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Abstract

Climate change is widely recognized as one of the most critical global ehallenges, directly influenced by human
activities, particularly the increasing generation and improper management'ef solid waste. The growing volume of
municipal and industrial wastesspecially in developing countries, contributes significantly to the emission of
greenhouse gases such as carbon dioxide and, methane, thereby threatening environmental sustainability. This issue
not only exacerbates pollution across air, soily and wasourees but also intensifies public health risks and
accelerates climate change impacts. Consequently, effecti e%ustainable waste management has emerged as a key
strategy for mitigating greenhouse gas emissions. Ghis gxdy explores the role ciblaitifelligence (Al) in

enhancing waste management systems and redueing the environmental*and climatic impacts associated with waste
generation. Intelligent algorithmsyhave the capability to predict waste generation trends, optimize transportation
routes automate material sorting, \@nd, evaluate clinmatatedpolicies, all of which contribute to reducing emissions

and energy consumptioAl systems have,achieved, prediction\accuracies of up to 98.5% in specific applications, such

as monitoring bin fill levelsSo, machindearningbasedpredictive models can improve the timing and efficiency of

waste collection, thereby decreasing fuel'use and pollegi@se. Théindings indicate that integrating advanced Al
technologies with environmental management approaches offers a robust pathway for addressing climate challenges.
Such integration '€an significantly support'sustainable development goals by lowering thdaatiant, improving

resource efficiency, and strengthening adaptive capacity to climate change.

Keywordsa Artificial intelligence, Global warnming, Green technology, Greenhouse gas mitigation, Intelligent
algorithmspSustainable o\sﬁlopment, Waste management

Intreduction \

The warld is currently facing two deeply interconnected crises: the rapid escalation of waste
generation and the intensification of climate change. Accelerated urbanization, population growth,
and global economic expansion have led to an unprecedentexlisungunicipal solid waste,
reaching 2,01 billion tonnem 2016 and projected to rise to 3.4 billion tonnes by 2050. A
substantial shareapproximately 33%of this waste is inadequately managed and ends up in
uncontrolled or illegal dumpsites, resulting in air, water, and soil pollution, habitat degradation,
biodiversity “loss, and significant threats to public health. Hazardous waste streams further
compromig air quality and soil integrity, while toxic leachates from landfills infiltrate
groundwater, increasing the risks of cancer, childhood mortality, and infectious and chronic
diseases. These challenges are compounded by the inability of existing wasgfem@riaystems

to cope with the growing volume of waste on a global scale. Crucially, the waste crisis cannot be
separated from the climate crisis; in fact, it is one of its major accelerators. Every stage of the waste
lifecycle, from collection and transportation to final dispossg¢rves as a direct source of



greenhouse gas emissions. The anaerobic decomposition of organic waste in poorly managed
landfills produces methane, a potent greenhouse gas with a global warming potéB6air28s

higher than carbon dioxide, while incineration activities and trarefpmmtcontribute substantial

emi ssions of CcO and nitrous oxi de. This dir
transformation in the way waste is comadept ual
di sposeo0 t o-wasteecoomciuwhiahrwastedsdreated as a recoverable and reusable
resource. In response to these dual challenges, artificial intelligence (Al) and machine learning
(ML) have emerged as key enablers offering intelligent computational solutions for sustainable
wade management. By analyzing largeale data and predicting waste generation patterns, Al can
optimize production processes and facilitate waste reduction at the soureey Throughout the waste
value chain, Al plays a transformative role: in collection (raygtmization)yserting (automated
material recognition using computer vision), recycling-(quality contrel and precise material
separation), and sanitary disposal (prediction of methane generation and leachate formation). In
various industrial sectors, Alriven ML algorithms and redime analyties substantially reduce
energy consumption and waste generation, significantlyaenhancingthe efficiency of management
systems. Recent studies demonstrate that Al technologies not only enhance operational
performane but also directly contribute to climate mitigatien. Symthesizing findings from recent
research allows for the development of a comprehensive anddisogsinary framework on the
applications of Al in waste management and climate mitigatievle and Mann (2025)
categorized machine learning methddaipervised, unsupervised, and reinforcement learning

into a structured framework for evaluating modeleffectiveness and guiding future research. This
framework serves as a conceptual foundation for mere applied studies, such as those by Ahmed et
al. (2025), who integrated Al, IgTand evolutionary algorithms to optimize waste collection and
recycling systems, emphasizing the role aofy smart bins and performance indicators in
operationalizing the circular eeonomy. Similarly, Bianchi and Putro (2024) utilized CNN and
LSTMmodelstodmo nst r at e Al 0-Bmeairgpadtyemonitgring aadrenviromraehtal
assessment, aligning with Waninet ak (2024), who used remote sensing imagery for enhanced
monitoring of landfills and contaminated zones. For greenhouse gas prediaharet al. (2024)

applied ML madelsito estimate methane production in landfills, wimiaret al. (2024) employed

a hybrid ANNIGA framewark for comprehensive GHG forecasting. Alprol et al. (2024) further
showed that integsating lodnd Al enables automation of water quality monitoring and treatment
systems.“Finally, on;\\et al. (2024) emphasized that although these technologies hold substantial
transfermative, potential for waste management and climate mitigation, their sustandble
equitable, mplementation requires aligning technological innovations with supportive
infrastructuré\%?d policy frameworks connecting technical insights to broadettescuiocal and
policy-driven systems. Despite the growing number of dorspectific studies, a significant
knowledgeigap remains: no comprehensive review has yet examined the role of Al across the
entire waste management lifecycle from source reduction to final disposal within an integrated,
guantitative, and climateentered framework. bkt existing studies focus on isolated stages (e.g.,
sorting only:-or methane prediction only) without connecting them to systesh climate
mitigation goals or circular economy transitions. Additionally, critical challenges such as poor data
guality, theopacity of blackbox models, inequality in technological access iniogome regions,

and disconnects between policy and technology remain insufficiently explored. These gaps hinder
the translation of technical solutions into scalable global strategiesirhate action. Therefore,

the objective of this systematic review is to construct a comprehensivelroaa framework for
employing artificial intelligence as a fAsmart



management and climate change mitigation. Integrating technical, environmental, and policy
perspectives, this study seeks to address three key research questions:

1. How can Al be effectively integrated across the full waste management cycle from source
reduction to final disposal in a coherent and applicable manner?

2. To what extent can Adiriven optimization reduce greenhouse gas emissions, particularly
methane and carbon dioxide, across waste management processes?

3. What technical, institutional, and ethical barriers hinder“the scalable and equitable
deployment of Albased waste solutions, and how can these be Systematically overcome?

By answering these questions, this review not only synthesizes recentgadvancements but also
introduces a multidimensional evaluation framework that'supports the tran;i'on from fragmented,
single-point solutions to intelligent, sustainable, and climatdient waste management systems
providing a scientific basis for developing global environmental poliew, green technologies, and
circular economy strategies.

Materials and Methods \

This study is designed as a systematic, libtzayed, and descriptivanalytical review. To
examine the conceptual structure of résearch related to the application of artificial intelligence in
waste management for climate change mitigation,\giomemwalization and analysis were
performed using th#OSviewer software (version &2 cientific articles were retrieved from

the ScienceDirectdatabase. The search strategy ‘*empleyed a combination of the following
keywords: Artificial Intelligence, Waste Management," Climate Change, GHG Emissions,
Recycling,and Environmental SustainabilityThe search timeframe covered the ye(22 to

2026 including both published»articles) and  articles available as -eaadgss or hpress
publications. A total 0550 documenisncluding original research papers and review studies, were
identified which were screenedifellowing duplicate removal and relevance assessment. After
title/abstract screening, and fudxt evaluation, 87 studies met the inclusion criteria and were
retained for qualitative yanalysigJsing the co-occurrence analysis techniqugOSviewer
automaticallyrextracted and.cluste®&dhighfrequency keywordBom the dataset. The analytical
process'was based an the eight visual and numerical outputs generated by the software, including
keyword'eeoccurrencenetworks, density maps, citation networks, and thematic clusters. The final
results were visua\ssd asneetwork map illustrating the relationships, semantic linkages, and
thematie,clusters among the extracted keywords, providing insight into dominant research themes,
emerging tré@s, and interdisciplinary connections within the field.

Resultsiand Discussion

Visualizatiomiand Analysis of the Reviewed Studies

Figure 1 illustrates the intensity, distribution, and interconnections of research conducted across
various domains, including waste management, sustainable development, climate change, deep
learning, and neural networks. Deep learning and artificial heataorks appear as the core
computational foundations of artificial intelligence within this research landscape. The
visualization also highlights the strong linkage between artificial intelligence and several advanced
technologies such as the Internéffbings (oT), blockchain, energy management systems, and
smart agriculture. These interrelated clusters demonstrate that Al functions as an enabling
technology capable of integrating with diverse digital and environmental innovations to generate
comprehensive, da@iven, and intelligent solutions. Overall, the network map underscores the



pivotal role of artificial intelligence in accelerating progress toward sustainable development
goals, enhancing environmental protection, and mitigating the intensifying impacts of climate
change.
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Fig 1. Networkpvisualization'of Al, waste management, climate change, and sustainable development using
VOSviewer

As| depicted _in Fﬂw}l, the application of advanced technologies, particularly artificial
intelhigences(Al), offers a robust approach to mitigating the detrimental impacts of waste streams
on climate change. The escalating generation of solid waste sasjitificant contribution to
greenhouse%sé emissions underscore the necessity for a paradigm shift from conventional waste
management strategies. Leveraging-déiven solutions enables the optimization of waste
collection, “serting, and treatment processéhereby reducing environmental burdens and
enhancing resource efficiency. Moreover, the integration of Al into waste management
frameworks fosters urban resilience, improves adaptive capacity against-glichated stressors,

and contributes to sustaible urban development by minimizing pollution and promoting circular
resource utilization.

Environmental/Health Impacts

Figure 2 depicts the comprehensive and interconnected impacts of waste on environmental systems
and public health. The visualization emphasizes the linkages between air, water, and soill
contamination, greenhouse gas emissions, climate change, and global warming, highlighting the



systemic and multidimensional nature of wastkated hazards. This representation underscores
the cascading effects of improper waste management on ecosystem integrity and human well
being, illustrating the urgent need for integrated waste managemeegistsaand climate
sensitive interventions.

Leachate " o ic matt
Factory enetrates through eavy : rganic matter
chemicals, : s oil layers intc,g metals Nf:sgpinofﬂg soluble in water
outdated water sources. P
medicines
; Aquatic suffocation
Petroleum Pen?.hahon and ecosystem —
products Pharmaceutica i Leachate change Increasein
I and indus frial gmunt:lwater particulate
Heavy waste aquifers Entering the matter (PM10,
metals Garbage food chain o PM2.5)
entering espiratory |
Toxic =Ll pmt?on rivers and . diseases |
substances seas i )
Destruction of il fertili The impact - NO2 ) _
soil fertility . S02 ) .
microorganisms Soil of waste on - { s | Acid rain |
. . contamination climate Dioxins \ )
Changing Microplastics change | and Furans |
soil texture entering the - -
soil - .
Impact on the CH, |
Damage to i environment g
plant roots Oilor - -
chemical and humans co,
spills - —
Industrial T Destruction of Caused by the |
waste impacts natural ) decomposition
lands capes Habitat of organic
destruction matter
Negative impacton | Reduced quality
the tourismindustry || and unpleasant Land Threat to
and economy odor value animal
decline species and
loss of
biodiversity

Fig 2. Impacts oft\Waste,on the Environment and Human Health (Vishwakarma et al., 2025)

Improperiwaste manés%ment has emerged as one of the most critical environmental threats in the
contemporary.world. Rapid population growth, urbanization, and consumerist culture have driven
waste generation to unprecedented levels. According to WorldBajdctions, global municipal

solid waste s expected to exceed 3.8 billion tons annually by 2050. This situation is particularly
acute in dex%ioping countries, where insufficient infrastructure and inadequate regulatory
framewaorks exacerbate environmentaises, leading to air, water, and soil pollution (Jorge,
2025).Munigipal, industrial, agricultural, and electronic wastes are major sources of greenhouse
gases such@as\methane, carbon dioxide, and nitrous oxide. Methane, produced from the anaerobic
decomposition of organic waste in landfills, possesses a high glaalimg potential and can

exert up to 28 times the warming effect of carbon dioxide, playing a significant role in accelerating
global warming (Castellani, 2025; Odejadial., 2024). Furthermore, the incineration of waste,
particularly plastics, results in the emission of hazardous compounds such as dioxins and sulfur
dioxide, which not only impact the climate but also contribute to severe air pollution and a range
of human health issues, including respiratory diseases, cancers, and neurological disorders (Dey
et al., 2024)Uncontrolled landfilling also produces hazardous leachates containing heavy metals
and toxic chemical compounds. These leachates can contaminate both surface and groundwater



