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Abstract

Landfilling remains the dominant waste disposal method worldwide, particularly in devel-
oping countries, posing serious environmental, health, and climate challenges. Inefficient
practices, weak regulations, and un-engineered sites contribute to massive greenhouse
gas (GHG) emissions and resource loss. Transitioning to a circular economy (CE) of-
fers a transformative path for sustainable waste management. By closing material loops,
recovering energy, urban mining, controlling emissions and CE strategies can convert
traditional landfills into eco-efficient systems. The integration of artificial intelligence
(AI) further enhances this transition, enabling real-time monitoring, predictive manage-
ment, and optimized resource recovery, thereby maximizing environmental and economic
benefits. This review presents a three-level CE framework at micro (individual organiza-
tions), meso (industrial networks), and macro (national and international) levels designed
to extract maximum value from waste streams and mitigate climate impacts. The pro-
posed strategies demonstrate the potential to drastically reduce GHG emissions, promote
clean energy via waste-to-energy routes, and contribute to SDGs 7, 11, 12, 13 and 15. By
combining technology, innovation, and strategic management, this work highlights how
AI-driven CE approaches can transform landfills from environmental liabilities into en-
gines of sustainability and climate action. In implementing CE strategies at various levels,
various challenges including technological, socio-economic, ethical, policy-based, and unin-
tended consequences are encountered which impact sustainability initiatives. This review
comprehensively discusses challenges associated with CE implementation and identifies
technological advancement, social awareness and data-driven AI/ML-based modeling
which could ensure success in circularity and ultimately curb climate change impacts in
the long term.
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1. Introduction
Climate change refers to shifts in climate patterns caused by the accumulation of

greenhouse gas (GHG) emissions. In recent decades, unprecedented GHG emissions have
increased global surface temperatures, driving global warming and, as a consequence
thereof, increasing the occurrence of environmental disasters such as flooding, avalanches,
droughts and others. Such emissions originate from both natural systems such as volcanoes,
wetlands, and oceans and human activities, including energy production, industrial opera-
tions, and land-use changes [1]. In a statistical analysis regarding emissions from natural
and human sources, it has been found that natural sources can self-balance their emissions,
but anthropogenic emissions burden the earth’s system. The emissions gap report released
by the United Nations Environment Programme (UNEP) in 2022 indicated that the total
global GHG emissions between 2010 and 2019 averaged 54.4 Gt of CO2e, including land
use, land-use change and forestry (LULUCF). The GHG emissions, excluding LULUCF,
in 2021 were estimated at 52.8 Gt CO2e, slightly higher than in 2019 [1,2]. The United
Nations Framework Convention on Climate Change (UNFCCC) consolidated a major
agreement in 2015, popularly known as the Paris Agreement, to accelerate and intensify the
actions needed to achieve a sustainable and low-carbon future [2]. The primary goal of the
Paris Agreement is to pursue efforts to restrict the rise in global temperature to 1.5 ◦C [3].
Achieving such targets aligns with broader net-zero commitments and the United Nations’
Sustainable Development Goals (SDGs), particularly SDG 7 (affordable and clean energy),
SDG 11 (sustainable cities), and SDG 13 (climate action).

Climate change impacts human security and biodiversity by triggering heat waves,
ocean warming and other repercussions. In the current scenario, waste management con-
tributes considerably to GHG emissions and climate change. As per recent investigations
reported in United Nations Environment Programme Global Environment Outlook (GEO-7)
and Global Methane Assessment reports, municipal solid waste (MSW) handling signifi-
cantly contributes to climate change through landfill methane emissions, open disposal and
uncontrolled burning [4,5]. Methane escaped from landfills possesses considerably higher
interim global warming potential (GWP) than carbon dioxide, thus reinforcing landfill
disposal, biowaste processing, recycling, and other circular economy (CE) measures as vital
factors in view of climate change mitigation and net-zero target frameworks. However,
pragmatic application of technologies can unleash its immense potential to become an
asset in the future [2,3]. The waste management sector’s contribution towards climate
change mitigation can occur in many ways. Indirect GHG emissions can be minimized by
reducing the quantity of waste generated and increasing recycling opportunities [1,6]. A
few strategies, such as anaerobic digestion (AD) of organic fractions, increased collection
of landfill gas, and energy generation from landfill gases can reduce GHG emissions [6,7].
Importantly, integrated waste valorization using thermochemical and biological pathways
under CE principles, which enables energy recovery and resource efficiency. Global waste
generation is expected to increase dramatically, from 3.4 billion tons of MSW per year by
2050, a 70% rise compared to 2016 levels [7]. Asia generated about one-third of the global
solid waste with China and India as the two prime contributors, with generation rates of
0–0.49 kg/capita/day and 0.5–0.9 kg/capita/day, respectively [8,9]. The anticipated in-
crease in the overall global solid waste generation, including construction and demolition
waste (CDW) and industrial wastes, is 7–10 billion tons per year. Unarguably, economic
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growth and urbanization has triggered the generation of substantial quantities of solid
waste which, if not properly handled, could pose serious environmental implications [10].
In countries with abundant land availability, landfilling is considered an economical method
of solid waste disposal, although with inherent risks and challenges [11]. Recovering en-
ergy in the form of heat, fuel and electricity from MSW managing processes has recently
gained immense attention [12–14]. Several pathways have been explored to recover energy
from wastes, including thermal and hydrothermal process, recovery of gas from landfills,
biohydrogen production from AD, etc. [15–18]. However, the choice of solid waste man-
agement approaches/technology strictly adheres to the policies and regulations of the
local government.

In view of the rising population leading to exponential growth in solid waste genera-
tion, many countries across the globe have taken initiatives to promote a CE to mitigate
the negative impacts associated with improper solid waste management. The CE strate-
gies provide a framework for sustainable waste management by promoting closed loops
(post-consumer recycling) and slowing loops (maintaining product value via repair, reman-
ufacturing, and reuse) [19]. A CE is closely related to the 9Rs hierarchy, which includes
refuse, rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose, recycle, and re-
cover strategies [20]. It is worth noting that CE in solid waste management aims to achieve
waste reduction, better resource utilization, and better management by shutting down
material cycles that lead to input–output cycles. However, geographic benefits are attained
by implementing more efficient material recycling processes and reverse logistics while
strategically positioning close to municipal waste origins and potential industrial contribu-
tors [21]. For instance, in a recent study, the authors pointed out that it is necessary to have
knowledge of local CE methodology to demonstrate environmental benefits and promote a
total resource management chain [22]. A CE promotes eco-industrial initiatives and allows
for economic development similar to natural systems with minimal environmental impacts
and less energy and resource consumption.

To promote a CE, minimize waste reduction, and close material input–output cycles,
nations across the globe have initiated policy frameworks. In the European Union (EU),
the 7th Environmental Action Plan (EAP) was introduced in 2014, aiming to achieve ‘zero
waste emission’ by 2030 [23,24]. However, the targets relevant to MSW in EU waste strategy
were limited and included the diversion of biodegradable waste to landfills (Landfill
Directive, 1999); recycling and preparation for recycling (Waste Framework Directive,
2008 and Packaging Waste Directive, 1994); and 75/442/EEC-Council Directive, later
amended by 91/156/EEC (waste) and 91/689/EEC (hazardous waste) [23–28]. The EU
has also reinforced its CE and climate change mitigation program with initiatives such
as the European Green Deal and the updated Circular Economy Action Plan (CEAP)
for prioritizing sustainable resource management, waste reduction, advanced recycling
goals, and net-neutral corporate systems [29]. Such policies endorse Extended Producer
Responsibility (EPR), eco-design practices in industries, sustainable product protocols,
and compulsory CE implementation targets for specific wastes like plastics, batteries, and
e-waste [29].

Similarly, in the United States, solid waste legislation is categorized under the Resource
Conservation and Recovery Act (RCRA), enacted in 1976. Under Subtitle D of the RCRA,
the solid waste program supports states in developing plans to manage non-hazardous
industrial and MSWs. In addition, the act sets criteria for MSW landfills and prohibits
open dumping [24]. However, it is to be noted that despite taking numerous precautionary
measures and enabling robust policies and regulations, solid waste management and
associated GHG emissions are still global issues. Undeniably, a sustainable solution to
these issues is yet to be identified. It is believed that a CE approach would result in a

https://doi.org/10.3390/recycling11060099

https://doi.org/10.3390/recycling11060099


Recycling 2026, 11, 99 4 of 47

unified framework and establish a link between different treatment technologies, thereby
promoting sustainable waste management with clean energy generation and material
recovery coupled with reduced GHG emissions, which contributes in turn to SDGs 7, 11,
12, 13 and 15.

The structure of the review is as follows. In Section 1, an in-depth analysis of the
contribution of landfills to GHG emissions and the necessary mitigation measures are
provided. Section 2 defines and discusses the role of landfills in methane emissions and
the pathways to minimize them. In Section 3, a special focus is placed on the CE to
recover valuable materials and energy from solid waste. In addition, approaches to counter
climate change with the CE approaches are presented. In Section 4, strategies that can
be considered to reduce GHG emissions via recycling and waste reduction employing
different technologies are discussed. Section 6 recommends a few initiatives to transform
challenges into opportunities vis-à-vis waste management, climate change and resource
recovery. The conceptual presentation of the entire work is depicted in Figure 1. Although
previous studies have examined landfill emissions, recycling technologies, and CE models
separately, very few provide an integrated framework linking landfill abatement, climate
change mitigation, and CE strategies aligned with SDGs 7, 11, and 13. The novelty of
this study lies in its three-stage CE-based solution (micro, meso, and macro levels), which
offers a multi-scalar approach for transforming conventional landfills into sustainable
resource hubs.

Figure 1. Schematic reflecting the link between integrated solid waste management and climate
change due to GHG emissions.

Despite growing global attention towards CE-based waste management, net-zero
transition, climate change mitigation and adaptation, the existing literature remains frag-
mented and isolated on (i) integrating lifecycle assessments into landfill-to-CE transitions,
(ii) addressing social equity and governance issues, (iii) developing hybrid treatment sys-
tems combining biological and thermochemical pathways, (iv) artificial intelligence (AI)
application in solid waste management, and (v) policy recommendation for CE measures
implementation. Limited reviews are available on integrated discussion on all aforemen-
tioned aspects, including detailed discussion on different solid waste treatment technologies
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within CE frameworks linking climate mitigation dimensions. Furthermore, vital execution
issues—comprising lifecycle trade-offs, region wise MSW heterogeneity, techno-economic
assessment, role of AI and data limitations, informal waste-sector incorporation, and exclu-
sive wastes viz. e-waste and end-of-life renewable energy materials—persist, inadequately
discussed in existing review articles. Also, this review directly addresses these gaps by
proposing actionable strategies, highlighting governance challenges, and identifying oppor-
tunities for future research and innovation. This paper investigates the connection between
landfills, CE applications, and climate change mitigation, with particular emphasis on
GHG emissions from waste systems. Landfills exist as substantial sources of methane
and carbon dioxide release, while ineffectiveness in waste handling and resource recovery
continue to limit the environmental and economic performance of CE strategies. Although
technologies such as waste-to-energy, advanced recycling, and biological treatment offer
considerable potential to decrease emissions and recuperate value from MSW, their exten-
sive espousal is restrained by technological, infrastructure, scalability, and socio-economic
challenges. Recent developments in circular waste management progressively encourage
integrated, multi-stage strategies that prioritize waste reduction, material recovery, and
energy valorization in configuration with SDGs. This transition is increasingly supported
by policy instruments such as EPR frameworks, landfill diversion targets, carbon-pricing
mechanisms, and AI-enabled digital monitoring systems that facilitate sustainable waste
governance and climate mitigation planning. Within this embryonic framework, AI shows
promise as a vital enabler, supporting advanced waste characterization, augmented landfill
operations, improved methane capture, and data-driven system management. By bridging
the gap between policy aspirations and operational realities, AI-enabled CE strategies
can simultaneously curb GHG emissions, enhance economic efficacy, and reinforce the
resilience of waste management systems.

2. Relation Between Landfills and Climate Change
2.1. Landfill as a Source for GHG Emissions

Sanitary landfills are treatment and disposal systems manufactured to receive wastes
and contain the by-products formed from biochemical degradation so that they do not
pose a threat to environmental and human health [30]. Biodegradation during landfilling
involves multiple decomposition reactions to form gases and leachate. In most developing
countries and/or countries of the global south, landfills are one of the largest anthro-
pogenic sources of environmental pollution, as the confinement of degradation products
in engineered landfills is very challenging owing to unprecedented waste generation and
operational issues [31]. In general, landfills experience anaerobic conditions for organic waste
degradation, depending upon the type of landfilling, operational conditions, and waste prop-
erties. As the waste is disposed of in landfill cells, oxygen contacts the waste and initiates
degradation, and entrapped oxygen in pores is partially released [32]. The anaerobic process
starts upon consumption of trapped oxygen. The AD process in landfills involves four-staged
degradation, namely hydrolysis, acidogenesis, acetogenesis and methanogenesis [33]. The
AD process relies on diverse microorganisms that perform degradation at the aforementioned
levels. Hydrolysis is the initial process of breaking down complex organic waste polymers
into relatively simpler biopolymers for further utilization by acidogenic bacteria. This is the
rate-limiting step of the AD process [34]. During the acidogenesis process, the acidogenic
microorganisms produce intermediate, volatile fatty acids (VFAs), which are converted to
acetates during the acetogenesis phase. Further, such acetates and hydrogen produced in the
third stage are utilized by methanogens to form methane gas.

Energy release during various waste degradation stages in landfills depends on inter-
mediate gaseous components. During the AD process in landfills, the putrescible organic
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matter is consumed by heterotrophic bacteria as a source of food and energy [34]. Among
them, heterotrophic and chemoautotrophic bacteria utilize hydrocarbons as energy and
CO2 as carbon (food) sources [35]. The energy required for bacterial growth through redox
reactions or catabolism is represented in Table 1. Depending upon the heterogeneity and
composition of the disposed waste, these reactions may occur simultaneously or individually
in a landfill. Even though the anaerobic processes or methanogenesis reactions release much
less energy yield than aerobic respiration, methane possesses extraordinary greenhouse poten-
tial if released into an open environment [33]. Landfilled waste mass maintains mesophilic
temperature (35 to 45 ◦C) because of biological heat generated during anaerobic decompo-
sition. The biological heat generation is responsible for the carbon metabolism rate, thereby
determining the efficacy of methane generation in landfills [31]. In various oxygen-free zones,
denitrification and sulphate reduction also occur, resulting in nitrogen and sulfur dioxide as
gaseous components of landfill gas [36]. However, the localized oxygen in waste mass carries
forward oxidation for nearby organic mass and releases comparatively higher heat, precisely
in the thermophilic (50 to 70 ◦C) range, thus achieving a higher valorization rate than the
anaerobic process, but no methane production is attained.

Table 1. Biochemical redox reactions involved in landfill systems and their energy behavior.

Redox Biochemical Reactions Oxidation Reaction Energy Yield (kcals/mol) Reference

Aerobic respiration O2 O2 => CO2 689 [37]
Anaerobic reaction
(methanogenesis) CO2 H2 + CO2 => CH4 8.4 [38]

Denitrification NO3
- NO3

−+ H+ => N2 649 [39]
Iron reduction Fe3+ Fe2(OH)3 + 2H+ => Fe2+ 300 [40]
Sulphate reduction SO4

2− SO4
2− + 2H+ => HS− 190 [41]

Over the decades, landfills have emerged as significant anthropogenic contributors to
climate change, accounting for nearly 5% of global greenhouse gas (GHG) emissions [42].
Biogas produced from the AD of landfilled waste typically consists of 55–60% methane
(CH4) and 40–45% carbon dioxide (CO2) [43]. Specifically, landfill GHGs emissions, in-
cluding CH4, CO2 and nitrous oxide (N2O), contribute approximately 1–2% of total GHG
emissions [42]. Additionally, the leachate treatment systems associated with landfills also
generate CH4 and N2O [44]. Among all landfill gases, methane is particularly critical due to
its quantity and high global warming potential (GWP). Since the preindustrial era, CH4 has
contributed nearly 30% of global warming and exerted 84–86 times the warming impact of
CO2 over almost 20 years [45]. Currently, the waste sector is responsible for 18% of global
anthropogenic methane emissions as compared to fossil fuel extraction industries and AD,
accounting for 24% and 27%, respectively [46]. MSW accounts for 11% of methane emis-
sions. The current worldwide MSW generation is 2 billion metric tons, which is predicted
to increase by 70% by 2050 due to population growth, increased consumerism and life
standards [33]. Consequently, the accelerated MSW generation also has the potential to
drive a proportionate increment in landfill gas, thereby corresponding to an increase in
methane, as GHG would also contribute to global warming.

Landfill methane in the United States was nearly 122.4 million metric tons of
CO2 equivalent (MMT CO2e) in 2021, compared to global landfill methane emission of
794 MMT CO2e in 2005 [34]. Moreover, global anthropogenic emissions from MSW alone
reflected a similar warming effect as nearly 4.4 billion metric tons of CO2e (year 2020),
which is equivalent to yearly emissions from ~950 million gasoline vehicles [47]. Further,
Sun et al. [48] also compared the emissions generated by MSW landfills in China and
Japan. The Chinese landfills produce higher CO2 emissions than Japan’s and recommended
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stringent recycling policies for developing countries [18,49]. Even in engineered landfills
equipped with gas collection systems, fugitive methane emission from cover cracks is
still a major challenge [40]. Fugitive methane emission from landfills often remains as an
unidentified GHG source since its quantification and prediction for development of efficient
methane emission management system is challenging due to its high temporal and spatial
variability. In particular, such emissions are dependent on climatological conditions, native
topography, life and type of built cover system, waste characteristics underneath cover, and
quality of supervision in the landfill site [50]. In a recent study, fugitive methane emissions
from old historical landfills contributed ~901 tons/year of methane, which is considerably
higher than that from natural gas repositories and manholes [51]. They further concluded
that such emission from old landfills significantly impact socio-economic culture and sug-
gested building an effective landfill gas recovery system; nevertheless, expected methane
mitigation of ~600 tons might cost 7000–12,000 USD per ton [51]. Therefore, considering
accelerating methane emissions, fugitive GHG emissions and its warming impact, landfill
methane mitigation or its utilization for energy generation purposes is urgently needed.

2.2. Strategies to Curb Landfill Induced GHG Emissions

Limiting landfill methane (CH4) emissions is critical to maintain the increasing global
warming temperature below 1.5 ◦C. The Global Methane Pledge alone—aiming to mitigate
worldwide methane emissions by at least 30% by 2030—could reduce global warming
temperature by ~0.2 ◦C by the year 2050 [45]. The decision to build a strategy for methane
emission depends on operational changes in landfills and plausible amendments in existing
waste management systems. Mitigation of landfill methane has been performed using
two distinct approaches. The first utilizes landfill methane for energy generation through
burning and heat production, whereas the second seeks to reduce emissions through biological
actions [43]. Landfill gas collection systems are built in most sanitary landfills; however, a
small quantity of methane escapes as fugitive emissions [52]. Such practices are economical
for large landfills; however, for older and smaller landfills, this method underutilizes the
gas collection system [17]. The collected landfill gas is controlled and treated to decrease the
plausible hazards. Combustion and flaring are the common and conventional methods of
treating landfill gas. The combustion technologies incorporate flaring, incineration, boilers,
and internal combustion engines that thermally destroy the landfill gas and diminish the
possible global warming potential as methane and other GHG gases are oxidized [53]. Landfill
gas forms a highly combustible mixture with ambient air. So, the combustion of landfill gas
is recommended when the landfill gas contains more than 20% methane by volume [17].
Although combustion and thermal treatment of landfill gas is feasible, it is uneconomical as
its incorporation involves considerable monetary investment and skilled supervision.

The biological oxidation of landfill methane could be a sustainable alternative to thermal
treatment methods. Biofiltration and bio-cover implantation over landfill cells are the most
frequently used technologies for methane oxidation [54,55]. The biofilter is a three-phased
bioreactor consisting of a solid layer, biofilm, liquid layer, and gas phase in the form of gaseous
pollutants [56]. The biofilm component follows the attached growth process principles that
promote contact between microorganisms and methane to immobilize and oxidize methane,
as explained in Figure 2. The biofilters can be open or closed systems, organized within
the landfill covers with equipped ventilation layers. With the upward flow of landfill gas,
oxygen diffuses from ambient air to the ventilation layer, which carries the methane oxidation
aerobic action [54]. The circulation of gases, methane oxidation and overall performance of
the biofiltration are assessed by operational parameters such as inlet load (IL), elimination
capacity (EC), and conversion efficiency (η) [57]. Optimizing operational parameters in a
closed biofiltration system is relatively convenient, resulting in more than 90% (η) of methane
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oxidation efficiency [58]. In a recent study, biofilters were found effective in removing
(η > 85%) volatile organic compounds and inorganic substances along with methane from
landfill gas [59]. Recently, the worldwide application of bio-covers in place of soil covers
has also gathered attention for methane removal and, in turn, aims to reduce greenhouse
potential [55,60–63]. In general, bio-covers consist of two components, including amended
compost and gas distribution layers for optimization of effective methanotrophic activity
and consumption of methane as food energy source by methanotrophs [63]. The distribution
layer, made up of gravel, reinforces the flow of polluted gas, and the top bio-cover performs
microbial activities as shown in Figure 2. Based on previously available information, various
attempts have been made to reduce the methane emission through bio-cover technology [61].
The attempts for biofilters and bio-cover technologies for the inundation of GHG emissions
are consolidated in Table 2. Methane oxidation through biochemical reactions, chlorination,
atmospheric hydroxyl [OH] and methanotrophs in biological ecosystems significantly reduces
the methane lifetime in the air to 9.1 ± 0.9 years [63].

Figure 2. Biological (biofilters and bio-cover) treatment methods for landfill gas.

A recent long-term study investigating the performance of bio-covers in full-scale land-
fills reported that landfill-mined waste, natural mineral soil and sewage sludge compost in
a 3:1:1 proportion reported variable methane oxidation across the landfill and stabilization
of oxidation after stabilization of bio-covers in 5–6 years after placement [64]. The study
recommended the full-scale utilization of bio-cover technology to counter climate change
actions as it aligns with the United Nations Sustainable Development Goal (SDG) 13 which
urges to ‘Take Urgent Action to Combat Climate Change and its Impacts’. Moreover, using
landfill fine fractions as bio-cover additives follows basic CE principles and has signif-
icant potential for reducing methane emissions. In perspectives of CE implementation
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and climate change mitigation and adaptation scenarios, stringent policies for efficient
application of such solutions need to be enforced by governments. The regulations must
be framed to mandate waste diversion targets from landfills, energy recovery plans, and
linking carbon-credit incentive schemes for bioenergy utilization for smooth transition to
augment circularity in landfilling sector.

Table 2. Summary of studies (both lab-scale and field-scale) for methane oxidation through biological
methods, including biofiltration and bio-cover applications.

Biofiltration

Laboratory
Setup or Site
Specifications

Packed Bed
Materials

Nutrients/Inoculum
Used

Oxygen:
Methane
Ratio(s)

Inlet Methane
Load (IL)

(CH4/m3/d)

Empty-Bed
Residence Time

(EBRT, min)

Methane
Conversion

Efficiency (η, %)
Reference

Biofilter,
volume 18

Stone material
(void fraction

0.43)

N, P as nutrient
source, activated

sludge as
inoculum

210:1, 123:1, 161:1,
105:1, 70:1, 52:1,
28:1, 21:1, 16:1

162, 275, 210, 323,
485, 647, 1212,

1617, 2102
(respectively)

1 to 7
87% (at IL of 162)

to 53% (at IL
of 2102)

[58]

Work volume
7.85 L

(height = 1.2 m,
Diameter = 0.1 m)

Composted
leaves (60%) and

inorganic
materials (40%)

Activated sludge
and compost 6.7:1 to 59.8:1 78 to 3556 7.4 to 42.8 90–95% (from

IL 77 to 320) [65]

Continuous
stirred tank

reactor (~10 L)

Activated sludge,
plastic bio-balls,

gravels
Nitrate salts 20:1 9 to 47 200 to 998 99% at IL = 9 and

60% at IL = 47% [66]

Inner reactors
(6283 cm3)

Bio-complex
textile with per-
lite/tobermolite,
sand and Hyuga

pumice

Nitrate salts,
earthworm cast

(inoculum)
3:1 100 571 90% [67]

Cylindrical
columns

(height = 0.45 m;
inner diame-
ter = 0.08 m)

Impregnated
Kaldnes rings,

Centrate
wastewater from
digested sludge

4.3:1 2591 17.5 <20% [68]

Column
bioreactor (Inner
diameter = 0.14 m;
height = 0.88 m)

Lava rock
(3–20 mm dia),
wood biochar
and compost

Compost 2.5:1 867 83 100% (from 1:1,
3:1 mix) [69]

Upflow reactors
Work volume:
0.018 m3 (1 m

height and 0.15 m
diameter)

Inorganic
packing material

Leachate from
active biofilter 2.75:1 10 to 30 4.5 85 to 90% [59]

Bio-Cover Application

Experimental Set
Up or Landfill

Site

Landfill Cover
Material (s)

Type of
Experiment

Methane
Oxidation Rate

(gCH4/m2/d)

Methane
Loading

(gCH4/m2/d)

Methane
Oxidation

Efficiency (%)

Methane Flux at
Output

(gCH4/m2/h)
Reference

Column set up
(Height = 1.07 m

and Diame-
ter = 0.19 m)

Landfill cover
soil

Column
experiment NA 35.3–84.7 74–94% 2.4–3.53 [70]

Column (Height
= 70 cm and

Diameter = 9 cm),
Volume = 4453 cm3

Biochar, soil and
biochar amended

soil

Column
experiment 6.84–24.3 25.4–56.8 24–48% ~21.5 [71]

Columns (1 m
height, 18.4 cm
inner diameter)

Mixed
soil-biochar

Column
experiment 1.65–4.00 ~80 60–90% 9–36.3 [72]

Batch = 250 mL
Column

(height = 78 cm,
diameter = 20 cm)

Soil + sulfate, Soil
+ Nitrate, Soil +

Sulfate +
Hematite, soil

Batch and
column

experiment
NA 179.4 85% 26.7–62.3 [73]

Glass bottles
(120 mL) batches

2 g compost
bio-cover
material

Batch experiment 175–180
µmol/g/d 95.9 µmol/g/d 80–95% NA [74]

Engineered
column

(Height = 90 cm,
diameter = 15 cm)

Biosolids from
wastewater

treatment plant

Column
experiment 188–237 60.35–90.12 40–65% 6.98–19.53 [75]

https://doi.org/10.3390/recycling11060099

https://doi.org/10.3390/recycling11060099


Recycling 2026, 11, 99 10 of 47

3. Circular Economy and Climate Change: Roles of Technologies,
Proposed Solutions and Emerging Trends

Energy accessibility has changed humanity and consumerism over the last few decades.
The demanding energy sector is the largest contributor to GHG emissions and instigates
climate change, which disrupts the energy networks, stresses energy infrastructure, and
imposes health safety risks to people [76]. Energy generation from conventional sources is
non-sustainable due to resource limitations, environmental hazards, and draining supplies.
Currently, 80% of the energy demand is fulfilled by fossil fuels, which extensively exploits
the rapidly decreasing fossil fuel reserves with detrimental environmental events [77]. Even
though the recent global energy consumption rate slowed down (2.1% in 2022), it remained
higher than its growth rate of 1.4% in the previous decade (2010–2019) [77]. Recent global
energy demand forecasting showed an accelerating trend with annual consumption to
attain ca. 778 EJ by 2035, which imposes an additional load on conventional resources [78].

Various studies underscore the critical role of the waste sector in climate change mitiga-
tion. Zhang et al. [79] and Sun et al. [48] reported that incorporating recycling into landfill
management significantly lowers carbon emissions. Waste-to-energy (WtE) incineration,
combined with material recovery, can further reduce emissions while generating electricity
in less time [16,80]. Among recent technologies, WtE technology is vital for curbing cli-
mate change impacts as they address GHG emissions at waste management and energy
production stages [81]. First, it substantially decreases methane discharges by switching
organic and burnable waste away from dump sites, where anaerobic degradation gener-
ates biomethane which is utilized as energy. Similarly combustible fractions are treated
thermally in incinerators or gasifiers to produce synthetic gases of fuels [82]. Secondly,
such systems also produce electricity or heat, which replaces the need for fossil fuel-based
energy systems, avoiding carbon emissions. Moreover, WtE adopts material retrieval
and CE principles by facilitating the recovery of nutrients, metals, and usable residues,
thereby decreasing GHG emissions linked with exploitation of virgin raw material [83].
Successful implementation of such a paradigm shift in existing solutions and continuous
advancements is vital for reducing climate change impact and promoting CE practices.

3.1. Waste-to-Hydrogen Technologies: Potential and Challenges

Hydrogen is widely recognized as a clean and versatile energy carrier, offering a
promising route to decarbonize industrial processes, transport, and power generation.
Integrating waste-to-hydrogen (W2H) technologies within a CE framework not only pro-
vides an innovative energy recovery pathway but also maximizes resource efficiency by
valorizing municipal, industrial, and agricultural residues [84]. Waste streams, including
organic fractions, plastics, and sludge, contain significant energy potential that can be con-
verted into hydrogen through thermochemical processes (e.g., gasification, pyrolysis, and
plasma-assisted conversion) and biological methods (e.g., dark fermentation and AD) [85].

The potential benefits of W2H technologies are multifold: First, they reduce the
reliance on fossil fuels, mitigating greenhouse gas emissions and air pollution. Second,
by recovering energy from waste, they create economic value from materials that would
otherwise contribute to landfills or uncontrolled emissions. Third, W2H systems can
be modular and scalable, enabling deployment at local, regional, and industrial scales
while supporting decentralized energy production. In addition, integrating hydrogen
production with existing waste management infrastructures strengthens the CE by closing
material and energy loops and promoting sustainable industrial symbiosis (IS) [86]. IS
could considerably enhance the effectiveness and economic viability of W2H systems by
allowing multi-sectoral utilization of solid waste, hydrogen and industrial by-products [87].
In IS systems, biowaste, refuse-derived fuel (RDF), plastic waste, and industrial organic
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waste produced from one industry or municipality could be raw materials for hydrogen
and biogas yield by thermochemical and biomethanation processes [88]. Moreover, surplus
heat, steam, and carbon dioxide produced while thermal or biological processes may be
channelized by nearby industrial units, thus enhancing total energy efficacy and decreasing
operating budgets. Despite its promise, several challenges must be addressed to enable
widespread adoption. High capital costs, complex reactor designs, and energy-intensive
pre-treatment of waste remain significant barriers. Moreover, the heterogeneity of waste
streams can affect hydrogen yield and process efficiency, requiring advanced sorting,
feedstock conditioning, and process optimization [89]. Lifecycle environmental impacts,
including potential emissions from energy inputs and by-products, must also be carefully
evaluated to ensure genuine sustainability gains [90]. Finally, policy, regulatory frameworks,
and market mechanisms for green hydrogen remain underdeveloped in many regions,
posing additional hurdles for industrial-scale implementation.

Future research should focus on optimizing hybrid W2H systems, combining bio-
logical and thermochemical routes to improve hydrogen yield, energy efficiency, and
environmental performance. Table 3 summarizes thermochemical routes of W2H produc-
tion. Pilot-scale demonstrations, techno-economic analyses, and lifecycle assessments are
critical to validate the scalability, feasibility, and circularity benefits of these technologies.
By addressing technical, economic, and policy challenges, waste-to-hydrogen systems can
play a transformative role in achieving a low-carbon, resource-efficient, and sustainable
energy future, as depicted in Figure 3.

Table 3. Thermochemical treatment methods for energy recovery from waste materials.

Thermochemical
Treatment Feedstock Waste Material Temperature Range

(◦C) Energy Yield Reference

Gasification

Wood chips or pallets 700–800 17.5% H2, 19% CO,
16.9% H2, 20% CO [91]

MSW 500–900 Syngas (84%) [92]
MSW 850 14% of total syngas [93]

Discarded plastic waste 594–649 ~6.5% H2 [94]
Solid residual fuel and

lignite 750–850 56.34% of H2 [95]

Softwood pellets 700–800 36.5% of H2 [96]

Pyrolysis

Waste plastics 400–500 Gasoline, Diesel [97]
Low-density polymer 450–600 Gasoline [98]

Plastic waste 1000 Syngas [99]
Frying oil and plastics 550 Biodiesel [100]

3.2. Waste-to-Energy Power Plants: Multi-Objective Optimization

Waste-to-energy power plants are pivotal in transforming municipal and industrial
solid wastes into sustainable energy, offering a dual benefit: reduction of landfill volumes
and generation of electricity or heat [101]. Modern WtE systems employ multi-objective
optimization strategies, balancing energy recovery, greenhouse gas mitigation, and opera-
tional efficiency [102]. By integrating innovative technologies such as leachate recirculation,
methane generation can be enhanced while minimizing environmental impacts from un-
treated leachate discharge.

Leachate recirculation accelerates the degradation of organic waste, improves biogas
yield, and maintains optimal moisture content for microbial activity [30,43]. This approach
not only increases methane capture but also reduces post-treatment costs and the long-
term environmental burden of landfills [103]. Moreover, combining heat recovery from
incineration or AD with leachate optimization supports integrated energy management,
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maximizing both electricity and thermal outputs [104]. The advantages of WtE systems
extend beyond energy generation [105]. They reduce reliance on fossil fuels, lower GHG
emissions, and contribute to CE goals by closing the loop on waste material recovery.
Abdel-Shafy and Mansour [106], de la Barrera and Hooda [107], and Turner et al. [108] also
demonstrated GHG and carbon emissions through sustained recycling associated with
different processes. They also advocated recycling source-segregated waste material, ex-
cluding soil, paint and plasterboard. Recycling is becoming a powerful tool in the pathway
to sustainable development. Nevertheless, implementing recycling measures for regions
with poor waste segregation is challenging. Also, the quality of recycled material and the
continuation of energy efficiency are areas of concern. Thus, amendments in recycling mea-
sures may also be required to maintain energy efficiency and the process’s sustainability.

Figure 3. Waste-to-hydrogen systems: pathways, challenges, and benefits in the CE.

However, challenges remain, including high capital and operational costs, heteroge-
neous waste composition, and the need for advanced monitoring systems to prevent air and
water pollution. Multi-objective modeling, lifecycle assessment, and techno-economic eval-
uation are essential to ensure sustainable deployment. A short tabular review summary of
various feeds, technology, associated methodology, major outcomes and bottlenecks related
to waste-to-energy technologies is represented in Table 4. Future research should focus on
enhancing system integration, exploring hybrid approaches combining AD, gasification,
and thermal incineration, and developing predictive models for optimal leachate recircula-
tion [103]. In this regard, Table 5, emphasizing comparative evaluation of advanced WtE
and resource valorization technologies in municipal and industrial sectors, could provide
recommendations for appropriate measures to be taken in the future.

Table 4. Comparative assessment of diverse feedstocks, valorization technologies, associated method-
ologies, cardinal outcomes and bottlenecks related to various waste-to-energy technologies.

Feedstock/Waste Technology Methodology Outcomes & Challenges References

MSW
Mechanical Biological

Treatment (MBT)
Incineration

Comparison of environmental,
economic, and energy recovery

performance

MBT: High energy recovery (38.5%), air
pollution reduction, weak economic

performance, requirement of economic
support policy

Incineration: 20.5% energy recovery, higher
lifecycle impact

[109]

Food, yard, plastic, paper,
wood, textile wastes

Gasification
Incineration

AD
Bio-landfill

Composting

Comparison of recycling ability,
energy production, and
environmental impact

quantification

Recycling: paper, wood, plastic
AD: food and yard waste

Incineration: Textile
AD and gasification better in environmental

performance, and composting the least

[110]
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Table 4. Cont.

Feedstock/Waste Technology Methodology Outcomes & Challenges References

Food waste, Wood chips AD + Gasification
Comparison of energy performance
with the single and integrated AD &

gasification systems

Synergistic energy recovery (methane yield
of AD of FW;0.52 L CH4/g VS/d, high calory
producer gas), improved system efficiency,

waste minimization

[111]

MSW
(1) Material recycling

(2) Composting
(3) Thermal conversion

(i) Recycling paper, glass, plastic,
and metals and landfilling the

remaining waste
(ii) Recycling all the recyclables and

composting organic wastes
(iii) Incineration for energy

recovery

Material recycling and thermal conversion
reduces climate change impact

Saved GHG emissions of 275,449 tCO2 eq/yr,
287,868 tCO2 eq/yr, and 652,626 tCO2 eq/yr

for (1), (2), and (3)

[112]

Table 5. Comparative evaluation of advanced W-t-E and resource valorization technologies in
municipal and industrial sectors.

Technology Feedstock Operational
Strategy Energy Output Environmental & Process

Benefits CE Leverage Reference

Bioreactor
landfilling

MSW, paper mill
effluent

Co-digestion,
leachate monitoring Biogas (Methane)

Enhanced methane capture,
significant leachate quality

(97% BOD removal)

Landfill diversion,
waste minimization,
pollution abatement,

resource recovery

[25]

Anaerobic
co-landfilling

MSW, sugar mill
press mud

Biomethane
production, leachate

characterization,
leachate

recirculation

Biomethane
Enhanced methane capture,

waste degradation,
improved leachate quality

Landfill diversion,
resource and energy

recovery, waste
valorization

[37]

Bioreactor
landfilling

MSW, alkaline paper
mill sludge

Co-disposal of lime
sludge with MSW,

leachate and
biomethane analysis

Biomethane

Reduction in leachate
organic strength (~77%),
enhanced biomethane
production (8.315 L)

Pollution abatement,
energy recovery [113]

Gasification MSW, plastic waste,
tires

High-temperature
gasification (steam-

catalytic/air)
H2, Syngas

Enhanced H2 productivity
(300 g H2/kg feedstock),

reduction in landfill loads

Conversion of
diverse waste
streams into

hydrogen fuel,
supports renewable

energy market

[114]

Steam
co-gasification

MSW, paper mill
sludge

Production of
syngas, fuel

conversion, energy
recovery

H2, Syngas
81% H2 production, 2.82
m3/kg syngas yield, CO2

emission reduction

Energy recovery,
capture CO2

emission, waste
valorization

[115]

Pyrolysis/Co-
pyrolysis

Paper mill sludge,
textile dye sludge

Independent
pyrolysis and
co-pyrolysis of
feedstocks with
duck weed and

waste tire

Pyrolysis gas, oil,
char

Degradation of harmful
organic matter in sludge,

reduced solid residue yield
of PMS, effective reduction

in activation energy,
improved yield of liquid

and gas products

Multiple-waste
valorization, landfill
diversion; supports
hydrogen economy

[116]

AD
MSW (Chennai

Kodungaiyur and
Perungudi landfills)

Evaluation using
energy-economic-
environmental (3E

nexus) analysis

Biogas, electricity

Net emission reduction
(136.36 tCO2/day),
enhanced digestate

recovery

Energy recovery,
economic return,
climate benefits

[117]

By addressing these challenges, WtE power plants can evolve into efficient, scal-
able, and environmentally sustainable solutions for urban waste management. The multi-
objective optimization strategies practiced in WtE plants and their associated benefits and
cons are presented in Figure 4.

3.3. MSW to Energy: Characteristics, Management Strategies, and Role in Circular Economy

Municipal solid waste (MSW) represents a growing challenge due to rapid urbaniza-
tion and increasing consumption patterns [118]. Transforming MSW into energy offers
a sustainable route to reduce environmental burdens while producing electricity, heat,
or fuel. MSW-to-energy (MSW-to-E) technologies encompass incineration, gasification,
pyrolysis, and AD, each with unique characteristics, efficiency levels, and environmental
implications [119]. Understanding waste composition—organic fraction, plastics, paper,
and metals—is essential for selecting appropriate treatment strategies and optimizing en-
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ergy recovery [120]. Effective management strategies for MSW-to-E systems include source
segregation, pre-treatment, material recovery, and integrated energy conversion [121]. Seg-
regation ensures high-quality feedstock, reduces emissions, and increases energy yield.
Pre-treatment, such as shredding, drying, or palettization, enhances process efficiency,
while material recovery enables the separation of recyclables, aligning with CE princi-
ples [122]. The integration of hybrid technologies, such as combining AD with thermal
gasification, can further improve energy output and reduce residual waste.

Figure 4. Multi-objective optimization strategies employed in WtE plants and its associated pros and cons.

The role of MSW-to-E technology within the CE extends beyond energy recovery. By
diverting waste from landfills, MSW-to-E technology reduces greenhouse gas emissions,
mitigates soil and water contamination, and enables resource valorization. Economic
benefits include energy cost offset, creation of green jobs, and promotion of sustainable
urban development. Among WtE technologies, AD is considered an economically viable
biological treatment for high-moisture-containing wastes, with described levelized cost of
energy (LCOE) varying from about 68 to 254 USD/MWh reliant on feedstock proportion,
plant size, and biogas upgradation requirements [123]. However, thermochemical technolo-
gies, including gasification and W2H technologies, mostly comprise significantly higher
capital and operational investments (CAPEX and OPEX) owing to feedstock pre-treatment,
syngas production, hydrogen purification, and novel reactor requirements. As per recent
techno-economic assessments, hydrogen produced through thermochemical conversion
of waste entails levelized cost of energy (LCOE) ranging between 1.4 and 5.2 USD/kg
of H2 under optimized operations; nevertheless, the same product varies between 8 and
13 USD/kg H2 for carbon capture solutions associated with the plasma gasification method
because of higher energy demand and CAPEX [124]. Therefore, techno-economic feasibility
analysis is imperative prior to adopting CE and climate mitigation strategies at macro
levels. Challenges include high capital costs, heterogeneous waste streams, potential emis-
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sions, and policy barriers [125]. These can be addressed through lifecycle assessments,
techno-economic optimization, and regulatory incentives.

Future perspectives highlight the need for smart integration of MSW-to-E systems
at city and regional levels, supported by digital monitoring, predictive maintenance, and
stakeholder engagement. Such approaches ensure that MSW-to-E systems contribute
effectively to climate change mitigation, energy security, and the realization of CE goals. The
implications of MSW-to-energy technologies are also summarized in Table 6, in the context
of GHG mitigation strategies performed at regional scales, and appropriate technologies are
recommended. Considering the pivotal role of the MSW-to-E technology policy oriented
towards its implementation, it should be tailored based on regional MSW specifications,
lifecycle GHG reduction potential, infrastructure development budget and techno-economic
assessments rather than implementing a universal WtE method.

Table 6. Municipal solid waste management and GHG mitigation strategies: regional approaches
and technologies.

Country/Region Approach/Strategy Technologies Used GHG Emission Reduction Outcome Reference

Shanghai, China Investigation of GHG emission
patterns from 2016 to 2021

Forced source separation
Resource recycling and AD of

wet waste

Reduction in GHG emission intensity from
0.29 to 0.24 tCO2 eq/t MSW. [126]

Yangtze River Delta
Evaluation of mitigation

potential for GHG emission
(2025, 2030)

Source separation and
technical measures

(incineration, advanced
disposal systems)

Net emission decreased after peaking at 16.34 Mt
CO2 eq in 2021 due to incineration plants;

Reduced emission intensities (0.19 tCO2 eq/t
MSW) due to advanced disposal systems.

[127]

Surabya

Implementation of national
policy & strategy for MSW

Assessment of GHG emission
transition through LCA before
and after the implementation

Waste-to-energy plant
Recycling

RDF production

Reduced emissions from 1,004,951.5 tCO2
eq/to 430,839.6 tCO2 eq from

waste-to-energy plants;
Further reduction of 22% from recycling;

RDF: 45.2% emission reduction.

[128]

Palestine Electricity generation from
waste-to-energy plants Municipal landfills 20.5% reduction in GHG emissions

(69,960 tCO2 eq/yr). [129]

Iran

Electricity generation potential
from MSW using integrated

solid waste management
system

AD, incineration,
pyrolysis–gasification

Reduction of 3561–4844 × 103 tCO2 eq (~0.5%
of total GHG emission). [130]

Croatia Energy recovery from MSW Landfill, RDF, incineration,
MBT

Reduction of 1 million tons of CO2 in 2020
(2.7%). [131]

Shanghai, China (2005–2015)
IPCC recommendation and

bottom-up method, shifting of
waste disposal method

Incineration, landfill
composting, waste source

sorting

Decline of GHG emission of MSW
management system to 0.354 kg CO2 eq/kg

MSW in 2015 from 0.363 kg in 2012;
GHG emission intensity of incineration

(0.147–0.177 kg CO2 eq/kg MSW);
54% reduction from source sorting and

incineration dominated disposal methods
by 2030.

[132]

3.4. Recent Advances and Emerging Trends in Circular Waste Management

The field of circular waste management is rapidly evolving, with technological inno-
vations and policy interventions shaping sustainable practices worldwide [133]. Recent
developments include waste-to-hydrogen technologies, plasma-assisted waste valorization,
and hybrid anaerobic–thermal conversion systems, which offer higher energy recovery,
lower emissions, and enhanced resource efficiency [134]. Integration of digital technolo-
gies, such as AI-driven waste sorting, real-time monitoring of landfill gas emissions, and
predictive maintenance of waste-to-energy plants, is transforming operational efficiency
and scalability [135]. Policy and regulatory frameworks are also evolving to incentivize
circularity. Examples include carbon credit mechanisms for waste-to-energy projects, subsi-
dies for bioenergy production, and extended producer responsibility (EPR) programs for
e-waste and plastics [136]. Innovative business models are emerging, such as IS, where
waste streams from one facility become input for another, closing material loops at the
regional scale. As a business model, IS facilitates collaborative resource sharing among
solid waste streams, surplus heat, wastewater, and industrial biproducts from a cluster of
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industries on pay-basis and cherish benefits of energy or products from treatment units.
Moreover, IS establishes connected industrial links which upgrade resource competence,
decrease waste disposal, raw material utilization, and improve affordability via shared
infrastructure and diminished operating costs.

Innovative circular economy (CE) business models such as industrial symbiosis (IS)
promote collaborative resource sharing in which waste streams, excess heat, water, or
industrial by-products from one facility are utilized as raw materials or energy inputs
for another industrial process. Unlike conventional linear production systems, IS creates
interconnected industrial networks that improve resource efficiency, reduce waste dis-
posal and virgin material consumption, and enhance economic competitiveness through
shared infrastructure and reduced operational costs. Such regionally integrated CE models
can additionally support climate change mitigation by lowering lifecycle greenhouse gas
emissions and enabling low-carbon industrial production systems.

Furthermore, social innovations in waste management are gaining attention. Community-
based recycling programs, informal sector integration, participation of social communities
as major stakeholders and CE awareness campaigns ensure that sustainability efforts are
equitable, inclusive, and resilient. The consolidated picture of recent technological and social
innovations in circular waste management is presented in Figure 5.

Figure 5. Recent technological and social innovations in circular waste management.

These emerging trends highlight the dynamic potential and expanding scope of cir-
cular waste management, offering actionable pathways for policymakers, industry stake-
holders, and researchers to achieve climate goals, resource efficiency, and sustainable
urban development.
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3.5. A Three-Stage Solution in the Circular Economy

The CE is increasingly being recognized as a strategic tool to combat global warming
while promoting sustainable development at the local, regional, and national level [78].
Unlike the conventional linear economic model, which relies on a take–make–dispose
approach, the CE emphasizes the efficient use of resources, closing material loops, and
recovering energy from waste. Its implementation can catalyze long-term economic growth
while mitigating climate change impacts [137]. CE strategies can be applied at multiple
scales—micro, meso, and macro—depending on the scope and stakeholders involved
(Figure 6). At the micro level, individual firms or households can adopt practices such as
recycling, reusing, and repairing materials to reduce waste and conserve resources. At
the meso level, IS and collaborative networks enable organizations to exchange waste
or by-products, enhancing efficiency and resource utilization. IS differs from another
significant waste management system, i.e., integrated solid waste management (ISWM).
ISWM particularly focuses on systematic municipal and industrial waste management with
organized segregation, collection, transportation, recycling, and waste-specific treatment,
including biological and thermal, and environmentally sound disposal methods. The
prime aim of ISWM is to significantly decrease environmental effects and augment material
and energy recovery. However, IS adopts cooperative sharing of waste materials, energy,
water, and industrial biproducts among various industries, where the waste from one
unit becomes usable for another. Conclusively, ISWM primarily targets systematic waste
processing, while IS promotes collaborative resource utilization for closing the loop of
material and energy. At the macro level, national policies, regional collaborations, and
international agreements facilitate large-scale CE adoption through climate cooperation
policies, carbon credit mechanisms, and integrated waste management strategies [137,138].

Figure 6. Plausible framework for an integrated CE approach confining authorities, policies, and
actions to be taken at local, regional and national levels.

The CE streams are bifurcated into broad areas encompassing biological and tech-
nological flows. Since biological flows target the reuse of energy potential from organic
wastes through bioprocessing techniques, it is imperative to understand the potential
for producing energy from waste material before implementation. Nevertheless, these
prerequisites before opting for biological solutions impose fundamental challenges for
building up circularity within the current urban practices. The technical flows also deal
with the smooth running of recovery, reuse, remanufacturing and recycling units. While
these flows offer clear environmental advantages, it is equally important to recognize the
systemic complexities and potential trade-offs involved in their implementation. Advanced
recycling and waste-to-energy processes often require higher energy inputs, sophisticated
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infrastructure and, in some cases, additional natural resources. Without proper plan-
ning, these requirements could offset part of the environmental gains. Recent lifecycle
assessments indicate, however, that despite higher upfront energy demands, CE systems
achieve a net reduction in greenhouse gas emissions and resource depletion compared
with landfill-based waste management [82,139]. This underscores the need for a holistic
systems perspective to ensure that the transition to circularity maximizes benefits without
creating hidden environmental costs. The implementation of circularity at different scales
has the potential to generate socio-economic and environmental benefits at the urban level.
Thus, identifying flows is crucial in defining the overall efficiency of a CE. In the domain
of waste management in urban areas, a CE aims to include all possible flows concerning
material and energy to address the environmental and social problems in various sectors
(Figure 6). Notably, the individual sectors of urban communities could be classified as
micro, meso and macro based on socio-economic impacts, inventory requirements and
policy perspectives. Considering different flows of CE, energy, water and waste recycling
systems can be technically associated with various sectors depending on their requirements
and impacts. CE initiatives with improved technical and biological flows can be developed
through the efficient involvement of stakeholders, including government, policymakers,
businessmen, and consumers. Such systematic amendments are required for the transition
from linearity to circularity, which demands exertions at different levels.

Published studies have highlighted that the identification of material and energy flow,
their integration to support CE, and the determination of institutional governance for over-
coming the barriers of sustainable development are areas for addressing the transition to
urban sustainability [137,140–142]. Identification of flows involves assessment of technical
and biological areas. Technical flows incorporate activities essential to maintain material
flow, such as reuse, recycling, recovery, repair, and refurbishment. Application of the 9Rs
framework for the transition from linear to CE is recommended for better results [143].
However, biological flows include directly using organic material via bioprocessing, such
as composting and AD [144]. Since understanding the reusability of each material category
is very challenging for establishing a CE in the existing system, integration of all possi-
ble flows (material and energy) is recommended to change the perception of waste as a
‘problem’ [145].

Although climate change mitigation must adopt global solutions, the involvement of
stakeholders from individual to international level (business, academia, consumers, indus-
tries and government) is required for such initiatives [140]. Thus, promoting circularity
through vigilant governance actions, aiming at integrating individual scales and focusing
on decarbonization and climate change mitigation, is needed nowadays [143]. Moreover,
target setting from local to national levels to foster the establishment of CE measures is
recommended to improve efficiency [137]. The suggested three-staged CE framework
grants an organized pathway for rendering circularity concepts into plausible urban inter-
ventions. Together, aforementioned recommendations warrant that CE application needs
to be systemic rather than divided. Based on this multi-staged solution, it is also imperative
to gauge how such integrated CE interventions participate in broadening sustainability
solutions, specifically the attainment of the UN-SDGs. The effects of CE strategies are
non-exhaustive to resource management alone but even expand to climate action, economic
resilience, public health, and social equity. Conversely, the scope of SDG implementation
and the associated challenges vary due to various factors. Therefore, the following section
assesses the benefits and challenges of CE strategies in the context of SDG attainment.

A suggestive case study regarding implications of the proposed CE framework can
be observed at the macro level where AI- and IoT-enabled MSW management systems are
integrated with decentralized waste segregation and biomethanation plants. Placement
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of smart bins associated with IoT devices and AI-aided waste identification systems pro-
duce temporal data on MSW composition, methane hotspots, and contamination rates.
A pilot plant in Mumbai, India, exhibited a nearly 20–35% decrease in fuel requirements
by enabling AI-based and IoT sensor-optimized pathways for waste identification [82].
Moreover, surfeit instances and MSW collection inadequacies were decreased extensively
through AI-based modeling and GIS-driven logistics routes. Furthermore, at the meso level,
integration of material recovery facilities and biological treatment units optimize bioenergy
production, waste hauling and recycling schedules. Based on seasonal variation, the Indian
biowaste fetched biomethane potential ranging from 175 to 286 NLCH4 kgVS−1 for a
decentralized AD unit [146]. Operational and emission databases could eventually inform
macro-level governance systems, incorporating renewable energy solutions, carbon credit-
ing, and methane mitigation plans. For example, AI-enabled regional waste management
systems could advocate evidence-based policy decisions related to biogas upgradation
infrastructure and national climate change mitigation goals. Therefore, concurrent data
produced at the micro level prominently contribute to macro-level CE policymaking.

4. Contribution of Circular Economy Towards SDGs Attainment: Benefits
and Challenges

The CE is a model of production and consumption that emphasizes sharing, recycling,
refurbishing, and reusing materials and products as much as possible [147]. It aims to
address global challenges such as unprecedented waste generation, biodiversity loss, cli-
mate change, and environmental pollution by implementing three fundamental principles:
regeneration of natural systems, redesign of waste treatment systems, and prioritization
of recyclable and reusable materials [147,148]. The CE framework is facilitated in “9R”
hierarchical order which prioritizes refuse, rethink, reduce, reuse, repair, refurbish, reman-
ufacture, repurpose, recycle, and recover methods as per their treatment potential [149].
The 3Rs, including refuse, reduce, and reuse, are higher-order strategies which grant envi-
ronmental and climate change mitigation advantages through solid waste reduction and
decreased pristine material utilization. Similarly, recycling and recovery streams provide
the possibility to manage residual waste and recover beneficial materials from it. Energy
and material recovery from waste represents a core component of the CE, helping reduce
waste, conserve natural resources, and minimize environmental impacts [148]. When
implemented effectively, CE strategies influence energy consumption, material resource
use, air and water quality, solid waste generation, land use, and land cover. Thermal meth-
ods, including pyrolysis, gasification, and incineration, as well as biological processes like
AD and composting, have been widely applied to recover energy and valuable resources
primarily from residual or non-recyclable waste fractions leftover after feasible reduction,
reuse, segregation and material recovery [150].

Recently, Padmanabhan et al. [151] demonstrated that pyrolysis of waste plastic can
serve as an alternative fuel, improving thermal efficiency by 4.8% and decreasing fuel
consumption by ~8%. Non-recyclables waste with high energy potential can replace fossil
fuels and reduce conventional energy resource consumption and greenhouse gas emis-
sions [152]. Nevertheless, extreme dependency on thermal treatment of mixed MSW could
clash with high-order CE methods targeted on waste restraining, reuse, and recycling.
Hence, integration of thermal recovery technologies as corresponding downstream pro-
cesses is recommended within wider CE contexts focusing on source segregation and
material recirculation.

Thermal treatment methods of solid waste, including pyrolysis and gasification, have
significant potential to reduce methane emissions via combined heat and power gener-
ation and biowaste utilization as renewable energy sources, which follow the pathways
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of CE for sustainable development [80,153–156]. The combination of biological and ther-
mochemical conversion of waste has further encouraged the CE approach as integrated
technologies have better possibilities for decreasing adverse environmental impacts and
enhancing resource efficiency [157]. It is worth mentioning that thermal plasma-assisted
waste valorization processes are a recent development in thermal methods to treat various
types of wastes and recover energy and valuable materials, meeting the prerequisites for
being an energy alternative and possessing the potential for climate change mitigation
with minimum GHG emissions [158]. However, being at the growing stage, lack of pro-
cess understanding, high upfront capital cost, and electricity utilization as input are areas
of concern before full-scale deployment [159]. Furthermore, co-valorization of sewage
sludge and refuse-derived fuel as difficult wastes in thermal plasma is an effective and
environment-friendly technology for syngas production and reduction of GHG emissions to
a significant extent [160]. The inter-relation depicted in Figure 6 clarifies how CE initiatives
have considerable potential to reduce GHG emission at various steps of circularity.

Biological waste treatment methods are important pillars of the CE through GHG
emissions mitigation, nutrient recycling, prevention of pollutant leaching to groundwater,
and spread of harmful diseases through open dumping or un-engineered landfilling [42].
Biogas generated through AD is an energy carrier, potentially feasible for storage and
electricity generation [30,33,43]. The energy generation from biogas relies on the type
of feed waste, plant design, temperature and digestion time. A common feedstock in
Germany generates ca. 8 times more biogas than cow manure, thereby contributing to
high energy potential [161]. In India, biogas energy capacity was reported to be ca. 14 MW
in 2022, which is expected to increase further by five times in the coming decade [162].
Composting is another biological method that improves the ecosystem through nutrient
recycling, which reduces the use of synthetic fertilizers and other material resources.
MSW treatment technologies employing CE fundamentals in the perspective of different
application motives and application impacts in view of social, environmental and economic
aspects are reflected in Table 7.

Table 7. Summary of MSW treatment technologies following CE fundamentals in the perspec-
tive of different application motives and application impacts vis-à-vis social, environmental and
economic aspects.

Type of Waste,
Region or
Country

Technology Application
Motive

Application
Examples

Overall Impact of Technology
Reference

Social Environmental Economic

MSW
(biodegradable
material > 7%),

Delhi, India

Landfill gas
recovery

technology

Energy and
electricity

Landfill methane
collection as

feedstock

Nearby areas for
energy through

methane capture

GHG emission
reduction, particulate

capture

Potential for
electricity

production for
8–15 million

houses (the year
2014)

[163]

Biodegradable
MSW, China

Extraction well
system in
landfills

Energy and
electricity

Biogas
production for

power generation
(for vehicles and

pipeline fuel)

Engineered
disposal as an
alternative to

open disposal for
hygienic

surroundings

Potential to replace ~86%
of electricity or ~26% of
natural gas consumption
or 90–220 kilotons of coal

and reduce CO2
reduction by 350–900
kilotons (year 2020)

Equivalent to
225 kilotons of
coal for energy

generation

[77]

Organic fraction
of MSW, Saudi

Arabia

AD and gas
turbine

Energy and
electricity

Cogeneration of
heat and

electricity from
methane, use of
electricity for H2

production
through

electrolysis

Hydrogen and
power generation
as an alternative
to conventional

resources

Reduced carbon
emission by 3.5% by

using a proton exchange
membrane electrolyzer

Membrane
electrolyzer is 3%

more efficient
than alkaline

electrolyzer and
produces 34%

more H2
production

[145]
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Table 7. Cont.

Type of Waste,
Region or
Country

Technology Application
Motive

Application
Examples

Overall Impact of Technology
Reference

Social Environmental Economic

Domestic waste
(paper, plastic,
metal, wood,
glass, food

waste), Greece

AD, landfilling
and biogas for
combined heat

and power (CHP)
production

Energy and
electricity

CHP from
methane through
full-scale AD and

sanitary
landfilling

Reduction in
fossil fuel for

electricity
generation

through CHP
application

Reduction in GHG
emission and leachate
production decreased
uncaptured methane

Energy
production value

is predicted to
16–25% higher
than landfilling

[164]

MSW landfill
mined waste (70%
fine gravel, sand,
silt, clay, stones,
plastic, wood,

and others), Delhi,
India

Biological aging,
bio-drying,

sieving

Fertilizer or
compost-like
application

Utilization of soil
like fraction of

mined waste for
embankment

building and as
compost

Mining of old
waste dumps
(consisted of
~60% of total

excavated waste),
city aesthetic
improvement

Low-nutrient compost in
non-agricultural

applications (parks,
inedible crops)

Reduced need of
fresh soil, use of
mined waste as

backfills reduced
cost

[165]

Organic fraction
of MSW,

Mirandela,
Portugal

Solvent and
microwave-

assisted
extraction

Fertilizer
application

Liquid manure
extraction

Advancing liquid
fertilizer

production,
promoting

hygienic and
organized waste

disposal

Reduces water and
energy requirement for

extraction by 53–250 and
12–18 times, respectively

Solvent
extraction is less
expensive than

microwave
extraction;

alkaline
extraction are

12 times higher
than water-based

extraction

[166]

4.1. Benefits of Circular Economy: Emission Reduction and Economic Insights

In the context of sustainability, the CE strategies have contributed significantly to
environmental and economic benefits. The CE strategies enhance economic viability even
in resource-constrained settings. Revenue generation from recovered materials, energy
production from waste, and long-term cost savings from reduced landfill use make circular
approaches financially attractive to municipalities [167]. To ensure practical adoption,
particularly in developing economies or regions with limited infrastructure, cost–benefit
analyses and supportive funding mechanisms such as subsidies, tax incentives, and public–
private partnerships are essential. These measures help offset initial investment costs,
demonstrate financial feasibility, and encourage stakeholders to transition from traditional
landfill practices. Recycling not only reduces emissions and promotes resource conserva-
tion but also provides tangible economic returns, contributing directly to the achievement
of SDG 7, 11, and 13 [168]. The CE strategies have demonstrated significant environmental
and economic benefits across various levels viz. industrial, corporate, and macroeconomic.
The Ellen MacArthur Foundation and McKinsey forecasted that CE solutions including
waste material reutilization, extending product lifecycle, recycling, and material remanu-
facturing can potentially improve resource efficiency by ~3% by the year 2030 in Europe,
saving ~€600 billion per annum and broadening financial benefits to approximately €1.8 tril-
lion [169]. Moreover, at the industrial scale, the Kalundborg Eco-Industrial Park, Denmark,
demonstrates IS, attaining ~3 million m3 groundwater annually, ~1 million m3 surface
water, ~170,000 t gypsum, and fetching ~15 million USD per annum as direct savings [169].
Moreover, the remanufacturing CE strategies implemented in the USA reflected that reman-
ufactured/refurbished products require only ~15% of the resources as compared to new
products, which could save ~400 trillion BTU per annum energy and avoid ~28 million tons
of possible pollution [170]. The policies on material circularity fetch higher energy gains;
for example, aluminum recycling requires ~10% less energy than that of primary require-
ments, and recycling of steel waste considerably decreases ore and coal requirements as raw
resources [171]. Furthermore, various corporates have implemented such CE strategies and
attained economic benefits, such as Phillips Inc. who claimed that employing refurbishment
in medical systems lowered 28% of carbon emissions [172]. Thus, CE strategies not only
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uplift economic aspects but also benefit the environmental sector by reducing pollution
and protecting resource degradation.

Environmental benefits of CE approaches are significant. CE strategies reduce green-
house gas emissions by diverting waste from landfills, where methane—a potent contribu-
tor to global warming—is generated [173]. Figure 7 depicts a relationship between CE and
greenhouse and/or carbon emissions that influences CE strategies to be amended based on
interrelation. Recycling and material reuse conserve natural resources, reduce extraction-
related environmental impacts, and lower energy consumption [13]. Biological treatments,
such as AD, generate biogas for energy while recycling nutrients, and composting improves
soil health. Thermochemical processes, including pyrolysis and plasma-assisted treatments,
allow energy and material recovery with minimal emissions, supporting climate change
mitigation. Lifecycle assessments indicate that CE approaches achieve net reductions in car-
bon footprint, energy consumption, and pollutant loads compared with conventional linear
waste management systems [82,174]. These environmental gains directly support SDG 7
(affordable and clean energy), SDG 11 (sustainable cities), and SDG 13 (climate action).

Figure 7. Relationship between CE and greenhouse and/or carbon emissions.

CE measures can positively impact material recovery from waste and protect natural
resources. Sverko Grdic et al. [175] recommended CE measures for economic growth
and conservation of natural resources. Pavolová et al. [176] suggested the optimization
of the CE model through the partial substitution of secondary raw materials in place of
primary ones, allowing a considerable decrease in natural resource consumption. Recently,
Abad-Segura et al. [144] recommended coupling bioeconomy with CE to efficiently utilize
natural resources. For example, the CE has proven advantageous in the E-waste treatment
sector. A case study in India showed that E-waste has extensive potential for metal recovery
before disposal [138]. The e-waste recycling facility in Karnataka, India, with a capacity of
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10 ton/day and land area of 1.5 acres, is maintained by 100 employees. This facility recovers
precious metals, cathode ray tubes, television glass screens, and electronic boards by full-
scale deployments of collection, dismantling, processing and metallurgical units. Similar to
e-waste, end-of-life photovoltaic (PV) panels, wind turbine blades, lithium-ion batteries,
and multilayer composite materials would most likely be imposing a tough challenge to
implement CE systems in next 5 years [177]. It is reported that due to the excessive increase
in e-waste production from 62 million tons (year 2022) to 82 million tons (forecasted for
year 2030), recycling rates have already reduced below 25%, projecting significant resource
loss and environmental risk [178]. In view of present renewable energy sector promotion,
PV solar panels, wind turbines and battery waste are greatly increasing. As per a recent
report, global PV panel waste may produce 60–80 million tons by the year 2050 [177].
Moreover, due to thermosetting material being used in the manufacturing of wind turbine
blades, this imposes reduced recyclability with conventional recycling methods, thereby
reinforcing serious challenges in CE implementation. Additionally, Li-ion battery waste
from electric vehicles and energy storage systems exhibits surprise fire eruptions, toxic
substance release, and recovery of vital metals such as Li, Ni, and Co [83]. Thus, considering
challenges associated with e-waste, battery waste and wastes from PV panels and wind
turbine blades, the CE initiatives must ensure advanced or AI-enabled material recovery
facilities, chemical recovery systems, eco-design strategies and EPR policy enforcements
for supporting net-zero targets.

By combining energy and material recovery with sustainable resource management, CE
strategies not only reduce environmental impacts but also promote long-term economic and
social benefits [178]. This holistic perspective is essential for transitioning from a linear to a
circular model, ensuring that waste is treated as a resource rather than a problem [137,140–142].

GHG emissions resulting from improper waste management pose significant environ-
mental and public health risks. Recent years have seen notable progress in reducing these
emissions globally. In the European Union (EU), the Circular Economy Action Plan [179]
promotes a shift from linear to circular models and emphasizes recycling as a key tool for
reducing GHG emissions. The EU environment action plan implements different waste
management strategies and policies to enhance reuse and recycling. The Waste Framework
Directive (2008/98/EC) noted by Gharfalkar et al. [180] recommends that member coun-
tries attain at least a 50% recycling rate for MSW. New targets have also been provided to
be achieved by 2035. Landfill disposal will gradually be replaced by reuse and recycling in
the coming years. A high recycling rate reduces landfilling loads for municipalities and
promotes emissions reduction. For example, Figure 8 shows that product manufacturing
through recycling and CE approaches significantly reduces emissions [181]. In recent years,
the total MSW disposal in EU member states going for landfilling between 1995 and 2017
has been reduced by 60% through extensive recycling measures [182]. Although recycling
emits fewer carbon and GHG emissions than incineration and landfilling, net emissions
savings might be reliant on the type of recycled material. Thus, Balkau et al. [140] recom-
mended the inclusion of lifecycle assessment coupled with recycled concepts for better
environmental health.

Despite these benefits, challenges remain in regions with poor waste segregation,
limited infrastructure, or low environmental awareness. Maintaining recycled material
quality, ensuring energy-efficient processes, and encouraging sustainable consumer behav-
ior are critical concerns [125]. Economic and behavioral incentives such as revenue from
recovered materials, lower landfill costs, education programs, and user-friendly recycling
infrastructure can improve adoption feasibility in such contexts. For example, a case study
in Sweden on co-polyester plate recycling demonstrated that a closed-loop system achieved
a 20–60% reduction in GHG emissions and a 50–60% reduction in energy requirements
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compared to conventional recycling, while still meeting food safety standards [183]. These
findings demonstrate that well-designed recycling systems can be both environmentally
sustainable and economically viable, even in areas facing budgetary, infrastructural, and
behavioral challenges.

Figure 8. Analytical evidence of GHG emissions and mitigation potential through recycling measures
for manufacturing, disposal and recycling different materials.

Implementing sustainable waste management solutions to reduce GHG and carbon
emissions has become an urgent global priority. In the context of the SDGs under Agenda
2030, goals such as affordable and clean energy (SDG 7), sustainable cities and commu-
nities (SDG 11), and climate action (SDG 13) are closely aligned with the development
of energy-efficient and environmentally responsible waste management systems [184].
Despite international policy obligations, growing waste generation, inadequate waste seg-
regation facilities, landfilling obligation, and inadequate infrastructure continue to hamper
several SDG targets related to sustainable cities, responsible consumption, and climate
mitigation, more prominently in developing countries. As numerous SDGs become pro-
gressively tougher to attain by the year 2030, integrated CE agendas including AI-driven
assessment, decentralized resource recovery systems, policy-backed landfill alteration, and
industrial symbiosis could exhibit a vital role in determining a prolonged or post-2030
sustainability transition. However, globally, numerous efforts have been made to reduce
emissions and energy consumption in recycling and waste management. Since landfilling
and deforestation contribute approximately 25% of global GHG emissions, promoting
waste recycling can reduce landfill dependence and encourage the reuse of materials,
thereby lowering emissions associated with manufacturing and procurement of virgin
resources [29,42]. The CE strategies, combined with lifecycle assessment (LCA) approaches,
have the potential to reduce global GHG emissions by 10–15% [140,176]. The summary of
comparative LCA-based GWP investigation of various waste processing technologies is
presented in Table 8. Despite being advantageous, there exist numerous challenges and
bottlenecks for CE implementation at various levels. Elaborated insights associated with
benefits and challenges of CE implementation are discussed in subsequent sections.
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Table 8. Comparative LCA-based global warming potential (GWP) assessment of major waste
treatment technologies.

Treatment Method LCA Technique
Key
Assumptions/System
Boundary

Major Emission Sources and
Reported GWP Net-Zero Pathways Reference

Landfilling Cradle-to-grave
attributional LCA

Inventory is offset by
electric energy potential
from landfill gas and
leachate management
system

Fugitive methane, emission from
hauling trucks, particulate matter;
GWP: 400–1200 kg CO2-eq/tMSW

Least supportive way
because of GHG
emission and higher
inventory cost

[185]

WtE incineration plant
(conventional) Attributional LCA

Incorporated energy
credits, heat recovery
from flue gas and
combustion units

Flue gas emission: CO2, NOx,
GWP: 200–600 kg CO2-eq/tMSW

Moderately favorable
due to electric energy
compensation

[186]

Gasification Consequential/process-
based LCA

Includes syngas yield,
flue gas treatment,
electric energy
production

Syngas treatment, electric energy
production, tar management;
GWP: 50–350 kg CO2-eq/tMSW

Syngas utilization is
favorable for net-zero
goals

[187]

Plastic waste pyrolysis Cradle-to-gate LCA

Segregated plastic from
MSW, liquid fuel
production, pyrolysis
designed reactor

Electric energy consumption, char
disposal;
GWP: 100–450 kg CO2-eq/tMSW

Potentially supportive if
liquid fuel substitutes
conventional fuels

[188]

AD Attributional LCA

Incorporates biogas
production, digestate
recovery, excludes
fertilizer recovery

Leaking methane, digestate
mismanagement;
GWP: 50–250 kg CO2-eq/tMSW

Highly favorable due to
bioenergy and nutrient
recovery

[189]

4.2. Challenges in Circular Economy Implementation
4.2.1. Technological, Infrastructure, and Scalability Challenges

The successful implementation of CE strategies depends not only on technological
innovation and supporting infrastructure but also on their scalability and adaptability
across diverse contexts [190]. Technological barriers include high upfront investment costs,
limited availability of advanced recycling facilities, and insufficient integration of digital
monitoring tools. Infrastructure-related challenges are particularly acute in regions with
weak waste management systems, where collection and sorting inefficiencies hinder CE
adoption [172]. Equally important is the question of scalability and universal applicability.
CE approaches cannot be implemented as a one-size-fits-all solution, as their success is
shaped by geopolitical, economic, and environmental conditions. In developed regions,
large-scale adoption is often facilitated by advanced industrial symbiosis networks, digital
traceability, and extended producer responsibility schemes. In contrast, in developing or
resource-constrained contexts, scalable solutions may emerge from strengthening infor-
mal recycling sectors, promoting local repair systems, and supporting resource-sharing
initiatives that demand lower capital investment [146].

Adaptability can be enhanced by embedding local knowledge, cultural practices, and
governance structures into CE strategies. International collaboration, pilot projects, and knowl-
edge exchange platforms are essential to test transferability before widescale replication [191].
By addressing technological, infrastructural, and contextual barriers together, CE initiatives
can move beyond conceptual frameworks to achieve both local relevance and global impact.
Furthermore, technological limitations, high capital costs, and inadequate infrastructure pose
significant challenges, particularly in developing regions. For example, low-income countries
lack infrastructural facilities for waste collection which leads to merely ~48% of MSW col-
lection and segregation in cities and less than 26% in villages, leading to only ~4% of waste
recycling in low-income countries [192]. This reflects the fundamental infrastructural gap that
prevents CE implementation at the source. To bridge these gaps, scalable and context-specific
solutions are essential. These include manual or semi-automated sorting, community-based
recycling programs, modular or mobile recycling units, and gradual adoption of advanced
technologies through phased implementation and supportive policies [178]. Pilot projects
and demonstration units provide practical roadmaps for infrastructure development, while
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training municipal personnel ensures local capacity building. Moreover, integration with
existing landfill-reliant systems is crucial to avoid operational disruptions. Phased adoption
of recycling and material recovery alongside landfill operations allows smooth transitions
without reducing efficiency. Waste-to-energy co-processing, pilot projects, and targeted train-
ing of municipal personnel further facilitate integration while minimizing risks of disruption.
These strategies provide actionable pathways for aligning CE initiatives with current waste
management infrastructures [193].

In addition, scalability and economic feasibility are critical for translating CE ap-
proaches from pilot projects to industrial applications [194]. The CE could fetch up to
~€1.8 trillion per annum in net profits by 2030 if broadly employed, against usual practices.
Nevertheless, the transition costs including research and development, asset conserva-
tion, aids, digital setup, and stranded linear assets are sizable and uncertain, acting as
an economic barrier for industry-wide adoption. On the other hand, technical feasibil-
ity is demonstrated at smaller scales: scaling requires careful evaluation of capital and
operational costs, energy recovery efficiency, and potential revenue streams from recov-
ered materials. Economic incentives, policy support, and public–private partnerships can
enhance feasibility, while phased implementation allows industries to adapt gradually,
mitigating financial and operational risks [195]. By considering economic viability along-
side technical, social, and ethical factors, CE strategies can achieve long-term adoption at
regional and industrial scales [194]. By providing actionable pathways, inclusive strategies,
and ethical safeguards, even regions with underdeveloped infrastructure can adopt CE
technologies while minimizing social disruption and environmental trade-offs, ensuring
equitable and sustainable waste management solutions. Successful CE implementation
requires overcoming interdisciplinary challenges through active collaboration across eco-
nomics, engineering, policy, and social sciences. Cohesive solutions can be achieved by
establishing stakeholder workshops, cross-sector working groups, and participatory plan-
ning processes that engage municipal authorities, industry representatives, researchers,
and local communities [120]. This approach ensures that technological innovations, eco-
nomic incentives, regulatory frameworks, and social behavior interventions are aligned,
creating practical, socially equitable, and environmentally sustainable CE strategies. The
consolidated scenarios of technological, infrastructure, and scalability challenges and their
co-factors influencing CE strategies are displayed in Figure 9.

Figure 9. Technological, infrastructure, and scalability challenges while implementing CE strategies.
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4.2.2. Socio-Economic, Cultural, Ethical, Political and Unintended Consequences

The success of CE approaches heavily depends on consumer behavior and cultural
acceptance. Deep-rooted habits, low environmental awareness, and resistance to change
can impede effective recycling and waste reduction [196]. To address these challenges,
actionable strategies are essential, including targeted education and awareness campaigns,
user-friendly recycling infrastructure, financial or social incentives (e.g., deposit-return
schemes, rewards for recycling), and media campaigns highlighting successful initiatives.
Policy measures, such as mandatory recycling regulations, coupled with community en-
gagement programs that foster social norms around waste reduction, can reinforce behav-
ioral change [197]. Engaging local leaders, schools, and civil society organizations ensures
that interventions are culturally relevant and widely adopted. By implementing these
strategies, CE initiatives can move from theoretical models to practical, socially supported
solutions that achieve measurable environmental benefits [198].

Effective CE adoption requires strong and coherent policy and regulatory frameworks
that create clear incentives for participation and compliance. These include economic
instruments (subsidies, tax breaks, and financial support for recycling and waste-to-energy
projects), regulatory mandates (mandatory recycling quotas, extended producer responsi-
bility schemes, and landfill taxes), and governance mechanisms (stakeholder engagement
platforms, monitoring tools, and public–private partnerships) [199,200]. In politically frag-
mented or economically constrained regions, phased implementation through pilot projects
and localized initiatives can demonstrate tangible benefits, thereby fostering trust and
encouraging broader uptake. Beyond technical and economic measures, policy guidance
must anticipate and mitigate unintended consequences. CE transitions risk creating neg-
ative outcomes if poorly managed, such as the displacement of informal waste workers,
the intensification of natural resource exploitation for recycling inputs, or the creation
of unequal market advantages that marginalize vulnerable actors [195]. To address this,
regulatory frameworks should be paired with inclusive social policies that formalize the
role of informal waste workers, provide retraining and employment opportunities, and
safeguard livelihoods [201].

Equally important are ethical considerations to ensure that low-income communities
and marginalized populations do not bear disproportionate costs of CE implementation. In-
clusive policies should integrate vulnerable groups into formal recycling systems, guarantee
access to training and financial support, and enable participatory decision-making pro-
cesses. To promote global equity, measures must also extend to developing nations through
financial and technical assistance, capacity-building programs, structured knowledge trans-
fer from developed economies, and equitable access to technology and infrastructure. Such
initiatives prevent resource-constrained regions from being overburdened while ensuring
that CE benefits—economic, environmental, and social—are shared fairly across nations,
reinforcing the ethical foundation of CE adoption [202]. By embedding actionable policy
insights alongside ethical safeguards, CE frameworks can move beyond theoretical models
to become practically implementable, socially just, and globally equitable strategies for
sustainable development. Further, accurately evaluating the long-term impact of CE strate-
gies requires comprehensive measurement, accountability, and economic assessment [203].
A detailed LCA is essential to rigorously compare the environmental impacts of CE ap-
proaches versus traditional landfill-based waste management, including carbon footprint,
resource use, pollution, and energy consumption across the entire supply chain. Continu-
ous monitoring of landfill gas emissions, tracking recycling and material recovery rates,
and incorporating cost–benefit analyses complement the LCA, providing a holistic picture
of environmental, social, and economic performance. Variations in waste composition,
regional policies, and socio-economic contexts can be addressed through site-specific emis-
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sion factors, scenario-based modeling, and periodic audits. Given the urgency of climate
action, timeframe considerations are critical. While full CE adoption may require several
years, interim measures such as enhanced landfill gas capture, source segregation, rapid
recycling initiatives, and waste-to-energy technologies can deliver immediate reductions
in greenhouse gas emissions while facilitating a gradual, sustainable transition to circular
waste management [204].

To ensure long-term sustainability in the context of population growth and increasing
urbanization, CE strategies must be scalable and adaptable. Modular and flexible recycling
infrastructure, continuous reassessment of waste flows, iterative LCA, and adaptive policy
frameworks allow systems to expand capacity and integrate technological upgrades as
waste generation increases [205]. Despite their benefits, CE strategies may entail unin-
tended consequences, including increased energy consumption, overexploitation of natural
resources due to rising demand for recycled materials, and displacement of informal work-
ers dependent on landfills. Addressing these risks requires a holistic systems approach
that integrates LCA, scenario-based modeling, inclusive stakeholder engagement, eco-
nomic analysis, and adaptive management. By combining comprehensive LCA, robust
measurement, short-term interventions, and proactive monitoring of potential trade-offs,
CE strategies can maximize environmental, social, and economic benefits, ensure long-term
sustainability, and maintain alignment with the SDGs—even under the pressing demands
of the climate crisis [206].

Potential unintended consequences must also be acknowledged and mitigated. Tran-
sitioning toward formalized CE systems may displace informal waste workers who play
a crucial role in local recycling economies. If not managed inclusively, this could lead to
social exclusion and loss of livelihoods. Large-scale recycling efforts could unintentionally
increase exploitation of natural resources, particularly if secondary material recovery drives
unsustainable mining or energy-intensive processing [207]. Addressing these risks requires
policies that integrate social protection measures, such as re-skilling programs, inclusion of
informal workers in formal value chains, and strict environmental safeguards. Although
CE strategies reduce environmental impacts, unintended consequences and trade-offs may
occur. Increased demand for recycled materials could lead to overexploitation of certain
resources, and formalizing recycling systems may displace informal workers who rely on
landfills [208]. Additionally, energy consumption and emissions from recycling processes
could partially offset the benefits of reduced landfill use. To address these challenges, a
holistic systems approach is essential. This includes using LCA to quantify emissions,
energy use, and resource consumption, applying scenario-based modeling to evaluate
different CE pathways, engaging stakeholders to ensure inclusivity of vulnerable popu-
lations, and monitoring outcomes to enable adaptive management. By integrating these
measures, CE strategies can maximize environmental and social benefits while minimizing
negative trade-offs, ensuring a sustainable and realistic transition from landfill-dependent
systems [209]. A consolidated depiction of benefits and challenges is presented in Figure 10
that conveys how CE initiatives could be influenced by other factors and what specific
goals could be attained.

The informal sector plays a significant role in the waste management of developing
countries by recycling usable materials, decreasing landfill waste, and augmenting CE
pathways [201]. However, with the current shift in AI and automation in waste manage-
ment systems, this could inadvertently depose informal waste workers if social protections
are not synthesized into CE transitions, which may disturb another socially relevant SDG.
Hence, CE implications must not be only assessed through potentials of resource recovery,
technological advancements, carbon capture and climate change mitigation solutions, but
also through the values of social circularity and just-transition governance. An inclusive
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CE system must have the scope of including informal waste workers into existing formal
waste management systems via cooperative recycling and municipality involvements, pro-
viding access to material recovery facilities and EPR-linked recycling systems. Moreover,
occupational health and safety, social security, skill upgradation, and technology education
are imperative to ensure active involvement in current tech-driven waste management.
Adequate education regarding tech-driven system and AI enables technology use, and its
handling procedures may also improve skilled labor wages, thereby balancing CE strategies
and modernization with social circularity implications, especially in global south regions.

Figure 10. A summary of circular economy implementation—its benefits and challenges towards
sustainable development.

For instance, the SWaCH model was launched by Pune municipality (India) for inte-
grating ragpickers into formal waste collection system, incorporating more than 3500 in-
formal waste pickers for door-to-door waste collection from 8 lakh households while
formalizing their works with stable wages and occupational health and safety [210]. An-
alytical studies revealed that integration of informal workers into formal CE strategies
could comprehensively augment recycling efficiency at significantly lower investments
than completely privatizing the operation [211].

In summary, CE promotion is restrained by consistent challenges as discussed. Over-
coming these barriers and the successful implementation of CE solutions necessitate adap-
tive and data-driven techniques competent in managing complex waste systems. In this
shift, data-driven modeling such as artificial intelligence (AI) and machine learning (ML)
could play a critical supporting role. The AI-driven waste sorting systems attain substantial
classification precision, considerably advancing material recovery and recycling [212,213].
Moreover, the AI-driven pathway for carbon emission prediction and its optimization bene-
fits the environment and demonstrates successful CE placement. Moreover, the ML models
for waste generation prediction, emission modeling and forecasting could support better
infrastructure planning. Hence, such advances provide AI–ML within this role, demon-
strating existing solutions, challenges, and how it helps in implementing CE strategies to
mitigate climate change impacts which are imperative to discuss comprehensively.
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5. Role of AI in Circular Economy and Climate Change Mitigation
Recent advances in ML and AI offer new opportunities to strengthen CE strate-

gies [212]. The ML algorithms are increasingly applied to predict waste generation, opti-
mize collection routes, and improve the efficiency of recycling and recovery systems [214].
Image recognition models, for example, enable more accurate and automated waste seg-
regation, reducing contamination in recycling streams. Similarly, predictive ML models
are used to optimize biological processes such as AD and gasification, thereby maximizing
energy and hydrogen yields while minimizing emissions [179,180,184]. By integrating
data-driven decision-making with CE principles, urban systems can achieve higher effi-
ciency, lower costs, and greater environmental benefits. Nevertheless, challenges such
as data availability, interoperability, and governance remain, highlighting the need for
collaborative frameworks that combine CE policies with digital innovations. Figure 11
depicts an overall scenario of implication of AI in waste management and eventually for
climate change mitigation.

Figure 11. Role of AI in solid waste management, circular economy, sustainable development and
mitigating climate change impacts.

AI is rapidly emerging as a transformative enabler of the CE, offering powerful
solutions to optimize waste management, reduce environmental impacts, and mitigate
climate change [212]. Digital technologies, including ML, Internet of Things (IoT), Big Data
analytics, and AI-powered automation, can revolutionize landfill management, material
recovery, and waste-to-energy systems, bridging the gap between conventional waste
practices and sustainable circular solutions [135,214].
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5.1. AI Applications in Landfill Operations

At the operational level, AI provides advanced tools for predictive monitoring and
optimization of landfill processes, delivering significant environmental and economic
benefits. ML and AI algorithms can analyze historical and real-time data from landfill
sensors, waste composition records, meteorological inputs, and operational parameters
to generate predictive insights. For example, AI models can forecast the production of
methane, carbon dioxide, and other trace gases, allowing landfill operators to implement
timely gas collection and treatment measures, thereby reducing greenhouse gas emissions
and improving regulatory compliance [85]. Similarly, predictive algorithms can estimate
leachate volumes and pollutant concentrations based on rainfall patterns, waste char-
acteristics, and linear conditions, enabling operators to adjust collection and treatment
systems to prevent soil and groundwater contamination. AI also facilitates the analysis of
waste decomposition rates, identifying hotspots of accelerated or delayed organic matter
degradation, which allows operators to optimize moisture content, aeration strategies, or
cover placement, reducing odor, emissions, and leachate formation. Beyond monitoring,
AI-powered automated sorting and recognition systems enhance CE practices by accurately
identifying and separating recyclables such as plastics, metals, organics, and paper in real
time, minimizing contamination and maximizing material recovery [84]. Integration with
IoT-enabled sensors further supports continuous monitoring of temperature, humidity, gas
composition, and leachate quality, with AI models providing actionable recommendations,
real-time alerts, and dynamic operational adjustments. Collectively, these AI-driven ap-
proaches transform landfill management from a reactive to a proactive system, improving
operational efficiency, reducing environmental impacts, extending landfill lifespan, and
promoting CE principles by diverting valuable materials from disposal while mitigating
climate change impacts.

AI plays a pivotal role in enhancing energy recovery from waste, including WtE and
W2H processes, by optimizing operational parameters and reducing environmental impacts.
Predictive machine learning models can analyze historical and real-time data on waste
composition, temperature, moisture content, and reaction kinetics to determine the optimal
conditions for AD, gasification, and pyrolysis systems, thereby maximizing energy output,
improving hydrogen production, and lowering carbon dioxide emissions [84,215]. AI also
enables process integration and resource allocation, linking waste generation patterns with
potential energy recovery to design circular infrastructure that is both environmentally
and economically efficient. By continuously analyzing process data, AI facilitates dynamic
adjustments in feedstock ratios, residence times, and operational temperatures, ensuring
maximum energy yield while minimizing pollutants and carbon footprints [216]. Addi-
tionally, AI-driven decision support tools assist policymakers, industries, and municipal
stakeholders in selecting the most sustainable WtE/W2H strategies, evaluating trade-offs
between energy recovery, emissions reduction, and material reuse [197]. Collectively, these
AI applications transform conventional energy recovery processes into intelligent, adaptive
systems, enabling a more resilient CE and contributing substantially to climate change
mitigation and sustainable urban waste management. Table 9 summarizes applications of
AI, techniques used, associated benefits, and key references in waste management systems.

AI can be implemented across multiple hierarchical levels to advance CE strategies
and support climate change mitigation. At the micro level, individual organizations can
deploy AI for tasks such as predictive monitoring, waste sorting, and process optimization,
enabling efficient internal resource management, reducing operational costs, and minimiz-
ing environmental impacts. At the meso level, industrial clusters or municipal consortia
can leverage AI to coordinate waste collection, recycling networks, and energy recovery
infrastructure, fostering collaboration among stakeholders and enhancing system-wide
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sustainability [168]. At the macro level, governments and regional authorities can utilize AI-
driven decision support systems to guide urban planning, policy formulation, and circular
infrastructure optimization, ensuring that CE strategies are aligned with national climate
targets and Sustainable Development Goals (SDGs 7, 11, and 13) (Figure 12) [133]. By
integrating AI across these hierarchical levels, stakeholders can create a holistic and adap-
tive circular system, enabling data-driven decision-making, enhancing resource efficiency,
and strengthening the resilience of waste management systems while simultaneously
contributing to global climate change mitigation efforts.

Table 9. Applications of AI, techniques used, associated benefits, and key references in waste
management systems.

AI Application Techniques Outcomes/Benefits Additional Insights (Implementation & Impact) References

Waste collection

Smart bin systems
(IoT-enabled)

Monitor fill levels; optimize
collection timing and routes

Demonstrated reductions of 10–30% in collection
trips in pilot smart-city deployments; enables

demand-responsive services and lowers
operational costs

[217]

Route optimization (AI/OR) Dynamic route adjustment;
efficient fleet utilization

AI/metaheuristics outperform static routing
under variable waste generation and traffic;
supports integration with GIS and GPS data

[218,219]

Dynamic scheduling Adaptive collection schedules;
reduced overflow events

Particularly effective in high-density urban areas
with temporal variation in waste generation [220]

Waste sorting

Automated & robotic sorting Faster, more accurate
separation of waste streams

Sorting accuracy commonly reported at 85–95%
for major recyclables, significantly reducing

contamination
[221]

Sensor-based
sorting—infrared

hyperspectral
Improved material recognition Complements vision-based AI for black plastics

and multilayer materials [222,223]

Image recognition & machine
vision

Real-time identification of
waste categories

Enables deployment on conveyor belts and smart
bins [224]

Waste recycling

Material identification &
sorting

Higher recycling efficiency;
cleaner material streams

Directly improves economic value of recyclables
and plant throughput [224,225]

Process optimization (ML) Increased operational
efficiency

ML-based control reduces downtime and energy
use in recycling plants [226]

Quality control & inspection Detection of contaminants and
defects

Reduces rejected batches and downstream
processing costs [227]

Robotics & automation Labor-intensive tasks
automated

Improves worker safety and consistency in
high-throughput facilities [228]

Waste monitoring

Predictive analytics
Forecast trends in waste

generation and treatment
needs

Supports long-term infrastructure planning and
regulatory compliance [229]

Real-time data monitoring Continuous tracking from
generation to disposal

Enhances transparency and traceability across the
waste chain [230]

Data-driven decision making Evidence-based operational
decisions

Integrates social, economic, and environmental
data layers [231]

5.2. Real-World Examples and Global Initiatives: Worldwide Insights, Challenges
and Opportunities

Several global initiatives illustrate the practical role of artificial intelligence (AI) in
advancing CE strategies and enhancing sustainability outcomes. In Ireland, AI applications
across the waste, construction, and bio-economy sectors have facilitated circular practices,
improved resource efficiency, and enabled data-driven policymaking, serving as a model for
other regions seeking to integrate AI in CE processes [232]. In urban centers worldwide, the
integration of AI with IoT technologies has optimized waste collection routes, automated
sorting operations, reduced landfill volumes, and maximized recycling efficiency [233].
Predictive analytics allow municipalities to anticipate waste generation patterns, optimize
energy recovery from WtE and W2H processes, and significantly reduce greenhouse gas
emissions [234]. Moreover, the broader adoption of Industry 4.0 technologies, where AI
is combined with IoT, Big Data, and cloud computing, enables seamless monitoring and
optimization across multiple CE domains, including IS, supply chain circularity, and urban
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metabolism. These real-world examples demonstrate that AI can effectively transform
traditional waste management systems into intelligent, adaptive, and sustainable circular
networks, supporting both environmental and economic objectives [200].

Figure 12. Hierarchical implementation of AI in aiding the circular economy and climate change reduction.

Despite the transformative potential of AI in CE applications, several challenges must
be addressed to ensure effective implementation. Data availability and quality are critical,
as predictive analytics and process optimization rely on high-resolution, continuous, and
accurate datasets. Interoperability remains complex, requiring seamless integration of AI
systems across diverse platforms, stakeholders, and infrastructures [235]. Furthermore,
technical expertise and resource gaps including skilled personnel, financial investment,
and institutional capacity can limit the design, deployment, and validation of AI-enabled
solutions. Regulatory and policy alignment is essential, as coordinated governance frame-
works must ensure that AI-driven CE practices comply with environmental regulations
and sustainability targets [203,205]. Various countries/regions adopt distinct strategies
and techniques for overcoming GHG emissions and their effects in order to combat climate
change issues aroused due to waste management activities. The AI-based, data-driven
modeling approaches, implemented for waste management techniques, contribution to
circular economy, climate change mitigation, and respective challenges faced by various
CE strategies, are listed in Table 10.

Regardless of the prominent role of AI in waste management and CE implications,
various realistic and technical bottlenecks restrain its full-scale application. Scarcity of
high-quality, precise and labeled datasets for solid waste streams, including multilayer
plastics (MLPs), contaminated organic matter, construction and demolition waste, and
commingles MSW, is one of the pivotal concerns for AI incorporation. MSW pertains to
high heterogeneity and exhibits intense spatial and temporal variation relying on location,
socio-economic practices, seasonal waste generation, and local segregation practices, unlike
controlled industrial datasets. Subsequently, AI models developed for a region might not
work in other locations, thus restricting model scalability. Such issues are dominant in
developing countries where informal waste management systems are disintegrated and
selectively operate waste segregation.
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Moreover, deep learning and computer vision models adopted for waste classifica-
tion and predictive optimization demand vast computational resources, largely annotated
datasets and high-performance hardware [236]. The computational energy demand and
associated carbon footprint of training complex AI architectures could often compensate for
part of the environmental gains through process optimization or emission reduction. Hence,
the effective sustainability advantages of AI implication should be verified using LCA and
techno-economic assessment. Moreover, the lack of interoperability between AI platforms,
IoT network, and MSW datasets impedes concurrent incorporation [237]. Existing research
also often relies on lab-scale simulated datasets, while field-scale confirmation under dy-
namic waste conditions remains constrained [237–239]. Therefore, standardization of global
datasets and region-specific calibration of AI models are imperative for vast implications.

Addressing these challenges creates significant opportunities to scale AI-enabled CE
solutions, enhance operational efficiency, unlock environmental and economic benefits, and
contribute meaningfully to climate change mitigation. By integrating predictive monitoring,
automated sorting, energy recovery optimization, and data-driven decision-making, AI
transforms conventional waste management into a circular, climate-smart system [197,240].
Its application across micro (individual organizations), meso (industrial clusters), and macro
(governmental) levels facilitate the implementation of CE principles while supporting global
Sustainable Development Goals (SDGs), including SDG 7 (affordable and clean energy),
SDG 11 (sustainable cities and communities), and SDG 13 (climate action). In summary, AI
not only strengthens CE practices but also accelerates the transition toward sustainable,
resilient, and climate-friendly waste management systems worldwide.

Table 10. Artificial intelligence, data-driven modeling approaches implemented for waste manage-
ment techniques, contribution to circular economy, climate change mitigation and challenges reported
by recent studies.

S. No. Study [Reference] Quantitative Data
Reported AI Techniques Used Key Outcomes

Contribution to Circular
Economy & Climate Change

Mitigation

Challenges &
Limitations

1

Majchrowska et al.
[241]—

DL-based waste
detection

~21,000+ annotated
waste objects;

improved detection
accuracy across

datasets

Convolutional
Neural Network

(CNN) -based object
detection

(YOLO/Faster
R-CNN)

Accurate
identification of

waste in
uncontrolled urban

environments

Enhances CE by enabling
efficient litter identification and
segregation at source; indirectly

reduces landfill disposal and
associated GHG emissions

through improved
recycling rates

Dataset bias;
small-object

detection issues

2

Laksono et al.
[242]—DL for

inorganic waste
sorting

High classification
performance on
packaging waste

streams

Deep CNN with
transfer learning

Improved
automated

segregation at waste
processing sites

Supports CE by increasing
recovery of recyclable packaging

materials; lowers lifecycle
emissions by avoiding virgin

material production

Sensitivity to
lighting and

contamination

3
Shukhratov et al.
[243]—Optical

plastic detection

Conveyor-based
real-time

classification;
reported precision

metrics

CNNs + IoT video
analytics

High-speed plastic
identification for
industrial sorting

Critical for plastic circularity:
improves recycling efficiency,

reduces plastic leakage to
landfills and oceans, and lowers

embodied carbon of plastics

Motion blur;
hardware latency

4

Mehrdad et al.
[244]—DL-based
landfill methane

prediction

Reduced RMSE in
methane forecasting
vs. baseline models

Deep learning
(CNN/

Recurrent Neural
Network (RNN)

hybrids

Improved prediction
of methane

emissions and
power generation

Strong climate mitigation
impact: enables better landfill

gas capture, reducing CH4 (28 ×
CO2 GWP) emissions and

supporting energy recovery
within CE

Data sparsity;
site-specific tuning

5
Olawade et al.

[245]—Smart waste
management review

Synthesizes > 100 AI
applications

CNNs, Random
Forest (RF), Support
Vector Regression

(SVR), Genetic
Algorithm (GA)

Identifies AI-driven
efficiency gains

across waste chain

Shows AI as a system enabler for
CE—improving material

recovery, reducing landfill
dependence, and lowering
emissions across collection,

sorting, and processing

Lack of large-scale
deployments

6
ACM study

[246]—CNN waste
classification

7 waste classes;
accuracy metrics

reported

CNN architectures
[ResNet/Visual

Geometry Group
(VGG)]

Automated
multi-class waste

identification

Facilitates source separation, a
cornerstone of CE, enabling
higher recycling yields and

reducing emissions from
mixed-waste disposal

Class imbalance;
limited field
validation
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Table 10. Cont.

S. No. Study [Reference] Quantitative Data
Reported AI Techniques Used Key Outcomes

Contribution to Circular
Economy & Climate Change

Mitigation

Challenges &
Limitations

7

Singh et al.
[247]—ML for

biogas optimization
(India)

Multi-year AD plant
data; improved R2

and yield prediction

Random Forest,
GBM, hybrid ML

Enhanced biogas
production
efficiency

Direct CE and climate benefit:
increases renewable energy
recovery from waste, offsets

fossil fuels, and reduces
uncontrolled methane release

Limited
transferability

8

Nourani et al.
[239]—ML-based
MSW generation

forecasting

Multi-year
municipal datasets;

reduced forecast
error

Explainable ML
(Mutual Information

(MI) + Shapley
Additive

Explanations
(SHAP) +

ensembles)

More reliable waste
generation
prediction

Improves CE planning by
aligning recycling and treatment
capacity with future waste flows;

avoids overcapacity and
emission-intensive emergency

disposal

Sensitive to
socio-economic

shifts

9

Lee et al.
[248]—Waste

forecasting (South
Korea)

2000–2023 data;
regional tonnage

forecasts

SVR, RF, ensemble
ML

Region-specific
waste planning

Supports climate mitigation by
enabling proactive infrastructure

investments (recycling, WtE)
and avoiding landfill expansion

Low temporal
resolution

10

Thakur et al. [249]—
Metaheuristic

routing studies
(2022–2025)

Route length & cost
reductions reported

(case-specific)

GA, SA, hybrid
heuristics

Lower operational
cost and emissions

Direct reduction in diesel use
and GHG emissions; enhances

CE logistics efficiency in material
recovery systems

Requires real-time
integration

11
Wang et al. [221]

Smart recycling bin
systems (CV-based)

Reported prototype
accuracy CNN + sensor fusion Automated

user-level sorting

Encourages behavioral change
toward CE; reduces mixed waste
disposal and lifecycle emissions

Cost and robustness

12

Cui et al.
[250]—Integrated

sorting & transport
optimization

Cost and emission
reductions in
simulations

Optimization +
Computer Vision

(CV) + ML

System-level waste
optimization

System-wide CE optimization:
minimizes transport emissions
while maximizing recovery and

reuse efficiency

Scalability
challenges

6. Conclusions and Recommendations
In current scenarios of urbanization, rapid population growth, and climate change,

solid waste management remains a critical challenge worldwide. This review presents how
strategic implementation of CE alternatives can transform conventional landfill dominates
systems into sustainable, resource-efficient, and low-emission models. Implementation of
landfill gas collection and recovery systems, energy production from waste, and improved
recycling provide significant solutions for decreasing GHG emissions, preserving raw ma-
terials, and generating economic worth from otherwise discarded materials. A successful
transition from linearity to circularity would mitigate environmental issues, augment sus-
tainability in urban development, and nurture business opportunities for recycled materials.
In order to accelerate this transition, advanced thermal and biological technologies should
be integrated in existing solid waste management systems with robust policy interventions,
strict governance and regulatory incentives, so that reliance on landfills could be reduced
and plausible climate change impacts could be avoided.

The review also outlines that CE implementation in the waste management sector
undergoes several challenges at multiple levels; hence, its solutions must be implemented
at different levels. Therefore, a three-layered solution for CE promotion at micro, meso
and macro levels needs to be implemented according to relevant requirements. Moreover,
for actual realization of CE in the waste management sector, prospective research should
focus on incorporating LCA studies, techno-economic evaluation and parametric opti-
mization to evaluate the long-term performance of the proposed technologies. Secondly,
the socio-economic outcomes of CE solutions, specifically on informal waste workers and
demoted communities, should be assessed to safeguard inclusive and reasonable outcomes.
Moreover, thermochemical conversion and biological technologies are vital in CE chains
for handling combustible and biodegradable waste and produce valuable resources in-
cluding syngas, biofuels, biomethane, etc., as prominent energy sources. However, their
functioning as hybrid systems could be more crucial for increasing material and energy
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recovery to reduce landfilling loads and consequent, obvious emissions from disposal
sites. Furthermore, scalable frameworks that integrate technological solutions with policy,
economic incentives, and social acceptance need to be designed and tested.

The roles of AI and ML in landfilling operations can predict long-term impacts of
process intensification implemented in existing disposal streams. The integration of IoT-
based monitoring of parameters and AI-based waste segregation can transform landfilling
operations as the forecasting of datasets would lead to the development of upfront solution
for foreseen problems. Predictive modeling should consider the waste generation and
urbanization challenges as well for ensuring withstanding CE solutions. By referring
these research targets, CE approaches can provide robust, scalable, and socially reasonable
solutions, aiding directly to climate mitigation, resource efficiency, and the achievement of
SDGs 7, 11, 12, 13 and 15.

The other recommendations of present review are as follows:

(i) Optimization of recovery and recycling: Investment in advanced waste sorting, re-
covery and reuse plans to augment material and energy recovery and reducing
disposal dependence.

(ii) Deployment of integrated hybrid technologies: Integrated thermochemical, biological and
mechanical treatments for attaining aggravated outcomes in line with sustainability goals.

(iii) Strengthen policy, governance, and incentive frameworks: Development and imple-
mentation of strict, robust policy interventions, economic benefits, and influential
governance to reinforce CE adoption.

(iv) Incorporate social, ethical, and equity considerations: Ensure inclusive strategies that pro-
tect vulnerable populations, formalize informal workers, and promote equitable benefits.

(v) Promote innovation and future research: Explore emerging technologies, eco-design
approach, area-specific waste impacts, lifecycle assessments, and adaptive strategies
to advance sustainable urban waste management.

(vi) Policy recommendations: An integrated policy framework for simultaneously ad-
dressing CE and climate change mitigation solutions involving technological, socio-
environmental and socio-economic measures is required at regional and national
levels. Policies accounting for EPR must mandate producer responsibility from collec-
tion to end-of-life management of e-waste, battery waste, discarded PV panels and
wind turbine blades, which need to be aided by digital tracing. Regarding landfill
dependence and containing methane emissions, authorities must implement rigorous
waste diversion targets, advancing landfill tax policy, carbon-crediting mechanisms
associated with methane containment, and bioenergy recovery incentives.

(vii) Policy implications for decentralized CE systems including AD, material recovery
units, and composting facilities should be promoted in the context of developing
nations for better adaptability to waste heterogeneity. Moreover, IoT-enabled and
AI-driven digital monitoring systems, GIS systems, and forecasting analytics must be
endorsed through guidelines fostering waste data, concurrent waste monitoring, and
smart governance. Further, techno-economic assessment should be compulsory prior
to implementation of any CE solution to understand long-term sustainability rather
than only relying on technological sophistication.

(viii) In view of social circularity, just-transition regulations should promote formal inte-
gration of the informal sector with formal CE systems while ensuring occupational
health and safety, social security and skill-development of informal waste workers.
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