology for sustainable power

sector in South Africa. Chem. Eng. Trans. 2023. https://doi.org/10.3303/
CET2399038.

11 Skubko, Y. ESKOM and the problems of South African energy. Uchenie Zap.

Instituta Afriki RAN. 2023. https://doi.org/10.31132/2412-5717-2023-65-4-31-43.

12 Lim, H., Kwon, LS., Lee, H. and Park, J.W. Environmental impact assessment

using a GSR tool for a landfarming case in South Korea. Environ. Monit. Assess.
2016. https://doi.org/10.1007/s10661-016-5243-1.

13 Adar, E., Karatop, B., Ince, M. and Bilgili, M.S. Comparison of methods for

sustainable energy management with sewage sludge in Turkey based on SWOT-
FAHP analysis. Renew. Sustain. Energy Rev. 2016. https://doi.org/10.1016/j.rser.
2016.05.007.

14 Tian, H., Wang, X., Lim, E.Y,, Lee, J.T., Ee, A.W., Zhang, J., et al. Life cycle

assessment of food waste to energy and resources: centralized and decentralized
anaerobic digestion with different downstream biogas utilization. Renew. Sustain.
Energy Rev. 2021. https://doi.org/10.1016/j.rser.2021.111489.

15 Wang, Y., Pan, S., Yin, J., Feng, H., Wang, M. and T. Chen. Resource potential and

global warming potential of fruit and vegetable waste in China based on different
treatment strategies. Waste Manag. 2022. https://doi.org/10.1016/j.wasman.2021.
11.016.

16 Pheakdey, D.V., Van Quan, N. and Xuan. D. Economic and environmental benefits

of energy recovery from municipal solid saste in Phnom Penh Municipality,
Cambodia. Energies. 2023. https://doi.org/10.3390/en16073234.

17 Kashid, M.N., Kiwi-Minsker, L., Gehr, R., Chen, D., Moreau, M., Kikutani, Y.,

et al. Peracetic acid (CAS No. 79-21-0) and its equilibrium solutions. Chem. Eng.
Sci. vol. 2, no. 1, pp. 1-6, 2011.

18 Sulaiman, A., Othman, N., Baharuddin, A.S., Mokhtar, M.N. and Tabatabaei, M.

Enhancing the halal food industry by utilizing food wastes to produce value-added
bioproducts. Procedia - Soc. Behav. Sci. 2014. https://doi.org/10.1016/j.sbspro.
2014.01.1106.

19 Slorach, P.C., Jeswani, H.K., Cuéllar-Franca, R. and Azapagic, A. Assessing the

economic and environmental sustainability of household food waste management
in the UK: current situation and future scenarios. Sci. Total Environ. 2020.
https://doi.org/10.1016/j.scitotenv.2019.135580.

20 Senanayake, D., Reitemeier, M., Thiel, F. and Drechsel. P. Business models for

urban food waste prevention, redistribution, recovery and recycling. Resour.
Recover. Reuse. 2021. https://doi.org/10.5337/2021.208.

21 Jungmeier, G. The biorefinery fact sheet. Int. J. Life Cycle Assess. 2017. vol. 23,

pp. 1788-805.

28-11-2025 21:12:59



References | 31

22 Wang, C,, Liu, D, Li, Y., Wang, L. and Gu, W. A multidisciplinary perspective
on the evolution of municipal waste management through text-mining: a mini-
review. Waste Manag. Res. 2021. https://doi.org/10.1177/0734242X20962841.

23 Laskar, I.B., Deshmukhya, T., Biswas, A., Paul, B., Changmai, B., Gupta, R.,
et al. Utilization of biowaste-derived catalysts for biodiesel production:
process optimization using response surface methodology and particle swarm
optimization method. Energy Adv. 2022. https://doi.org/10.1039/d2ya00011c.

24 AlQattan, N., Acheampong, M., Jaward, F.M., Ertem, F.C., Vijayakumar, N. and
Bello, T. Reviewing the potential of Waste-to-Energy (WTE) technologies for
Sustainable Development Goal (SDG) numbers seven and eleven. Renew. Energy
Focus. 2018. https://doi.org/10.1016/j.ref.2018.09.005.

25 Alao, M.A., Popoola, O.M. and Ayodele, T.R. Waste-to-energy nexus: An overview
of technologies and implementation for sustainable development. Cleaner Energy
Systems. 2022. https://doi.org/10.1016/j.cles.2022.100034.

26 Tiwari, R., Agrawal, P.S., Belkhode, P.N., Brijpuriya, D., Devase, A. and
Samarth, P. Utilization of waste transformer oil for the synthesis of biodiesel and
glyptal. In: Yadav, K.D., Jariwala, N.D., Kumar, A., Sinha, A. (eds) Recent Advances
in Sustainable Waste Management Practices. SWMP 2023. Lecture Notes in Civil
Engineering, vol 430. Springer, Singapore. 2024. https://doi.
0rg/10.1007/978-981-99-4186-5_7.

27 Akpan, V.E. and Olukanni, D.O. Hazardous waste management: an African
overview. Recycling. 2020. https://doi.org/10.3390/recycling5030015.

28 Exposto L.A.S.M. and Sujaya, I.N. The impacts of hazardous and toxic waste
management: a systematic review. Interdiscip. Soc. Stud. 2021. https://doi.org/
10.55324/iss.v1i2.20.

29 Saleh, H.E.-D.M. Introductory Chapter: introduction to hazardous waste
management. In: Management of Hazardous Wastes. IntechOpen, 2016.
https://doi.org/10.5772/64245.

30 Kumar, A., Thakur, A K., Gaurav, G.K., Klemes, J.J., Sandhwar, V.K., Pant, K.X.,
et al. A critical review on sustainable hazardous waste management strategies:

a step towards a circular economy. Environ. Sci. Pollut. Res. 2023. https://doi.org/
10.1007/s11356-023-29511-8.

31 Mwanza, B.G., Mbohwa, C. and Telukdarie, A. The influence of waste collection
systems on resource recovery: a review. Procedia Manuyf. 2018. https://doi.org/
10.1016/j.promfg.2018.02.192.

32 Abubakar, I.LR., Maniruzzaman, K.M., Dano, U.L., AlShihri, F.S., AlIShammari,
M.S., Ahmed, S.M.S,, et al. Environmental sustainability impacts of solid waste
management practices in the global south. Int J Environ Res Public Health. 2022.
https://doi.org/10.3390/ijerph191912717.

33 Mousavi, S., Hosseinzadeh, A. and Golzary, A. Challenges, recent development,
and opportunities of smart waste collection: a review. Sci. Total. Environ. 2023.
https://doi.org/10.1016/j.scitotenv.2023.163925.

34 Keerthana, S., Kiruthika, B., Lokeshvaran, R., Midhunchakkaravarthi, B. and
Dhivyasri, G.A. review on smart waste collection and disposal system. J. Phys.
Conf. Ser. 2021. https://doi.org/10.1088/1742-6596/1969/1/012029.

c0l.indd 31 28-11-2025 21:12:59



c0l.indd 32

32

1 Waste-to-value Opportunity and Challenges

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Kumar, S., Smith, S.R., Fowler, G., Velis, C., Kumar, S.J., Arya, S., et al. Challenges
and opportunities associated with waste management in India. R. Soc. Open Sci.
2017. https://doi.org/10.1098/1s0s.160764.

Hemidat, S., Achouri, O., El Fels, L., Elagroudy, S., Hafidi, M., Chaouki, B.,

et al. Solid waste management in the context of a circular economy in the MENA
region. Sustain. 2022. https://doi.org/10.3390/su14010480.

Fakorede, C.O., Anguruwa, G.T., Ajayi, O.B. and Odega, C.A. Waste disposal
practices and its environmental implications. Niger. J. Environ. Sci. Technol. 2021.
https://doi.org/10.36263/nijest.2021.02.0284.

Agamuthu, P. and Babel, S. Waste management developments in the last five
decades: Asian perspective. Waste Manag. Res. 2023. https://doi.org/10.1177/
0734242X231199938.

Hasan, M.J.A., Hanafiah, M.M. and Satchet, M.S. Public awareness on solid waste
management: a case study in Al-Nassyriah City, Iraq. AIP Conf. Proc. 2019.
https://doi.org/10.1063/1.5111275.

Debrah, J.X., Vidal, D.G. and Dinis, M.A.P. Raising awareness on solid waste
management through formal education for sustainability: a developing countries
evidence review. Recycling. 2021. https://doi.org/10.3390/recycling6010006.
Kumar, A. and Agrawal, A. Recent trends in solid waste management status,
challenges, and potential for the future Indian cities — A review. Curr Res Environ
Sust. 2020. https://doi.org/10.1016/j.crsust.2020.100011.

Agrawal, P.S., Belkhode, P.N. and Rokhum, S.L. Agro-waste-produced biofuels.
In: Sustainability in Biofuel Production Technology. 2022. https://doi.org/10.1002/
9781119888864.ch7.

Laskar, I.B., Gupta, R., Chatterjee, S., Vanlalveni, C. and Rokhum, S.L. Taming
waste: waste Mangifera indica peel as a sustainable catalyst for biodiesel
production at room temperature. Renew. Energy. 2020. https://doi.org/10.1016/
j-renene.2020.07.061.

Abdel-Shafy, H.I. and Mansour, M.S.M. Solid waste issue: sources, composition,
disposal, recycling, and valorization. Egypt. J. Pet. 2018. https://doi.org/10.1016/
j.ejpe.2018.07.003.

Balasubramanian, M. Economics of solid waste management: a review. In:
Strategies of Sustainable Solid Waste Management. 2021. https://doi.org/10.5772/
intechopen.95343.

Blagoeva, N., Georgieva, V. and Dimova, D. Relationship between GDP and
municipal waste: regional disparities and implication for waste management
policies. Sustain. 2023. https://doi.org/10.3390/su152115193.

Srivastava, R.R., Rajak, D.K,, Ilyas, S., Kim, H. and Pathak, P. Challenges,
regulations, and case studies on sustainable management of industrial waste.
Minerals. 2023. https://doi.org/10.3390/min13010051.

Fidje, E., Haddara, M. and Langseth, M. Sustainable smart waste management
adoption challenges in developing countries. Procedia Comput. Sci. 2023.
https://doi.org/10.1016/j.procs.2023.01.366.

Shah, K.J., Tripathi, S., Hussain, T. and You, Z. Feedstock: a solution to energy and
environment sustainability. Curr. Chinese Sci. 2021. https://doi.org/10.2174/
2210298102666211230103252.

28-11-2025 21:12:59



References | 33

50 Alam, S., Rahman, K.S., Rokonuzzaman, M., Salam, P.A., Miah, M.S., Das, N.,
et al. Selection of waste to energy technologies for municipal solid waste
management—towards achieving sustainable development goals. Sustain. 2022.
https://doi.org/10.3390/su141911913.

51 Jamilatun, S. Pitoyo, J. and Setyawan. M. Technical, economic, and environmental
review of waste to energy technologies from municipal solid waste. J. Ilmu
Lingkung. 2023. https://doi.org/10.14710/jil.21.3.581-593.

52 Haque, F. Fan, C. and Lee, Y.Y. From waste to value: addressing the relevance of
waste recovery to agricultural sector in line with circular economy. J. Clean. Prod.
2023. https://doi.org/10.1016/j.jclepro.2023.137873.

53 Agbede, 0.0., Aworanti, O.A., Osuolale, F.N., Adebayo, A.O., Ogunleye, O.0.,
Agarry, S.E., et al. Anaerobic conversion of biodegradable municipal solid waste to
biogas: a review. LAUTECH J. Civ. Environ. Stud. 2019. https://doi.org/10.36108/
laujoces/9102/20(0230).

54 Cao, X., Williams, P.N., Zhan, Y., Coughlin, S.A., McGrath, J.W., Chin, J.P., et al.
Municipal solid waste compost: global trends and biogeochemical cycling. Soil
Environ Health. 2023. https://doi.org/10.1016/j.seh.2023.100038.

55 Anli Dino, A., Kishore, G., Rokhum, S.L. and Baskar, G. Bioplastic production
using waste macroalgal biomass: a holistic review on challenges, prospects,
economic viability and sustainability analysis. J. Environ. Chem. Eng. vol. 13, no. 2,
pp. 116108, Apr. 2025. https://doi.org/10.1016/j.jece.2025.116108.

56 Peng, X., Jiang, Y., Chen, Z., Osman, A.IL., Farghali, M., Rooney, D.W.,, et al.
Recycling municipal, agricultural and industrial waste into energy, fertilizers, food
and construction materials, and economic feasibility: a review. Environ. Chem.
Lett. 2023. https://doi.org/10.1007/s10311-022-01551-5.

57 Skaggs, R.L., Coleman, A.M., Seiple, T.E. and Milbrandt, A.R. Waste-to-Energy
biofuel production potential for selected feedstocks in the conterminous United
States. Renew. Sustain. Energy Rev. 2018. https://doi.org/10.1016/j.rser.2017.09.107.

58 Sharma, A., Srikavya, B.P., Urade, A.D., Joshi, A., Narain, R.S., Dwarakanath, V.,
et al. Economic and environmental impacts of biofuels in Indian context. Mater.
Today Proc. 2023. https://doi.org/10.1016/j.matpr.2023.05.118.

59 Kishor, N. and Agrawal, P.S. Nitration of glycerol-A byproduct of biodiesel
production. Mater. Today Proc. 2020. https://doi.org/10.1016/j.matpr.2020.03.065.

60 Kunlere, I.O. and Shah, K.U. A recycling technology selection framework for
evaluating the effectiveness of plastic recycling technologies for circular economy
advancement. Circ. Econ., 2023. https://doi.org/10.1016/j.cec.2023.100066.

61 Kwakye, S.0., Amuah, E.E.Y., Ankoma, K.A., Agyemang, E.B. and Owusu, B.G.
Understanding the performance and challenges of solid waste management in an
emerging megacity: insights from the developing world. Environ. Challenges. 2024.
https://doi.org/10.1016/j.envc.2023.100805.

62 Tiefenbacher, A., Sandén, T., Haslmayr, H.P., Miloczki, J., Wenzel, W. and Spiegel,
H. Optimizing carbon sequestration in croplands: a synthesis. Agronomy. 2021.
https://doi.org/10.3390/agronomy11050882.

63 Zhang, Y., Zhao, S., Li, L., Feng, J., Li, K., Huang, Z., et al. Integrated CO2 capture
and utilization: a review of the synergistic effects of dual function materials.
Catal. Sci. Technol. 2024. https://doi.org/10.1039/d3cy01289a.

c0l.indd 33 28-11-2025 21:12:59



c0l.indd 34

34 | 1 Waste-to-value Opportunity and Challenges

64

65

66

67

Lai, J.Y., Ngu, L.H. and Hashim, S.S. A review of CO2 adsorbents performance for
different carbon capture technology processes conditions. Greenhouse Gases: Sci.
Technol. 2021. https://doi.org/10.1002/ghg.2112.

Tamakloe, C.N. and Rosca, E.V. Smart systems and the Internet of Things (I0T)
for waste management. In: 2020 IEEE International Conference on Computational
Intelligence and Virtual Environments for Measurement Systems and Applications
(CIVEMSA). 2020. https://doi.org/10.1109/CIVEMSA48639.2020.9132968.

Khan, R., Kumar, S., Srivastava, A.K., Dhingra, N., Gupta, M., Bhati, N., et al.
Machine learning and IoT-Based waste management model. Comput. Intell.
Neurosci. 2021. https://doi.org/10.1155/2021/5942574.

Octavianthy, D. and Purwanto, W.W. Designing smart energy system for smart city
through municipal solid waste to wlectricity: techno-economic analysis. In: E3S
web of conferences. 2018. https://doi.org/10.1051/e3sconf/20186702044.

28-11-2025 21:12:59



