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Abstract

The massive production of municipal solid waste presents a significant global challenge
for sustainable urban development and maintaining citizens’ quality of life, requiring
effective management and disposal strategies. Waste-to-energy incineration technology has
become increasingly important as a solution that simultaneously addresses the growing
volumes of municipal solid waste and rising energy needs worldwide. This compre-
hensive review examines the research findings on the effectiveness of incineration as a
waste-to-energy conversion method. The primary goal was to conduct a thorough sys-
tematic review assessing WtE incineration effectiveness across several key areas: energy
recovery efficiency, waste volume reduction capabilities, environmental impact, and eco-
nomic feasibility. A comprehensive literature search was conducted across ScienceDirect
and additional pertinent databases, utilizing appropriate search terms in accordance with
the PRISMA framework. A total of 431 studies were systematically identified, published be-
tween 2015 and 2025, and only 25 relevant studies were included in this review. Researchers
collected data focusing on energy recovery percentages, volume reduction rates, emission
reductions, and economic performance metrics. The findings revealed that every study in-
cluded in the analysis showed positive results for WtE incineration across various performance
measures. This research discovered the feasibility of generating electrical power from garbage
through WtE incineration processes. The projected energy yields, ranging from gigawatt-hours
to kilowatt-hours, were quantified for several nations, including Mexico (11,681.64 GWh),
Cambodia (1625.81 GWh), Bangladesh (187.04 GWh), South Africa (6944 GWh), Iran
(17,678 GWh), Nigeria (10,000 GWh), Indonesia (2487 MWh), Algeria (11.6 MWh), China
(2316.52 MWh), Iraq (203.917 MWh), Uganda (774 kWh), and Pakistan (675 kWh). Energy
recovery efficiency demonstrated a wide range from 30% to 92.75%, with waste volume
reduction consistently reaching 90-95% levels, significantly prolonging landfill opera-
tional lifespans. From an environmental perspective, technology achieved greenhouse
gas emission reductions ranging from 30% to 87%. This dual-purpose approach makes
it an attractive, sustainable solution for both waste management and renewable energy
production. By adopting this approach, cities can address waste and energy issues while
boosting economic growth and job creation. However, it also involves substantial costs,
technical difficulties, and environmental hazards that necessitate meticulous oversight.

Keywords: waste-to-energy; municipal solid waste; incineration; electricity generation;
waste reduction
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1. Introduction

Today’s world faces two major problems that are worsening and are closely connected,
threatening our ability to develop sustainably: we continue to produce increasing amounts
of waste, and we require more and more electricity [1]. Dealing with trash and waste is one
of the biggest headaches that confronts environmental conservation agencies today [2].

Since 2007, the Dikeni region, under the Raymond Mhlaba municipality, has been
experiencing a substantial rise in electricity consumption and waste accumulation across the
city [3]. This notable surge in waste production is accompanied by a similarly remarkable
increase in electricity consumption, driven by rapid urbanization, population growth, and
economic development. To reduce waste piling up, residents burn waste openly, resulting
in land pollution at 30% and aquatic pollution at 14%. These further release carbon dioxide
(CO,) and generate toxic and carcinogenic fumes, thereby exacerbating climate change and
public health risks [4,5]. This practice aligns with SDG number 11, which aims to make
cities and human settlements inclusive, safe, resilient, and sustainable for everyone.

Raymond Mhlaba, characterized as a rural municipality, predominantly relies on its
agricultural sector, which encompasses citrus cultivation, forestry, livestock husbandry,
and crop farming. This encompasses all solid waste generated from water treatment plants,
residential homes, commercial establishments, educational institutions, workplaces, con-
struction sites, and building demolitions [2]. Inadequate waste management methodologies
contribute to environmental deterioration, resource depletion, and threats to public health.
Simultaneously, electrical energy demand across various nations continues its upward
trend, with township populations demonstrating an increased dependence on electricity
for virtually all aspects of modern life [2]. This dual pressure engenders a multifaceted
sustainability crisis, wherein traditional linear economic paradigms, which essentially
extract resources, produce goods, and discard them, no longer suffice [6].

Urban development serves as a critical driving force that intensifies both issues. When
people crowd into cities, the demand for electricity increases due to heightened business
activity, expanding industries, and improved lifestyles [1,2,7]. Recent data indicate that
South Africa produces approximately 122 million tons of waste annually. Of this total,
only about 10% is subjected to recycling or recovery for alternative uses, while at least
90% is disposed of in landfills or through illegal dumping [4]. Landfilling remains the
most common and cost-effective method of waste disposal across the region. Yet, it is
an imperfect solution due to groundwater contamination, soil degradation, and odor
emissions [8,9].

However, these two problems actually create a unique chance for creative solutions.
The combination of piling up waste and the need for more electricity has sparked significant
interest in waste-to-energy technologies, which could address both issues simultaneously.
These approaches convert different types of waste into energy that we can actually use,
helping to generate electricity while reducing pressure on landfills [10,11]. Understanding
how waste accumulates and electricity demand operates, especially in rapidly growing
cities and developing economies, is crucial for developing policies and technologies that
can deliver both environmental protection and energy reliability.

Conventional waste management practices, including landfill operations and uncon-
trolled dumping, constitute substantial contributors to environmental deterioration, the
emission of greenhouse gases, and the depletion of natural resources. By tackling these twin
issues of rising waste generation and the demand for sustainable energy sources, within
this framework, waste-to-energy (WtE) through incineration technology has emerged as
a prominent solution that concurrently addresses waste management problems while
facilitating the production of renewable energy resources [4,9,12].
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WHE incineration operates through the systematic burning of municipal solid waste
at elevated temperatures, transforming the chemical energy contained within waste ma-
terials into thermal energy that can then be converted into electrical power, heating, or a
combination of both using integrated heat and power systems [9,13].

The primary objective of this research is to examine how effectively WtE incinera-
tion transforms municipal solid waste into practical energy sources (electricity), while
evaluating its capacity to reduce waste volumes and measuring its environmental effects,
particularly regarding decreased greenhouse gas emissions and influences on air qual-
ity. Through the utilization of waste’s energy capabilities, these sustainable resources
can foster economic development while addressing environmental challenges linked to
inadequate waste management. This methodology enables municipal authorities to transi-
tion toward renewable energy frameworks by utilizing waste combustion for electricity
production, thereby reducing waste accumulation and generating environmentally friendly,
economically viable solutions [4,14].

1.1. Overview of Waste-to-Energy (WtE) Process

Waste-to-Energy (WtE) incineration serves as a technology with two key functions:
tackling the challenges of managing municipal solid waste while meeting energy produc-
tion requirements. This process utilizes controlled high-temperature burning of municipal
solid waste, transforming the chemical energy contained within waste materials into ther-
mal energy. This thermal energy can then be converted into electricity, heat, or both using
combined heat and power systems [4,9,15]. Through controlled combustion at elevated
temperatures, combustible waste materials are converted into electrical energy, while simul-
taneously achieving an 80-95% reduction in waste volume and approximately a 70-80%
reduction in waste mass [4,16-18].

WIE plants are prevalent in densely populated regions with limited land availability,
such as Japan and various European nations, including Denmark, Sweden, Germany, and
France. In Western Europe, WtE is the predominant method for managing MSW, process-
ing around 40 million tons [17]. WtE incineration facilities currently encompass around
512 operational plants across Europe. These installations include 251 facilities that generate
both heat and power, 161 plants dedicated solely to electricity production, and 94 units
focused exclusively on heat generation. Together, these European WtE operations deliver
a combined incineration capacity totaling 93 million tons [19]. In the Middle East, Dubai
hosts the world’s largest waste-to-energy facility. This power plant processes approxi-
mately 1.9 million metric tons of waste annually, accounting for around 45% of Dubai’s
total waste. The initiative generates 200 megawatts of electricity daily, supplying power to
135,000 homes [17].

A significant environmental benefit of WtE programs lies in their ability to decrease
both greenhouse gas emissions and air pollution that typically result from landfill disposal
and conventional waste management practices [4]. Burning waste offers multiple environ-
mental benefits compared to conventional disposal approaches. This method substantially
decreases greenhouse gas emissions by preventing methane from being released into the
atmosphere from landfills [20,21]. When operated correctly, contemporary waste-to-energy
plants produce electricity while emitting fewer health-related air pollutants and greenhouse
gases per unit than burning fossil fuels. These W1E initiatives offer an environmentally
responsible method for expanding energy portfolio diversity while reducing reliance on
finite fossil fuel resources [4].

A study by Tahiru et al. acknowledged that adopting waste-to-energy technologies
has a significant positive impact on combating global warming by reducing greenhouse gas
emissions, including CO,, compared to traditional waste disposal techniques such as open
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burning and unregulated landfilling. When municipal solid waste (MSW) is incinerated
in a thermal waste-to-energy facility, it prevents approximately 1010 kg of CO; per ton of
waste from entering the atmosphere, excluding biogenic carbon emissions from methane
gas in landfills. CO, emissions from incinerators are recorded at 1.188 pounds of CO,
per kWh [22].

1.2. Benefits and Advantages of the Waste-to-Energy (WtE) Approach

The production of electrical power from waste incineration represents a thermal WtE
approach that transforms discarded materials into electricity through combustion within
specialized burning chambers. This process typically involves several essential phases:
gathering and managing waste materials, preparing them for combustion, conducting
the incineration process, capturing and converting the released energy, and handling the
resulting ash residue [18]. This process decreases air and water pollution, creates jobs, and
enables effective waste management through separation and recycling [23].

This technology can power homes, businesses, and vehicles as a renewable energy
source. WtE projects drive economic growth, enhance energy security by diversifying
sources, and reduce fossil fuel dependence. Revenue from electricity sales and renewable
energy credits can fund community development, social services, and infrastructure im-
provements, enhancing residents’ quality of life [4]. Modern waste incinerators achieve
20-30% electricity efficiency and 60-85% heat efficiency, depending on waste calorific
value, with overall conversion efficiencies approaching 100% [24]. Waste materials with
high calorific values, such as plastics, yield more heat and generate the most energy. WtE
systems present numerous advantages over conventional waste management methods:

(i) Reduced waste volume

Annually, the global production of municipal solid waste (MSW) exceeds two billion
tons, a figure anticipated to rise by 56% by 2025. The escalating volume of waste and its
related pollution are intrinsically linked to climate change. When compared with alternative
waste management approaches, WtE incineration provides numerous benefits. This method
achieves the greatest volume reduction rates, with an 80-95% reduction among available
thermal treatment technologies. The system can effectively process mixed waste types
without requiring extensive preliminary sorting or preparation [9,17].

(ii) Resource recovery and Cleaner than landfills

Incineration reduces waste mass by 80% and volume by over 95%. WHE facilities pro-
duce fewer emissions than landfills due to strict regulations on pollutants like heavy metals
and dioxins [16]. Pre-processing waste into refuse-derived fuel removes non-combustible
materials, creating higher heating value fuel with better combustion properties. This re-
quires less excess air (50% versus 100%) than mass burn methods, reducing exhaust gas
volume and lowering air pollution, and potentially lower greenhouse gas emissions [17,25].
WHE incineration exhibits significantly better environmental outcomes than traditional
landfill disposal. This approach reduces the global warming impact by approximately 30%
by preventing methane release and reducing dependence on fossil fuels.

On the other hand, high-temperature incineration effectively eliminates pathogenic
bacteria and toxic substances, reducing environmental harm and public health
risks [16,25]. When used for energy generation, it can decrease fossil fuel dependence,
although this depends on process efficiency [25]. Recycling garbage is advocated by the
waste management hierarchy to increase revenue and reduce the impact of air pollution
from incinerators (Figure 1). This is consistent with the tenets of the circular economy,
which advocate for extending the useful life of resources [26].
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Figure 1. The waste management hierarchy [27].

(iii) Economic importance and application

The incineration of waste generates two primary categories of solid byproducts: bot-
tom ash and fly ash. Bottom ash accounts for approximately 20-25% of the original waste
material’s mass and comprises non-combustible substances that can serve as viable ma-
terials for construction purposes [28,29]. Significant metals and minerals are found in
incineration bottom ashes, presenting numerous opportunities for recycling and reuse.
Bottom ash (IBA) consists of inert, non-combustible materials that remain after combus-
tion: sand, stones, and ash from the burned material, referred to as the mineral fraction,
which constitutes 80-85% of IBA. This material can be utilized as a filling substance for
construction applications (serving as sub-base material in road construction, replacing
virgin gravel, or in concrete products, thereby reducing the demand for energy-intensive
concrete production) [15,30].

Furthermore, there is a process involving high-temperature melting, where bottom ash
is subjected to extreme heat, typically at temperatures of 1250 °C or higher in specialized
furnaces such as coke bed, fuel-fired, or electric furnaces. This method not only helps
reduce waste volume but also transforms the ash into a valuable material for various
industrial applications [30].

The ash residue produced after waste treatment can serve as paving materials for
roads and can also be transformed into building materials, effectively converting waste into
valuable resources. The thermal energy generated during the waste incineration process
can be harnessed for heating, cooling, and electricity generation [31].

Calorific value refers to the amount of heat produced when a certain amount of waste
is burned. This means that if waste has a calorific value of 14.4 MJ/kg or more, it can be
burned in an incinerator without the need for additional fuel, as the waste itself contains
sufficient energy to sustain combustion. When you mix different types of waste in the
incinerator, you can actually increase the energy output, resulting in more electricity being
produced at the waste-to-energy facility [32]. Table 1 presents the various types of waste
found and produced daily in the Dikeni region. What is interesting is that both PVC and
cow dung manure have really high calorific values, which makes the energy they produce
much cheaper compared to what you would obtain from fossil fuels.

Additionally, the potential economic benefits of the resulting residues enhance the at-
tractiveness of this technology [22]. Modern WtE technology improvements have enhanced
efficiency, reduced emissions since they utilize cutting-edge emission control systems, and
increased economic viability. These developments demonstrate the ability of WtE technol-
ogy to address conventional waste management limitations while meeting the growing
demand for clean energy. Integrating WtE technology into waste management systems is
crucial because it supports global sustainability goals by reducing solid waste’s environ-
mental impact, preserving natural resources, and generating renewable energy. Moreover,
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WHE offers significant economic benefits, including job creation, lower waste management
costs, and enhanced energy security through the use of diversified energy sources [33].

Table 1. The caloric value of waste in Dikeni.

Type of Waste Caloric Value
Organic waste (foods, garden waste) 1446 kcal/kJ
Animal waste or Cow dung cakes 6800 kJ/kg

Paper and cupboards 3216 kcal/kg
Plastics (PVC) 9787 kcal/kg
Medical waste 4530-5745 kcal /kg
Domestic waste (recycled) 2379-3335 kcal /K]

1.3. Conversion of Waste to Energy Procedure

Contemporary WE plants utilize diverse combustion technologies, with moving grate
incinerators representing the most widely adopted approach. The process comprises three
main stages: incineration, energy recovery, and emission controlThe combustion process
occurs within a sealed water-wall furnace chamber, where temperatures typically range
between 850 °C and 1100 °C [34]. Heat from the combustion gases is transferred to water
circulating through boiler tubes, which produce high-pressure steam. High-pressure steam
drives turbine blades connected to generators, producing electrical power. Each ton of
waste typically generates 500-600 kWh of electricity [17]. This steam subsequently powers
turbines linked to electrical generators, generating electricity. Additionally, some plants
incorporate combined heat and power systems to enhance energy efficiency by simulta-
neously generating electricity and providing district heating services. Waste materials
with a higher energy content can sustain combustion independently, without requiring
supplementary fuel sources [35].

An air pollution control system captures contaminants from combustion gases before
they are released through the smokestack. Secondary chambers operate at higher tem-
peratures for complete combustion. Gases from both primary and secondary chambers
are channeled through flutes into chimneys for release [17]. Additionally, ash produced
from the incineration process is collected from both the boiler area and the air pollution
control system for proper disposal or treatment [17,36]. Steam boilers exemplify auxiliary
equipment that generates energy or heat in installations using waste heat [37].

2. Materials and Methods
2.1. Literature Search

A systematic and comprehensive literature review was employed in this study to
evaluate the efficacy of generating electricity from incinerated waste via the WtE approach.
This research adheres to the PRISMA-P (Preferred Reporting Items for Systematic Review
and Meta-Analysis Protocols) framework to ensure transparency, reproducibility, and
methodological rigor throughout the systematic review process. This systematic review
critically examines scholarly publications from 2015 to 2025 that concern the feasibility
of utilizing municipal solid waste for electrical energy production, with a particular em-
phasis on thermal conversion technologies, notably incineration processes. A rigorous
systematic literature search was undertaken across multiple academic databases, including
ScienceDirect, Web of Science, Scopus, Google Scholar, Semantic Scholar, and PubMed.
A comprehensive search strategy was created by combining a number of well-chosen
keywords with Boolean operators (“and”, “or”) to guarantee a thorough and pertinent
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search. Among the keywords were “waste to energy,” “waste incineration,” “thermal

” o 7o

electricity,” “waste management,” “MSW to energy recovery,” “renewable electricity gener-

” o

ation,” “environmental impacts of WtE,” “sustainable remediation technologies,” and “soil

remediation” [22].

2.2. Handling of Data

All relevant research articles identified through database searches were imported
into EndNote. Duplicates were removed during quality control. The remaining articles
underwent a multi-stage screening process: first, by title for preliminary relevance, then
by abstract for potential contribution, and finally by full-text review against the inclusion
criteria for final selection in the systematic review or meta-analysis.

2.3. Selection Criteria and Data Extraction

Following the inclusion and exclusion parameters outlined in Table 2, the retrieved
literature from the databases was subjected to a dual-phase screening methodology. The
initial phase involved examining titles, abstracts, and conclusions to assess adherence
to fundamental inclusion criteria, followed by a comprehensive evaluation of full texts
deemed pertinent to the study objectives. The key characteristics of integrated research on
waste-to-energy (WtE) through combustion include the analysis of waste mass and volume
reduction efficiency, potential for electrical power generation, management and reduction
in gaseous emissions, and economic considerations.

Table 2. Inclusion and exclusion criteria for the WtE approach.

Inclusion Criteria Exclusion Criteria

Scientific studies specifically investigate
the burning of city garbage or the
conversion of waste into energy through
incineration-based processes.

Research examining exclusively
alternative waste-to-energy methods that
do not include incineration information.

Research presenting numerical or
descriptive findings regarding the
efficiency of waste-to-energy
incineration processes.

Publications not distributed via scholarly
journals with peer
review processes.

Publications documenting energy

conversion efficiency, pollutant emissions,
environmental consequences, economic
viability, public health impact evaluations,

Research articles lack complete textual
content, adequate data provision, and
transparent methodological frameworks.

or sustainability considerations.

Publications disseminated in
peer-reviewed English-language journals
prior to 2015.

Publications in languages falling outside
the established inclusion parameters.

2.4. PICO Framework

The eligibility parameters were formulated employing the (PECO) framework, which
stands for population (P), intervention (I) comparison (C), and outcome (O) [22], as articu-
lated in the following manner: Population (P): municipal solid waste or particular waste
categories (e.g., organic waste, animal waste, paper waste, and industrial waste) designated
for incineration with the purpose of energy recovery. Intervention (I): waste incineration
technology employed for waste-to-energy conversion. Comparison (C): Alternative WtE
technologies such as gasification, pyrolysis, anaerobic digestion, or conventional waste
disposal approaches such as landfilling. Outcomes (O): the particular outcomes under eval-
uation include decreasing landfill waste, lowering greenhouse gas emissions, producing
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electrical energy, and assessing economic viability. All authors conducted a comprehensive
analysis of every paper within the database to verify adherence to predetermined inclusion
and exclusion parameters, achieving an inter-rater reliability coefficient of 78%. Disagree-
ments among reviewers were addressed through a systematic discussion process until a
unanimous agreement was reached. This methodology enhances research transparency by
explicitly identifying data categories derived from individual studies, while acknowledging
each study’s unique contribution to the comprehensive synthesis.

3. Results
3.1. Search Results

This study has focused on energy generation, specifically electricity from municipality
solid waste through the incineration process as one effective approach of the WtE process.

Based on the evaluation method, the systematic review employed a rigorous method-
ological approach encompassing identification, screening, and eligibility evaluation phases,
as illustrated in Figure 2. A completed PRISMA 2020 checklist is provided in the Supple-
mentary Materials. The comprehensive database search yielded 431 initial citations, which
were systematically reduced to 186 after duplicate records were removed. Subsequently,
the screening procedure resulted in 245 manuscripts being subjected to content relevance
evaluation, whereby 16 studies satisfied the criteria for comprehensive full-text examina-
tion and in-depth analysis. Sixty-three (63) publications were excluded from consideration
due to inadequate data provision or non-compliance with established study eligibility
criteria. Therefore, the systematic review culminated in the selection of 48 studies that
demonstrated alignment with the research objectives and furnished essential empirical
evidence to address the specified research inquiries. However, only 25 articles presented
data that align with this study’s objectives and assessment purposes.

Although there is a growing interest in the WtE technology approach for safely manag-
ing waste from municipalities. The research database published over 5000 journal articles
with keywords related to waste-to-energy and incineration. The majority of those studies
present different procedures for converting waste to energy, which are outside the scope of
this review. This includes the WtE approach through conventional methods such as hybrid
systems, anaerobic digestion, gasification, and pyrolysis.

This research study examined three essential aspects of converting waste into energy
through incineration methods. These core aspects included the efficiency of waste-to-
energy conversion for electricity production, the management of municipal solid waste
through volume reduction, and environmental sustainability by reducing greenhouse gas
emissions. Every study examined in this research showed favorable results (100%) for
WHE incineration when evaluated against various performance measures (as illustrated in
Figure 3). A review of existing research suggests that significant electrical energy can be har-
nessed through the complete incineration of combustible waste across various geographical
areas. The generation of electricity via incineration is considered a remarkably efficient
method for power production, particularly in developing nations, with estimated out-
puts varying from gigawatt-hours to kilowatt-hours: Mexico (11,681.64 GWh), Cambodia
(1625.81 GWh), Bangladesh (187.04 GWh), South Africa (6944 GWh), Iran (17,678 GWh),
Nigeria (10,000 GWh), Indonesia (2487 MWh), Algeria (11.6 MWh), China (2316.52 MWh),
Iraq (203.917 MWh), Uganda (774 kWh), and Pakistan (675 kWh), respectively [26,38-49].

The reduction in waste volume reliably reached between 90% and 95%, accompanied
by substantial environmental benefits, including decreases in greenhouse gas emissions
ranging from 30% to 87%. Volumetric waste reduction was consistently observed across
all examined WHtE installations. However, empirical evidence suggests that approximately
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Figure 2. Schematic diagram of the PRISMA framework showing the results of the reviewed data.
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Figure 3. The schematic diagram of the evaluated articles of WtE electricity generation through incineration.
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3.2. Electrical Energy Generation Potential from Waste

The incineration of municipal solid waste shows significant potential for generating
electricity through various operational sizes and technological setups. The data obtained
demonstrates that within implemented waste-to-energy initiatives, electrical power is
produced from refuse materials. Mujalge et al. (2020) documented that the incineration
model for municipal solid waste in Palghar district demonstrated the facility’s capacity to
process approximately 686,750 MT of total waste annually, whilst generating 121.53 GWh
of electricity for commercial distribution [50].

The empirical study revealed that the incineration process efficiently produces elec-
tricity through the conversion of roughly 15,451.35 tons of municipal solid waste into
high-temperature steam, which generates 956.04 MWh of electrical power. This process si-
multaneously achieves substantial waste reduction, decreasing waste mass by 81.52-96.50%
while adhering to established environmental standards. The integrated pollution control
systems effectively treat both wastewater and flue gas emissions, ensuring compliance with
national environmental regulations [38]. The heating value of waste plays a vital role in
incineration processes, as it directly impacts combustion temperatures, process efficiency,
energy generation capabilities, and the management of toxic emissions. The operational
capacity of incineration technology within the Northwest province demonstrated that
paper-based waste materials generated approximately 6897 GWh, whilst plastic waste
materials produced between 5171 GWh and 5207 GWh of electrical energy [51].

Furthermore, Akinshilo (2019) emphasizes that an energy recovery potential exceed-
ing 1300 GW/day, with a substantial power generation capacity of over 10,000 MW, was
achieved from municipal solid waste, comprising primary constituents such as food waste,
metallic materials, and plastic waste [39]. Chaerul and Ridho (2025) emphasize the impor-
tance of optimizing waste segregation and recycling processes to improve the efficiency
and sustainability of incineration operations [26]. Comparable results were observed in
research conducted in Phnom Penh, Cambodia, which demonstrated that incineration
achieved the greatest energy generation, producing between 793.13 and 1625.81 GWh
annually throughout a 20-year forecast timeframe. These figures substantially exceeded the
performance of alternative methods, including landfill gas recovery systems that generated
between 115.44 and 271.81 GWh annually. Consequently, incineration emerged as the
most effective technology for optimizing energy extraction from municipal solid waste
materials [40].

Their findings revealed that, over five months, electricity generation totaled 2487 MWh,
equivalent to 280 kWh per ton of incinerated waste. The processed waste composition
comprised 54.82% organic materials, 18.22% non-PET plastics, 6.72% paper products, and
3.71% PET plastic materials, respectively [26].

Punjab’s urban centers demonstrate optimal electrical energy output from municipal
solid waste (MSW) processing, achieving generation rates between 514 and 675 kilowatt-
hours per ton of MSW, which represents the maximum net energy yield documented in the
literature [41].

3.3. Environmental Sustainability (Waste Reduction and GHG Combating)

Reducing waste volume stands as one of the most essential measures of how effectively
incineration technology performs, with direct consequences for landfill space availability
and the long-term viability of waste management systems. A contemporary study reported
that a WtE facility demonstrates environmental performance that complies with national
standards, successfully achieving mass waste reductions of 81.52-96.50% [38].

The projected yearly energy generation reaches 187.04 GWh while simultaneously
achieving a decrease of 17,400 tCO,-eq in carbon emissions. Furthermore, waste-to-energy
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incineration proves to be an effective approach for municipal solid waste processing,
generating an excess of 102.36 GWh of electrical energy beyond what is required to meet
the yearly electricity needs of electric vehicles [45].

The environmental benefits of WtE incineration become most evident through signifi-
cant reductions in greenhouse gas emissions when compared to other waste management
methods. At the same time, environmental sustainability is maintained through the re-
duction in greenhouse gas emissions, and climate change mitigation is achieved, thereby
establishing an environmentally sound and sustainable ecosystem [38]. The reduction
of carbon footprints may be achieved through waste incineration rather than disposal
via environmentally detrimental local methodologies, including open burning practices,
which consequently result in decreased greenhouse gas (GHG) emissions [41,51]. WtE
systems have demonstrated efficacy in mitigating environmental contamination to a consid-
erable degree, while simultaneously reducing the emission levels of deleterious greenhouse
gases, including methane, carbon monoxide, and carbon dioxide, as well as numerous
other potentially harmful atmospheric compounds [4,39,43,52]. Despite the production of
774 kWh of electricity per ton of municipal solid waste, which possessed the capacity
to supply electrical power to approximately 1062 households within Kampala, Uganda,
Amulen et al. (2022) identified several adverse consequences associated with the waste-to-
energy facility, encompassing environmental pollution, methane emissions that contribute
to climate change, and employment-related complications [49].

Dlamini et al. (2018) support these findings and contend that incineration technologies
possess the capability to diminish the volume of waste directed to landfills. This is achieved
by diverting both biodegradable and non-recyclable waste from landfills, thereby enhancing
the landfill airspace until 2030, with a projected 93% waste diversion rate. This diversion
could potentially yield carbon credits, create employment opportunities, and generate
renewable electricity, in addition to revenue from the sale of byproducts [3].

The research team found that the facility is expected to decrease yearly carbon dioxide
(COy) emissions by 0.045 million tons, thereby supporting environmental sustainability
efforts. The results demonstrate that WtE technology offers an effective solution for ad-
dressing urban waste management issues, while simultaneously enhancing energy security,
paving the way for sustainable development, and serving as an exemplary model for
comparable urban environments [50,53].

WIHE technology facilitates the recovery of valuable materials, such as metals, from
incineration residues, thereby promoting reuse and recycling, which aligns with the princi-
ples of a circular economy. The studies published indicate that WtE generates economic,
social, and environmental co-benefits through the efficient utilization of natural resources,
reduction in emissions, job creation, and the promotion of innovation in raw materials in
a sustainable manner. This thermal treatment via incineration offers communities dual
economic benefits, including cost savings and job creation [3,4]. This technology advances
carbon reduction goals by reducing land requirements and greenhouse gas emissions,
which supports circular economic objectives. The successful implementation and long-
term financial viability of incineration facilities depend significantly on policy initiatives,
economic incentives, and regulatory structures that encourage widespread adoption.

This underscores the ability of municipalities to lessen their reliance on external energy
sources, which in turn will reduce utility bills for residents, as the power is generated
locally. Moreover, the construction and operation of WtE facilities create numerous job
opportunities within communities, ranging from skilled engineers and technicians to
administrative and support positions. The jobs created tend to invigorate the local economy.
These facilities can also market WtE byproducts, such as metals and aggregates, thereby
establishing an additional revenue stream through the sale of energy. This strategy further
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contributes to the creation of new jobs in the market, encompassing roles in waste collection
and transportation, research, engineering, and environmental compliance. These economic
advantages play a significant role in fostering sustainable local development and lowering
waste management costs.

In the realm of social relations, the implementation of WtE systems significantly
enhances community resilience by providing a reliable and sustainable energy source,
diversifying energy options, improving energy security, and creating opportunities for
revenue generation. Most importantly, the educational programs linked to these initiatives
promote environmental stewardship, fostering a sense of community pride and shared
responsibility. Moreover, WtE technology not only addresses waste management issues
but also catalyzes positive socio-economic transformations in communities.

4. Discussion

The presented results confirm the importance of adopting the perspective of the WtE
approach as a dual method for electricity generation and waste volume reduction. Utiliz-
ing energy derived from municipal solid waste serves a dual purpose: resolving waste
management challenges while simultaneously creating opportunities for electrical power
generation, diminishing reliance on fossil fuel resources, and reducing greenhouse gas
emissions. Hossain et al. highlighted that converting Waste to Electrical Energy (WTEE)
represents a compelling alternative for power generation, specifically through the trans-
formation of Municipal Solid Waste (MSW), which holds substantial energy potential
and demonstrates its effectiveness as a solution to overcome conventional power genera-
tion limitations. This approach highlights how transforming waste into electrical power
can enhance waste management practices while contributing to meeting yearly energy
demands [53].

It has been reported that the combustion of 1 metric ton of MSW in a modern incin-
eration facility can recover approximately 80% of the embedded energy as heat, which
can be utilized to generate steam in a steam turbine, producing between 500 and 600 kWh
of electricity and 1000 kWh of thermal energy. The total electricity output from waste
incineration plants is estimated to be between 70.18 and 84.21 TWh, while the heat output
is around 140.35 TWh. This waste heat can provide process heat for industrial applications
and district heating systems [36,46]. The yearly electrical generation is projected to be
187.04 GWh, accompanied by a decrease of 17,400 tCO,-eq in carbon emissions. Fur-
thermore, waste-to-energy incineration proves to be an effective approach for handling
municipal solid waste, potentially generating an excess of 102.36 GWh of power beyond
what is required to satisfy annual electric vehicle energy needs [45].

Research conducted by Hadi et al. in 2024 indicates that municipal solid waste has
a high heating value of 12.789 M]/kg, which enables the generation of electrical energy
of 119.287 MW and 203.917 MW across different sectors, demonstrating the viability of
steam-powered facilities [47]. The total energy generation capacity through incineration
processes is anticipated to achieve 2,316,523 MWh annually by 2025, with a projected
growth of 14.3% by 2050, representing a 3.72% contribution toward Indonesia’s renewable
energy objectives within the electrical grid composition [48].

Research by Straka et al. in 2017 employed computational simulation techniques to
examine and subsequently optimize the waste incineration procedure. The simulation
findings indicate that incineration over a twelve-month timeframe process approximately
15,266 tons of plastic and electronic materials, generating roughly 590,000 GJ of energy
along with approximately 199,000 tons of steam [54].

Wollongong was selected for this research due to its annual production of approx-
imately 121,000 tons of municipal waste, with roughly 48,400 tons being recycled. The
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simulation model results demonstrate that incineration technology produces electricity
at approximately 1700 kW, significantly surpassing the landfill approach, which gener-
ates only around 100 kW, thereby showcasing its superior potential for waste-to-energy
transformation [55].

Furthermore, the incineration of 27.36 million tons of organic waste each year, utilizing
appropriate technology for energy recovery, has the potential to produce between 14.52 and
23.08 TWh of electricity annually. When paper and textiles are included, the potential output
increases to 18.69 and 29.71 TWh per year. The estimated power generation from agricultural
residues is 80.3 GW [8]. By 2014, the UK had incinerated 35% (6.72 million tons) of its total
MSW stream, generating 3.94 TWh of electricity, which accounted for 1.1% of the UK’s total
energy supply [22].

Denmark, Sweden, Estonia, and Finland appear to be at the forefront of the waste-to-
energy (WtE) sector, incinerating as much as 50% of their municipal solid waste (MSW).
As a result, they have managed to decrease landfilling to below 10% of the total MSW
generated, except for Finland, which still landfills 17% of its overall MSW throughput.
Japan also plays a significant role in East Asia, treating 67% of the 65 million tons of MSW
produced through thermal methods [22].

China is at the forefront among developing nations in terms of installed waste-to-
energy (WtE) plant capacity, boasting over 510 WtE Municipal Solid Waste (MSW) plants
that collectively generate 13.41 GW [8].

Although WHtE technology remains in its early stages of development in countries
like South Africa, the achievements observed in nations with diverse economic and waste
management profiles offer critical insights [49]. South Africa has made notable progress
using MSW feedstock, anaerobic digestion, landfill gas, and incineration technologies to
generate between 900 kWh and 9 MWh of energy daily [8].

While waste-to-energy incineration proves effective for waste reduction, the authors
identified a primary concern and limitation: the release of carbon dioxide emissions that
may contribute to global warming. However, these CO, concentrations pose less environ-
mental harm than other gaseous emissions such as methane, sulfur oxides, and nitrogen
oxides. This highlights the importance of implementing controlled waste incineration tech-
niques to reduce the impact on global warming [47]. On a different note, research conducted
by Zeng et al. demonstrated that incineration processes can achieve an average reduction
of 41% in CO; emissions, emphasizing the environmental advantages of this approach [48].
In a similar vein, Joshi and their team contended that waste-to-energy technologies play a
crucial role in diminishing dependence on landfills and lowering greenhouse gas emissions
through the replacement of fossil fuels with renewable energy alternatives [56].

However, incinerators represent the most carbon-intensive method of electricity gen-
eration. For each unit of power produced, these facilities release 1.7 times more greenhouse
gases and 4.8 times more nitrogen oxides compared to coal, which ranks as the second most
polluting energy source. However, they generate only 0.4 times the sulfur dioxide emissions
of coal. Among the facilities studied, 46 out of 69 incinerators (representing 67%) utilize
selective catalytic or non-catalytic reduction systems to control nitrogen oxide emissions,
while 61 facilities (88%) employ scrubber technology for sulfur dioxide management. The
research reveals that incinerators produce higher greenhouse gas emissions per electricity
unit generated (1707 g CO,e/kWh) than all other power generation methods, which range
from 2.4 to 991.1 g CO,e/kWh. This positions incinerators as the most emission-heavy
approach to electricity production [57].

Moreover, this study is found to align with and support three significant Sustainable
Development Goals (SDGs), namely 7, 11, and 13. By converting municipal solid waste
into power and heat, WtE technology helps achieve SDG 7 by increasing the percentage
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of renewable energy sources and improving energy efficiency while granting access to
affordable, dependable, and sustainable energy. WtE helps cities become more sustainable
in relation to SDG 11, which enhances resilience and urban living conditions. Lastly, WtE
contributes to critical climate action objectives by reducing greenhouse gas emissions from
landfills, which emit methane, and substituting cleaner energy sources for fossil fuels in
order to combat climate change and meet SDG 13. Waste-to-energy technologies present
an innovative approach to addressing two critical contemporary challenges: the escalat-
ing production of waste materials and the imperative for environmentally sustainable
energy alternatives. These technologies offer a transformative approach to both waste
management and power generation, thereby establishing a comprehensive solution to these
interconnected environmental and energy challenges.

4.1. Feasibility of WtE in Dikeni Context

To bring fresh perspectives to the current discussion, this research has explored various
ideas about the animal waste that enters the system. Cow manure proves to be particularly
valuable for generating electricity because it contains a substantial amount of energy. When
we treat these animal byproducts as waste materials and use what is called a ‘zero burden’
method, it means the material goes into the waste-to-energy system without carrying any
of the environmental costs associated with raising livestock or processing animals, as well
as the power produced. Raymond Mhlaba operates as a rural municipality where the
agricultural sector serves as the primary economic driver, encompassing citrus farming,
forestry operations, livestock management, and various crop cultivation activities. Waste
incineration presents a superior alternative to other thermal electricity generation meth-
ods, as waste materials are continuously produced on a daily basis in homes, agricultural
facilities, medical institutions, businesses, and various industrial sectors. This ensures a
consistent supply of feedstock for the incineration process each day. This methodology sur-
passes conventional thermal electricity generation systems because incineration technology
involves combusting solid waste materials, effectively reducing waste mass by 70% and
volume by 90%, while simultaneously generating steam for electrical power production
and cogeneration purposes [39].

Incorporating animal manure into this feedstock system significantly enhances energy
output, as cow-dung cakes possess a calorific value of 6800 kJ/kg, capable of generating
54,400 k] of thermal energy. Biomass derived from cow dung demonstrates excellent
energetic characteristics, establishing it as a viable alternative energy source for successful
implementation in waste-to-energy power facilities. Testing has validated its effectiveness
for such applications [58].

Using a blend consisting of 30% cow dung combined with 70% agricultural waste
creates a sustainable waste-to-energy solution for this region, as animal manure, food waste,
and agricultural byproducts represent abundant and accessible raw materials, providing
an effective response to energy shortages [59]. Additionally, the renewable nature of these
materials is ensured through the continuous growth cycles of trees and crops, while animal
dung remains consistently available locally as an alternative energy resource. Research find-
ings indicate that animal dung has significant potential for energy production, warranting
increased promotion of its utilization [60].

4.2. Economic Feasibility of WtE Incineration

This approach to generating electrical power from available waste is said to offer an
economical and eco-friendly solution for energy production [53]. The concurrent need
for renewable energy sources and effective waste management solutions has positioned
waste-to-energy incineration as an appealing option for governmental authorities. When
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examining the economic feasibility of municipal solid waste incineration for power gen-
eration in developing nations, a multifaceted scenario emerges that depends heavily on
regional circumstances, technological capabilities, and regulatory environments [48,59].
Multiple research efforts demonstrate that although incineration offers both sustainable
waste management and energy production benefits, its financial success differs considerably
depending on specific local conditions [40,61-63]. Research by Hossain et al. demonstrated
that a 10 MW facility operating at 22.5% efficiency yielded promising results. The financial
analysis yielded encouraging results, with a Net Present Value of $4.99 million and an In-
ternal Rate of Return exceeding 10%, demonstrating the project’s economic soundness [53].

Additionally, valuable materials can be extracted from the remaining solid waste after the
incineration process. Financial assessments indicate that incineration typically offers the most
competitive levelized energy costs across various regions, establishing it as an economically
efficient method of power generation. This approach also creates employment opportunities
through the proposed WtE systems, supporting regional economic growth. The incineration
procedure produces secondary materials, including bottom ash and fly ash, which can be
reused for other purposes, thereby reducing the overall environmental impact [64].

4.3. Policies Governing WtE Strategies

The WLE technologies are demonstrably a promising avenue for addressing the dual
challenges of waste management and energy shortages confronting South Africa’s urban
centers. A significant catalyst for this is the 2009 national policy on the thermal treatment
of General and Hazardous Waste. This policy, along with its implementation strategy,
signifies the South African government’s strong endorsement of WtE as a novel waste
management approach, aiming to overcome existing developmental hurdles for WtE plants.
Consequently, substantial advancements have been made in Waste-to-Energy policies
within South Africa. This includes efforts to promote WtE, notably through the National
Waste Management Strategy (2020).

This strategy emphasizes sustainable, long-term waste management practices, thereby
charting a clear course for advancing waste-to-energy technologies in the country. This
research aligns with the objectives of the National Environmental Management: Waste Act
(NEM:WA), particularly its waste management hierarchy, which encompasses the principles
of reducing, reusing, recycling, recovering, treating, and disposing, while also regulating
waste handling from collection to disposal. Furthermore, the National Environmental
Management: Air Quality Act (NEM: AQA) complements this approach, as waste-to-energy
facilities utilize incinerators that manage air emissions and comply with stringent standards
to safeguard the environment from excessive greenhouse gas accumulation [65,66].

4.4. Limitations

Community support for the facility serves as the foundation for the project’s long-term
viability, making it essential to engage residents throughout the development process
of the plant. Transforming municipal waste into an energy source addresses the critical
challenge of converting this material into a renewable resource. Utilizing municipal waste
for energy production enables a reduction in fossil fuel dependency for power generation,
thereby decreasing greenhouse gas emissions and mitigating the effects of global warming.
Effective waste segregation remains necessary, creating implementation challenges for
waste-to-energy technologies. The infrastructure requirements needed to support these
technologies present obstacles to their broader adoption [55]. Proper garbage sorting
systems are essential, yet they create difficulties in the successful deployment of waste-to-
energy solutions. The substantial infrastructure investments required for these technologies
can limit their widespread implementation. Collectively, these constraints hinder the ability
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of waste-to-energy technologies to be fully integrated into comprehensive, sustainable
waste management and energy production frameworks [67].

5. Conclusions

Undoubtedly, embracing WtE technology has a profoundly beneficial impact on com-
munities. The findings of this study significantly enhance the ongoing discussion regarding
waste management in South Africa by outlining novel strategies needed to overcome and
achieve sustainable waste management practices. Implementing WtE technology brings
substantial benefits to local communities, as it helps reduce pressure on nearby landfills,
which extends their operational life while minimizing residents’ concerns about unpleasant
odors and pest problems, ultimately enhancing community well-being. This technology
offers an alternative and more eco-friendly energy source (electricity production), while
decreasing the amount of waste sent to landfills, enhancing revenue generation, decreasing
reliance on fossil fuels, and alleviating greenhouse gas (GHG) emissions. Furthermore, WtE
plants play a crucial role in addressing public health challenges that stem from poor waste
management practices, including groundwater pollution, reduced atmospheric pollutants,
and lower greenhouse gas (GHG) emissions, as well as better protection of natural habitats,
and wildlife diversity.

This study recommends that the authorities design a legislative framework for WtE
facilities, incorporating maintenance, monitoring, and evaluation strategies; establish
guidelines for the safe disposal of hazardous byproducts; and expand waste collection
services to support the development of WtE facilities. By promoting collaboration among
government agencies, private sector entities, and community groups, this dissertation
aims to enhance the implementation of these strategies and drive progress towards a more
sustainable future for waste management in South Africa. Although, WtE process involves
significant expenses, technical difficulties, and environmental hazards that necessitate
meticulous oversight. WtE projects will promote sustainable waste management, enhance
energy security, create employment opportunities, and foster environmental stewardship.
Municipalities must adopt these systems since they have proven to be effective globally,
providing sustainable solutions by diverting waste from landfills, reducing environmental
pollution and GHG emissions, whilst generating clean energy.
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