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ABSTRACT:  

The effective management of Municipal Solid Waste (MSW) is a critical challenge to sustainable development, 

particularly in rapidly urbanizing economies facing resource limitations and escalating waste volumes. This paper 

reviews the application of advanced technologies in modernizing solid waste practices, moving beyond traditional 

methods that are often overwhelmed by population growth, inadequate infrastructure, and illegal dumping. The 

review highlights the use of Geographic Information Systems (GIS) for collection route optimization, Smart 

Systems (IoT) for operational efficiency, Remote Sensing (RS) and Computer Vision (CV) for detecting illegal 

disposal sites, and Explainable Artificial Intelligence (XAI) for predicting the critical geotechnical stability of 

landfills. By synthesizing these diverse technological applications, this work identifies key research gaps in 

standardization and implementation policy, proposing future directions to facilitate the global shift toward a 

circular, “waste to-resource” economy.  
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1. Introduction:  

Municipal Solid Waste (MSW) management stands as a monumental environmental and public health challenge 

globally, exacerbated by accelerating urbanization and industrialization. The expansion of urban areas and 

changing consumption patterns contribute directly to increased MSW generation, which subsequently deteriorates 

environmental quality and poses a significant risk to the realization of sustainable development goals. Projections 

indicate that global waste creation is expected to more than double the rate of population increase by 2050, making 

the implementation of effective and efficient solid waste management (SWM) one of the fundamental tasks of the 

21st century for municipal administrations worldwide.  

The challenges are particularly acute in developing nations and their rapidly growing urban centres, such as in 

India and South Africa. Cities like Nagpur and Kolhapur, India, face high waste generation rates coupled with 

inadequate waste management techniques, insufficient treatment options, and a notable absence of specialized 

centres for complex wastes like e-waste and medical waste. Furthermore, in many townships, population growth 
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overwhelms essential services, leading to issues like littering, uncollected waste, bin overflow, and dumping, 

which contributes to disease, air pollution, and even flooding, as seen in the context of Johannesburg.  

Traditional, labour-intensive SWM approaches are proving unsustainable in the face of these complex, data-rich 

challenges. Consequently, the integration of advanced digital technologies offers a promising pathway for 

transformation. Tools such as Geographic Information Systems (GIS), the Internet of Things (IoT)-based Smart 

Systems, and specialized machine learning models are emerging as crucial enablers for optimizing the entire waste 

management lifecycle, from collection logistics to disposal safety. These technologies provide the capacity for 

enhanced monitoring, resource efficiency, and data-driven decision-making, which are essential for environmental 

sustainability.  

This paper’s objective is to systematically review recent advances in the application of smart and analytical 

technologies to the field of MSW management. The subsequent sections will detail a comprehensive literature 

review exploring specific technological interventions across different SWM stages. This is followed by a 

discussion of current research gaps and potential future research directions. Finally, a conclusion and summary 

will synthesize the key findings and underscore the importance of these technological shifts for achieving 

sustainable MSW practices globally.  

 

Source: (Shraddha Bhilatiya research paper, 2021)  

Figure 1: Biogas Generation.   

2. LITERATURE REVIEW:  

Sustainable Solid Waste Management (SWM) is recognized as playing an important role in sustainable 

development, with the modern approach centred on transforming "waste to resource" to tackle societal waste 

problems Bhilatiya et al., (2021) [1]. However, the combined effects of accelerating urbanization, 

industrialization, and changing consumption patterns lead to increased Municipal Solid Waste (MSW) generation, 

which subsequently deteriorates environmental quality and poses a significant risk to the realization of sustainable 

development goals. The sheer volume of waste is becoming critical due to its growth in quantity and complexity, 
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compounded by a shortage of land for disposal. Projections suggest that the world’s waste creation is expected to 

have increased more than doubled the rate of population increase by 2050 Das et al., (2023) [2].  

In developing countries, waste generation often exceeds the capacity of municipal authorities to provide even the 

most essential services, particularly in cities with rapid population growth. The resulting uncollected and 

unmanaged waste, generated via littering, unauthorized dumping, and the overrunning of waste bins, leads to 

serious public health and environmental hazards These issues increase the spread of diseases, elevate air pollution, 

and contribute to the release of greenhouse gases. Uncollected waste dumped widely in the streets and drains 

further contributes to flooding and creates breeding grounds for insect and rodent vectors Komane and Mathonsi, 

(2023) [4].  

Case studies from India underscore the profound limitations of conventional SWM practices. In Kolhapur, ongoing 

study is required to project waste generation trends and evaluate appropriate treatment options for environmental 

and economic viability Bhilatiya et al., (2021) [1]. Similarly, the city of Nagpur, despite being proposed as a Smart 

City, faces a high waste generation rate due to rapid economic growth . The city also struggles with inadequate 

waste management techniques and a complete absence of specific centres for the safe disposal of specialized waste 

streams like e-waste and medical waste Patil and Khan, (2020) [5].  

To address logistical and spatial shortcomings in waste collection, Geographic Information System  

(GIS) technology has proven to be a vital analytical tool.  study on Sehwan City, Pakistan, focused on using GIS 

analysis to tackle local waste management problems, particularly the issue of improperly placed bins that led 

inhabitants to throw municipal waste onto street sides and vacant plots. The utilization of GIS enables municipal 

administrations to map existing conditions, optimize collection routes, and identify suitable locations for waste 

containers, thereby increasing the effectiveness and efficiency of solid waste collection services Das et al., (2023 

) [2].  

Complementary to spatial planning, the development of Smart Waste Management Systems utilizes the Internet 

of Things (IoT) to provide real-time operational control. A proposed system design for the City of Johannesburg 

targeted the common problem of bin overflow in townships with limited waste resources. By responding 

dynamically to sensor data, the implementation of such a system aims to optimize the allocation of resources and 

improve collection efficiency, mitigating the health and environmental hazards associated with uncollected waste 

Komane and Mathonsi (2023) [4].  

The detection and characterization of illegal solid waste disposal sites are crucial for environmental protection, 

yet traditional on-site inspections are often time-consuming and expensive. Remote Sensing (RS), leveraging 

high-resolution data from Earth Observation (EO) satellites and Computer Vision (CV) techniques, offers a cost-

effective alternative for the identification and monitoring of these sites over broad coverage areas. Specialized 

techniques are developed to identify large-scale landfills and smaller urban dumpsites by analysing features like 

spectral signatures and surface temperature Fraternali et al., (2024) [3].  

At the critical disposal stage, the mechanical stability of MSW landfills poses a fundamental challenge in 

geotechnical engineering, governed by the heterogeneous waste material's shear strength parameters to address 

this, a novel Explainable Artificial Intelligence (XAI) framework has been developed to accurately predict the 
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cohesion and friction angle parameters across diverse compositional profiles. This XAI model integrates a multi-

layer perceptron with SHAP (Shapley Additive explanations) analysis, providing transparent insights that 

highlight fibrous materials and particle size distribution as primary drivers of strength variation Suknark et al., 

(2025) [6].  

 

(Source: Gopal Das research paper, 2022)  

Figure 2: Existing Open Dumping Sites in the Sehwan City  

 

3. Research Gap:  

A key research gap is the pervasive lack of methodological standardization and generalizability across different 

solid waste detection and management models. There is currently no standard benchmark for rigorously assessing 

and comparing the effectiveness of existing approaches, which severely hinders the appraisal of research progress 

and the development of sound guidelines for practitioners. While the initial application of XAI provides 

interpretability for complex geotechnical tasks, this necessity for transparent and generalizable models remains 

an overarching challenge in applying machine learning broadly across the heterogeneous SWM domain. 

The second significant gap exists between successful small-scale technological implementation and the 

generalized, large-scale deployment of solutions in diverse urban environments. Case studies reveal persistent 

non-technical and policy-related failures, such as the complete lack of dedicated infrastructure for specialized 

waste streams like e-waste and medical waste in rapidly growing cities such as Nagpur. Therefore, the research 

must move beyond technical design to develop scalable, economically viable SWM models that can be effectively 

integrated into mandatory municipal policies, addressing these fundamental non-technical deficiencies prevalent 

in developing country settings.  

 

4. Future Scope:  
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Future research holds immense promise in leveraging cutting-edge advancements in   Artificial Intelligence, 

particularly in the domain of Computer Vision (CV). The challenge of waste detection and monitoring will benefit 

significantly from innovations like Vision Transformers and large-scale foundation models, which have achieved 

superior performance in natural image domains.Future work should focus on deploying and fine-tuning these 

powerful AI architectures to create more accurate, generalizable, and automated surveillance systems capable of 

identifying various types of illegal dumping across diverse geographic contexts. 

The Explainable AI (XAI) framework can be substantially expanded beyond its successful application in 

predicting landfill shear strength. Future scope involves applying XAI to predict the optimal yield and quality of 

resource recovery processes (e.g., composting, Waste-to-Energy) based on fluctuating MSW composition. By 

quantifying the influence of specific waste components (such as food waste or plastics) on resource recovery 

outcomes, XAI can transform waste management into a data-driven resource value chain, enabling evidence-based 

planning and investment in sustainable treatment options. 

 

5. IMPLEMENTATION:   

 

Figure 3: Flowchart for implementation of Smart Sustainable Waste Management. 

The modernization of Municipal Solid Waste (MSW) management is driven by the integration of advanced digital 

technologies across the entire waste lifecycle. The process begins by optimizing the collection phase: Geographic 

Information System (GIS) analysis is used to establish the most efficient routes and determine optimal placements 

for waste containers, effectively mitigating logistical failures common in traditional systems. This foundational 

spatial mapping is dynamically enhanced by Smart Waste Management Systems utilizing the Internet of Things 

(IoT), which employs sensors to provide real-time bin fullness data. This sensor-driven approach prevents bin 

overflow, reduces environmental pollution, and enables demand-driven resource allocation, thereby ensuring 

service efficiency in rapidly growing urban centres.  

Beyond collection, technology ensures compliance and long-term environmental safety at the disposal stage. 

Environmental monitoring is managed remotely through Remote Sensing (RS) and Computer Vision (CV), which 
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analyse satellite imagery to detect and map illegal dumping sites over wide areas, offering a cost-effective 

alternative to laborious on-site inspections. Crucially, the final disposal in landfills is governed by stability, where 

an Explainable Artificial Intelligence (XAI) framework provides necessary geotechnical assurance. This XAI 

model predicts the critical shear strength parameters of the heterogeneous waste material, offering transparent, 

evidence-based insights into structural integrity. By uniting spatial optimization, real-time control, external 

surveillance, and predictive engineering, MSW systems can successfully transition toward a sustainable "waste-

to-resource" model.  

 

Conclusion  

The global crisis in MSW management necessitates a rapid and robust transition towards sustainable and 

technologically enabled practices, especially in the urban centres of developing nations where infrastructure is 

often strained by rapid population and economic growth. The reviewed literature confirms that a collection of 

smart and analytical tools provides the necessary foundation for this transformation, addressing critical failure 

points across the entire waste value chain.  

The body of research demonstrates clear technological solutions for distinct SWM challenges: Geographic 

Information Systems (GIS) resolve logistical inefficiencies in collection; Smart Systems  

(IoT) provide real-time operational control and capacity monitoring; Remote Sensing and Computer  

Vision offer a scalable solution for illegal waste site surveillance; and sophisticated models like Explainable AI 

(XAI) ensure the long-term safety and structural integrity of disposal infrastructure through accurate geotechnical 

prediction.  
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