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Abstract 

 

Managing urban waste is increasingly challenging due to growing populations and rising waste volumes. For solving 

these challenges, intelligent solutions utilizing Internet of Things technology are required in order to improve 

efficiency, cut down expenses, and lessen the impact on the environment. This research examines the existing condition 

of intelligent IoT based waste management systems with a focus on effective waste collection and segregation via 

sensor incorporation, analytics, and artificial intelligence. A systematic review of 12 peer reviewed articles published 

between 2021 and 2025, collected from IEEE Explore, ScienceDirect, and Google Scholar, was conducted. The articles 

were selected based on their relevance to environmental sustainability in IoT sensor technology, AI driven data 

processing, and waste management. This study shows that IoT sensors, including weight, infrared, and ultrasonic 

sensors, greatly enhance real time waste monitoring and route optimization, which lowers fuel consumption and 

operating costs Machine learning algorithms improve the accuracy of automated segregation, which raises recycling 

rates and reduce reliance on landfills. Nonetheless, there are still issues with energy efficiency, data security, 

interoperability, and system scalability. These constraints may be overcome by emerging technologies like edge 

computing and AI powered IoT networks. The research highlights the need for integrated frameworks tailored to 

diverse urban contexts. In the context of Bangladesh, implementing IoT enabled smart waste management can address 

rapid urbanization and inefficient traditional systems by enabling data driven decision making and resource 

optimization. Adoption of these technologies could significantly reduce environmental pollution and operational costs, 

contributing to sustainable urban development. 

 

Keywords: IoT-based Waste Management, Smart Waste Collection, Automated Waste Segregation, Real-time 

Monitoring, Environmental Sustainability.  

 

1 Introduction 

 

One of the most difficult sustainability issues facing emerging nations is the management of municipal solid garbage. 

Waste output in Bangladesh has dramatically grown due to rapid urbanization, population expansion, and industry. 

Conventional methods of collection and disposal are frequently labor-intensive, ineffective, and disorganized, 

endangering public health and the environment (Sivasangari et al., 2021, p. 506). IoT-based smart solid waste 

management systems, which combine sensors, cloud computing, machine learning, and data analytics to improve 

operational efficiency, have become a novel solution to these inefficiencies (Chitreddy et al., 2020, p. 1565). Smart 

bins with Internet of Things (IoT) capabilities may provide data in real time to municipal servers, enabling efficient 

collection routes and prompt garbage infrastructure repair (Pargaien et al., 2021, p. 11. The integration of AI and 

communication networks, new developments in IoT-based SWM, and policy implications for Bangladesh are all 

covered in this study. Furthermore, IoT-enabled platforms can improve route optimization for collection vehicles, 

reducing fuel consumption, operational costs, and environmental impact (Leninpugalhanthi et al., 2021, p. 1313). This 

study aims to comprehensively examine contemporary smart waste management systems that incorporate integrated 
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IoT and implement effective garbage collection and sorting through sensor integration, analytics driven by artificial 

intelligence, and real-time data sharing.  

 

Figure 1.  A Conceptual Model of a Smart and Sustainable Solid Waste Management System. 

2 Literature Review  

 

Research on IoT-based Smart Waste Management (SWM) systems has grown considerably in the last ten years, 

mirroring increasing awareness of environmental, operational, and financial advantages from smart waste 

management. This collection of research, however, is dispersed, with research differing considerably across 

technological ambition, geographic emphasis, and research methodology. The present review consolidates current 

research across five thematic categories, facilitating an organized grasp of the research area. 
 

2.1 City-Level SWM Systems & Infrastructure  

Large-scale SWM applications combine IoT infrastructure, geographic information systems (GIS), routing algorithms 

that adapt to changing circumstances, and decision support systems (DSS) to address waste collection and processing. 

Such facilities usually incorporate physical infrastructure (e.g., collection vehicle fleets, pneumatic pipelines, waste 

transfer stations) with monitoring and optimization software platforms (Monteiro et al., 2021, p. 1). Such studies as 

point to integrated, multidisciplinary approaches taking account of technological, economical, and societal aspects. 

City-scale deployments in China, Italy, and Malaysia show promise in fuel-saving through GIS-enabled routing, 

operational heuristics, and ICT-based monitoring, as well as enhanced service coverage (Samonte et al., 2021, p. 181). 

Drawbacks remain in high initial cost, reliability on stable communications networks, and limited incorporation of 

citizen engagement instruments. 

 

2.2 Smart Garbage Bins (SGBs) & Sensor Technology 

Smart garbage bins (SGBs) are an integral element of decentralized SWM systems. The bins incorporate different 

types of sensors, such as ultrasonic, weight, infrared, and chemical, as well as camera-based sensors, to capture fill 

levels, waste types, and automated reporting. SGBs are categorized, based on communication protocol (LoRa, GSM, 

Wi-Fi, ZigBee) and computing platform (Arduino, Raspberry Pi, microcontrollers). Comparison studies show that 

LoRa-based networks excel in low-power, wide-area settings, yet GSM-based networks have broader networking 

compatibility with higher operation cost (Rajesh et al., 2021, p. 717). Despite promising results in reducing overflow 

incidents and enabling just-in-time collection, many SGB deployments suffer from energy inefficiency, sensor 

calibration drift, and limited scalability when integrated into city-wide networks (Sallang et al., 2021, p. 153560). 

2.3 AI, Data Analytics & Automation in SWM 

Artificial intelligence (AI) and machine learning (ML) have become commonly deployed in segregating garbage 

through automation, predicting garbage generation behavior, and routing collection in an appropriate manner. Machine 

vision systems using convolutional neural networks (CNNs) achieve high accuracy in identifying recyclable versus 

non-recyclable waste, as demonstrated in studies by (Hewagamage et al. 2021). However, it is hindered by limited 

labeled data, lack of commonly agreed performance measures, and concerns around openness of AI decision-making 

processes  
2.4 Stakeholder Roles & Data Exchange 

Effective SWM depends on coordinated engagement among multiple stakeholders, including municipal authorities, 

private waste contractors, technology providers, and citizens (Shanthini et al., 2022, p. 1051). The literature identifies 

a persistent gap in integrated data platforms that enable seamless information sharing across these actors. Although 
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works like detail citizen-facing mobile applications for reporting and engagement, relatively few works detail 

comprehensive frameworks for multi-directional data flows. The lack prevents real-time decision-making and inhibits 

cross-jurisdictional interoperability. 

2.5 Sustainability, Policy, and Implementation Challenges 

Not many deployments ever consider socio-environmental sustainability, only dealing with technical performance. 

Little attention is paid to hardware lifecycle assessments, downstream maintenance cost, or regulatory matters. Energy 

efficiency is an ever-present challenge, especially for battery-powered SGBs (Varudandi et al., 2021, p. 16). In addition, 

concerns regarding the privacy of geolocated waste data and lack of policy frameworks for data governance present 

important deterrents to adoption. 

 

3. KH Coder Analysis and Interpretation 

 

In this review, titles and abstracts of 12 studies were subjected to KH Coder, which produced word co-occurrence 

clusters that reflect dominant research foci. 

Title-based analysis shows strong clustering around “smart city” and “waste management,” reflecting the dual 

emphasis on urban sustainability and operational efficiency. Subclusters focus on SGB technologies (e.g., “sensor,” 

“bin,” “monitoring”) and logistics (e.g., “route optimization,” “collection vehicle”), directly corresponding to RQ1.1 

and RQ1.2. 

Abstract-based analysis identifies further themes, such as “urbanization,” “environmental effect,” and “citizen 

involvement,” which relate to RQ1.3 (stakeholder responsibilities) and RQ1.4. 

In both studies, words such as “IoT,” “sensor,” and “optimization” coappear frequently, reinforcing real-time 

monitoring and algorithm-based decision-making as key components of SWM studies. 

Remarkably, terms such as “policy,” “interoperability,” and “lifecycle” are seen infrequently, which supports this result 

in RQ2 that concerns related to governance and sustainability remain overlooked. 

 

Table 1.  Summary of SWM Literature by Thematic Category. 

 

 
 

Theme Key Technologies Representative Outcomes Main Limitations 

City-Level 

SWM 

GIS, DSS, routing 

algorithms, ICT 

Reduced collection costs; 

improved service coverage 

High capital costs; network 

dependency 

SGB 

Technologies 

Ultrasonic, weight, 

infrared, camera 

sensors; LoRa, GSM 

Real-time monitoring; overflow 

prevention 

Energy inefficiency; calibration 

drift 

AI & 

Automation 

CNNs, ML routing 

optimization, 

predictive analytics 

Accurate segregation; reduced 

fuel use 

Limited datasets; lack of 

performance standards 

Stakeholder 

Engagement 

Mobile apps, cloud 

platforms, data 

dashboards 

Citizen participation; improved 

reporting 

Poor data interoperability; siloed 

systems 

Sustainability 

& Policy 

Renewable energy 

integration, LCA, 

regulatory compliance 

Potential environmental benefits Weak governance frameworks; 

privacy concerns 
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Figure 2.  KH Coder-derived thematic clusters mapped to research questions. 

This visual clearly shows: The major clusters from KH Coder analysis. Which research questions each cluster helps 

address. Color-coded distinction between clusters and RQs for quick interpretation. 

 
 

Figure 3. Integrated City SGB Smart Waste Management Framework. 

 

This figure shows, Top layer: City-level infrastructure and governance. Middle layer: Key stakeholder groups. Bottom 

layer: SGB-level IoT components. Arrows: Represent secure, bi-directional data flows between system layers. 

 

4. Integrated Framework  

 

A suggested integrated smart SWM system (Figure 3) integrates cloud storage, AI-based analytics, communication 

infrastructure, and sensor networks. Operationally, trash buildup is tracked using IoT-enabled containers with weight 

and ultrasonic sensors. LoRa or GSM networks are used by these devices to send data to a central administration 
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platform, where machine learning models forecast the best paths for data collecting. While the decision layer allows 

local government officials to make dynamic resource allocations, the analytical layer uses prediction algorithms to 

process the data. The absence of cybersecurity safeguards, platform-to-platform data interoperability, and inadequate 

government backing for widespread implementation are among the main issues noted. 

 

5. Policy Recommendations for Bangladesh 

 

IoT technology can be used in Bangladesh through city corporations' pilot initiatives. Creating government-private 

partnerships to finance IoT infrastructure is one of the recommendations. 

1. Creating mechanisms for commercial contractors and local agencies to share data.  

2. Establishing IoT training courses for technicians and engineers.  

3. Putting open-data rules into practice to improve openness and public involvement. 

4. Promoting domestic production of IoT components to lessen reliance on imports. 

 

6. Future Research Directions 

 

In order to lessen energy reliance, future research should investigate the integration of renewable energy with IoT 

devices. Large, region-specific datasets may be used to train deep learning systems, increasing the accuracy of waste 

segregation. The incorporation of technical reports at the city level and gray literature will offer a more thorough 

comprehension of real-world difficulties. Furthermore, the sustainable growth of smart SWM systems requires 

multidisciplinary cooperation between policymakers, computer scientists, and urban planners. 

 

7. Conclusion and Discussion  

 

The paper under review captures the increasing relevance of intelligent waste management systems fueled by IoT 
technology in contemporary urban environments. As the population continues to rise and the volume of waste grows, 
the paper emphasizes the imperative for innovative solutions such as IoT-based waste management systems in order 
to increase efficiency and sustainability (Pargaien et al., 2021, p. 11). The systems harness sensor technologies, 
machine learning (ML), and real-time information exchange in order to optimize collection, segregation, and 
processing of urban waste, addressing principal impediments such as energy use, data security, and scalability of the 
system (Kanade & Warkhade, 2021, p. 295). Peer-reviewed studies cite various essential technological ingredients, 
including ultrasonic, weight, and infrared sensors. These sensors facilitate real-time monitoring of waste and optimize 

the collection routes with considerable fuel use and cost reduction (Shanthini et al., 2022, p. 1051). The debate over 

these technologies indicates the evident IoT-based systems' potential for contributing to the reduction of 
environmental effects by optimizing efficiency in waste collection and decreasing dependency on landfills (Nair et al., 
2021, p. 851). Nonetheless, considerable obstacles continue to exist in scaling the systems for large urban areas. The 
paper also captures the use of machine learning algorithms for the automation of waste segregation. This remains 
essential in maximizing the level of recycling and decreasing dependency on landfills but continues to have concerns 
regarding issues of data security and IoT devices' interoperability hampering large-scale adoption (Varudandi et al., 
2021, p. 16). Furthermore, the scalability of the systems, particularly in low-resource environments, continues to 
suffer from the energy efficiency of devices and the prohibitively expensive initial implementation costs (Monteiro et 
al., 2021, p. 1). 

An interesting aspect discussed in the review is the integration of AI and predictive analytics for route optimization, 

which not only cuts down on fuel consumption but also enhances operational efficiency. The predictive capabilities of 

these systems allow for more dynamic planning and resource allocation, making waste management systems more 

adaptive to changing urban environments. However, the research also highlights that many AI-driven systems still face 

challenges related to the availability of labeled datasets and the lack of standardized performance metrics. In terms of 

stakeholder roles, the paper stresses the importance of coordinated engagement among key players such as municipal 

authorities, private waste contractors, citizens, and technology providers. The review reveals that seamless data 

exchange among these stakeholders remains a significant barrier, with current platforms often being too siloed to allow 

for effective collaboration. This gap in data interoperability is a key issue that needs addressing in order to fully realize 

the benefits of IoT-enabled waste management systems. Another critical point raised in the paper is the socio-

environmental sustainability of these systems. While the technical aspects of waste management, such as sensor 
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integration and route optimization, have been extensively studied, the review points out that lifecycle assessments and 

long-term sustainability are often overlooked. This gap in the literature calls for a more comprehensive approach that 

considers not just the energy efficiency of devices, but also the regulatory frameworks required for scaling IoT-

powered waste management systems. This is of specific importance in the case of underdeveloped countries like 

Bangladesh, where inefficient indigenous systems and urbanization are multiplicatively contributing factors to 

environmental degradation. Finally, the paper considers future research directions by presenting the importance of 

contextualized integrated frameworks for diverse urban environments. Edge computing and AI-based networks are 

proposed as one potential response to some of the scalability and data security issues inhibiting the large-scale 

implementation of such systems. In addition, there exists the necessity for future research focused on the development 

of universal performance criteria and the large-scale implementation of sustainable and efficient smart waste 

management systems in the long term. 
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