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Abstract. With the rapid urbanization in emerging cities, the 
pressure on municipal sanitation infrastructure has grown 
significantly. This leads to solid waste accumulation in urban areas 
due to inefficient collection systems, overflowing community bins, 
and pollution. Traditional sanitation management is based on manual 
monitoring and the scheduled collection routes, making it difficult to 
respond on time and its implementation may be expensive. This study 
proposes an IoT-enabled Smart Sanitation Management Framework 
for high-density areas of Gadchiroli Municipal Council (GMC), 
Maharashtra, as a case study. Through smart waste bins equipped 
with ultrasonic level sensors, gas sensors, GPS modules, and wireless 
communication technology, the solution will be available to monitor 
the sanitation facility in real time. The data from the field sensors is 
transmitted to a cloud platform for predictive analytics for route 
optimization and maintenance planning. The proposed system aims at 
high collection efficiency, low fuel consumption, low overflow, and 
citizen satisfaction. Based on the performance data, waste collection 
efficiency and operational time improvement have been shown and 
the overall environmental management is high. The study indicates 
that smart sanitation technologies have the potential to help in the 
development of sustainable urban infrastructure and sustainable city 
development.

Keywords. IoT, Smart Sanitation, Urban Waste Management, 
Sustainable Infrastructure, Smart Cities, Gadchiroli Municipal 
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1. Introduction 

As population density increases and urbanization increases, sanitation problems are 
increasingly prevalent in India. Good sanitation management is critical for public health, 
environmental quality and city aesthetics. Traditional sanitation systems rely largely on 
manual checks and collection schedules, leading to poor resource utilization and delayed 
waste disposal [1],[2]. 
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Smart cities promote digital technologies to improve urban service delivery. IoT-based 
sanitation systems have real-time monitoring and data-driven decision-making capabilities 
that can significantly improve waste management operations [3],[4]. 
Gadchiroli Municipal Council (GMC) has conducted various sanitation campaigns under the 
Swachh Bharat Mission and urban development programs. But as the city density grows, 
more monitoring systems are required to improve sanitation. In this research, we propose an 
IoT-enabled smart sanitation management system for GMC for both sanitation efficiency and 
environmental sustainability [5],[6]. 

 

Fig. 1. Location of Gadchiroli Municipal Council and Major Sanitation Service Zones 

 

Fig. 2. Sewage Treatment System from Lee, S., et al. (2025). Small‑scale wastewater‑based 
epidemiology (WBE) for infectious diseases and antibiotic resistance: A scoping review. International 
Journal of Hygiene and Environmental Health, 256, 114321.  
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2. Problem Statement 

The rapid urbanization and population growth in medium-sized cities are significantly 
increasing the burden on municipal sanitation systems. In high-density urban areas, 
traditional sanitation management is primarily based on manual inspection and waste 
collection schedules and reactive maintenance. These approaches can result in low resource 
utilization and waste collection, overflowing waste bins, increased operational costs, and 
environmental degradation [7],[8]. 
The Gadchiroli Municipal Council (GMC), like others in developing areas, is still having 
challenges in monitoring public sanitation infrastructure as well as waste collection and 
efficient use of municipal resources. Without real-time information on waste bin status, 
environmental conditions, and performance of sanitation assets, municipal authorities are 
unable to respond to a situation in the field of sanitation issues in a timely manner. This means 
that waste overflow, unpleasant odours, vector breeding, and citizen complaints have a 
negative impact on urban environmental quality and public health [9],[10]. 
As a result, existing sanitation management systems are not able to be integrated with modern 
digital technologies to inform data-driven decisions and predictive maintenance of the 
sanitation system. Poor collection routes result in high fuel consumption, greenhouse gas 
emissions, and high operational costs. Such issues highlight the need for a more intelligent, 
automated, and sustainable sanitation management system to improve service delivery and 
minimize environmental impact. 
As such, it is extremely important to develop and implement an IoT-enabled Smart Sanitation 
Management Framework which allows real-time monitoring, automatic data gathering, route 
optimization, predictive analytics, and centralized decision-making support. Such a system 
will be able to improve sanitation efficiency, reduce operational costs, improve 
environmental sustainability, and support the long-term urban development objectives of 
Gadchiroli Municipal Council. The proposed research aims to address these challenges by 
designing and assessing a smart sanitation infrastructure model for high-density urban areas. 

3. Need Of Research Work 
Urban sanitation is the backbone of sustainable city development and public health 
management. With the growing population, urbanization, and changing consumption 
patterns, municipal authorities are facing challenges in keeping sanitation services up to date. 
Traditional sanitation programs are all about manual inspections and predetermined waste 
collection schedules that do not respond well to the urban environment. Consequently, waste 
bin overflow, waste collection delay, environmental pollution, unpleasant smells, and angry 
citizens are prevalent in many urban areas [11-14]. 
GMC has a growing demand for sanitation services, and the introduction of new and 
technology-driven solutions would be a boon to the organization's efficiency and service 
quality. The present sanitation management system provides limited information on the waste 
generation process, bin occupancy, environment, and collection requirements. In the absence 
of timely data, manpower, vehicles, and resources are not well used [15],[16]. 
Recent developments in the Internet of Things (IoT), wireless communication, cloud 
computing, and data analytics have opened the door to transform traditional sanitation 
systems into smart and responsive urban infrastructure. IoT smart sanitation systems can 
continuously monitor waste bins and environmental parameters, pass data in real time, and 
support automated decision-making processes. These systems can efficiently plan waste 
collection routes, prevent unnecessary vehicle movement, reduce fuel consumption, and 
generally optimize sanitation performance [17],[18]. 
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Smart sanitation infrastructure also leads to environmental sustainability by minimizing 
greenhouse gas emissions, waste accumulation in public spaces, and improving urban 
cleanliness. The use of digital technologies for the municipal sanitation activities aligns with 
the Smart Cities Mission, Swachh Bharat Mission, and the United Nations Sustainable 
Development Goals (SDGs), specifically SDG 6 (Clean Water and Sanitation), SDG 11 
(Sustainable Cities and Communities), and SDG 13 (Climate Action). 
In this context, it is essential that the present research be conducted to develop and assess an 
IoT-based Smart Sanitation Management Framework for High-Density Urban Areas. The 
study seeks to develop a pragmatic, scalable and sustainable approach that can facilitate the 
delivery of sanitation service, improve the efficiency of resource utilization and enable data-
informed urban governance. The results of this study can help municipal authorities to 
implement innovative sanitation management and to design smart city resilient urban 
infrastructure systems. 
 

4.  Literature Review 

Urban sanitation management is a huge challenge for municipal authorities in the background 
of rapid urbanization and population growth. The inefficiency of waste collection, lack of 
monitoring, delayed response, and high operational costs are some of the challenges faced by 
traditional sanitation systems. The Internet of Things (IoT), Artificial Intelligence (AI), 
Geographic Information Systems (GIS), cloud computing, and sensor technologies have 
given rise to a new concept of smart sanitation management systems, which seek to improve 
the efficiency and sustainability of sanitation operations. This section contains the literature 
review corresponding to the Smart Sanitation Systems, Internet of Things (IoT) based 
monitoring, route optimization, environmental management, and sustainable urban 
infrastructure. 

4.1 IoT-Based Smart Sanitation Monitoring Systems 

4.1.1 IoT-Based Monitoring Technologies 

The integration of IoT technologies has revolutionized the way urban systems are managed, 
providing opportunities for immediate data collection and analysis. Smart sensor networks 
enable continuous monitoring and enhance the decision making process of the municipal 
services. Environmental management and infrastructure monitoring capabilities are provided 
by intelligent monitoring systems which are integrated with IoT technologies [19, 20]. 

4.1.2 Smart Waste Monitoring Frameworks 

The use of cloud-based monitoring systems with sensors and communication devices allows 
for remote track of waste accumulation and infrastructure conditions. Systems enable instant 
data transfer, better transparency in operations and quicker response by the service. By 
connecting IoT devices to cloud platforms, municipalities can leverage the data to make 
informed decisions about how to allocate resources and schedule services, thereby improving 
efficiency.By integrating IoT devices with cloud platforms, municipal authorities can 
leverage the data to make informed decisions about how to allocate resources and schedule 
services, thereby improving efficiency [21, 22]. 

4.1.3 Digitalization of Urban Services 
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4.1.3 Digitalization of Urban Services 

The integration of IoT in urban management has also led to more efficient operations, with 
the ability to minimize manual inspections and make more informed, data-driven decisions. 
Smart monitoring systems can give real-time data about the condition of infrastructure, 
enabling informed decision-making and proactive maintenance and management [23, 24]. 

4.1.4 Advanced Sensor-Based Monitoring 

The development of sensor technologies in recent years has led to the development of 
automated monitoring systems that can work in dense urban environments. The automated 
monitoring minimizes service interruptions, increases system reliability and helps to provide 
better management services to the municipality, by providing real-time data collection and 
analysis [25, 26]. 

4.2 Intelligent Waste Collection and Route Optimization 

4.2.1 Integration of GIS and IoT Technologies 

The incorporation of Geographic Information Systems (GIS) and IoT based monitoring 
technologies has enhanced the planning of routes and utilization of resources. The 
management of efficient transportation systems and collection of waste can be supported by 
GIS based spatial analysis with real-time monitoring data [18, 27, 28]. 

4.2.2 Machine Learning-Based Optimization 

Recently, there has been a growing use of machine learning algorithms to predict the demand 
for services and optimize the schedule. The history and real-time information can be used to 
optimize routes, minimize travel time and optimize resource utilization by using intelligent 
systems [19, 20]. 

4.2.3 Cloud-Based Management Platforms 

Cloud-based management platforms enable centralized monitoring, automated alert 
generation and route optimization. These systems enable faster response times, better 
coordination in operations, and greater overall collection efficiency, by sharing information 
and analytics in real-time [20, 22]. 

4.2.4 Intelligent Routing Algorithms 

Significant reduction in travel distance, fuel consumption and operational costs have been 
proven with advanced routing algorithms. Real-time route optimization helps to reduce 
transportation inefficiencies and environmental impacts, thus supporting the sustainable 
management of urban areas [21, 22]. 

 

 

4.3 Environmental Monitoring and Public Health Applications 
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4.3.1 Environmental Benefits of Smart Monitoring 

Real-time monitoring systems play a crucial role in environmental protection by providing 
timely information for taking appropriate action and minimizing pollution caused by 
ineffective waste management. Intelligent sanitation infrastructure plays a vital role in 
creating cleaner cities and better public health [20, 23]. 

4.3.2 Environmental Sensor Integration 

The modern smart monitoring systems include an environment sensor for measuring 
parameters like temperature, humidity, gas concentration etc. These systems help to warn 
about possible environmental hazards and assist in good public health management [29, 30]. 

4.3.3 Sustainable Urban Development 

Effective collection and monitoring systems help reduce GHG emissions, fuel use and 
operating costs. Intelligent urban infrastructure is an important behind-the-scenes player in 
sustainable development and environmental performance [31]. 

4.4 Artificial Intelligence and Smart City Integration 

4.4.1 AI-Based Management Systems 

Artificial Intelligence has become an important asset in the urban infrastructure management 
world. For instance, IoT-based AI-driven systems can help calculate the resources needed 
and predict future events, enhancing the efficiency of services in cities.For example, AI 
models that leverage IoT devices and cloud-based platforms can help cities predict future 
events and plan for resources, making operations more efficient [32]. 

4.4.2 Digital Twin and Predictive Management 

Digital technologies can be used to manage urban infrastructure in real-time, for predictive 
maintenance and proactive decision making. These methods enable better utilization of assets 
and reliability of operations in smart city solutions [32]. 

4.4.3 Integrated Smart City Systems 

The key points of smart city concepts are the connections between the sanitation management 
system, environmental monitoring, transit systems, and citizen engagement platforms. 
Integrated systems provide better coordination of municipal departments and better citizen 
involvement in urban governance [18, 20, 32]. 

4.5 Sustainable Urban Infrastructure and Smart Sanitation 

4.5.1 Sustainable Sanitation and Smart Cities 
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Sanitation systems are important part of sustainable urban infrastructure, and smart sanitation 
systems are a vital part of it. Combining these technologies, such as IoT, cloud, AI and 
intelligent analytics, can help municipalities deliver better services while also reducing 
environmental impacts. These systems play a part in resource conservation, system 
efficiency, and public health protection [20, 23]. 

4.5.2 Contribution to Sustainable Development Goals (SDGs) 

Smart sanitation infrastructure supports several United Nations Sustainable Development 
Goals (SDGs), including: 
• SDG 6: Clean Water and Sanitation  
• SDG 9: Industry, Innovation and Infrastructure  
• SDG 11: Sustainable Cities and Communities  
• SDG 13: Climate Action  
The implementation of intelligent sanitation systems promotes cleaner urban environments, 
reduces carbon emissions, and enhances the quality of life for urban residents. Furthermore, 
sustainable urban planning and intelligent infrastructure development are essential for 
achieving long-term environmental and social sustainability [31, 32]. 

5. Methodology 

5.1 Research Approach 

The current study adopts an experimental and implementation-oriented research approach to 
develop and evaluate an IoT-Enabled Smart Sanitation Management Framework for high-
density urban areas. A sensor-based solution with wireless communication, cloud-based data 
management, Geographic Information Systems (GIS), and intelligent decision-support tools 
is proposed to improve sanitation service delivery in Gadchiroli Municipal Council (GMC). 
Real-time monitoring of the waste collection infrastructure, environmental conditions, and 
municipal sanitation assets can be performed based on the field-deployed sensors. Data 
collected at the site to optimize waste collection schedules, reduce costs, and improve 
environmental sustainability and cleanliness would be considered in the study.  

5.2 Study Area.  

The study is conducted in the administrative area of Gadchiroli Municipal Council (GMC), 
Maharashtra, India. The municipality consists of residential, commercial, institutional, and 
public utility zones that produce diverse amounts of municipal solid waste. We discovered 
some of the high-density wards and public places that would enable the use and testing of the 
smart sanitation system.  
Gadchiroli, Maharashtra, India. Municipal Authority Gadchiroli Municipal Council (GMC). 
Population ∼ 54,000. Number of Wards ∼ 17. Daily Waste Generation ∼ 20–25 TPD. Public 
Waste Bins 150+. Collection Vehicles 12. Monitoring Period 6 Months 

5.3 Development of Smart Sanitation Framework.  

Smart waste bins with IoT sensors, communication modules, cloud infrastructure, and a 
centralized monitoring dashboard are proposed. Major Components: Smart Waste Bin Unit, 
Sensor Monitoring System, Wireless Communication Network, Cloud Data Management 
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Platform, GIS-Based Route Optimization System, Municipal Monitoring Dashboard, 
Decision Support and Alert Generation System. Suggested Figure 1 Overall Methodological 
Framework of the Proposed Smart Sanitation System.  
 
 
 
 
Flow Diagram:  

Problem Identification 
↓ 

Study Area Selection 
↓ 

Sensor Selection and System Design 
↓ 

Smart Bin Installation 
↓ 

Data Collection 
↓ 

Cloud Storage 
↓ 

Data Analysis 
↓ 

Route Optimization 
↓ 

Performance Evaluation 
↓ 

Sustainability Assessment 
Fig. 1. Overall Methodological Framework of the Proposed Smart Sanitation System 

5.4 Smart Bin Design and Sensor Integration.  

For each smart waste bin, there are several sensors to detect the environment and the amount 
of waste. Sensor Configuration. Sensor Function. Waste Level Detection using Ultrasonic 
Sensor. MQ-135 Gas Sensor – Air Quality & Odor Monitoring. Ambient Temperature 
Measurement - Temperature Sensor. Moisture Monitoring - Humidity Sensor. GPS Module 
- Location Tracking. Data Processing and transmission with ESP32 Controller. GSM/Wi-Fi 
Module - Wireless Communication. The sensors gather field data continually and send 
information to the cloud server at regular time intervals.   

Fig. 3.
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Fig. 2. Smart Waste Bin Prototype. 

5.5 Data Acquisition and Communication System.  

The data collected by the sensors is sent to the ESP32 microcontroller in real time and then 
sent out via the GSM and Wi-Fi communication protocols. Data Collection Parameters. 
Parameter Unit. Bin Fill Level %. Temperature °C. Humidity %. Gas Concentration ppm. 
GPS Coordinates Latitude/Longitude. Collection Frequency Trips/day. Travel Distance 
(km/day) for vehicles. The data is automatically uploaded to a cloud data base and appears 
on a web-based monitoring dashboard.   

 
Fig. 3. IoT Communication Architecture. 

5.6 Route Optimization and Decision Support System.  

GIS-based routes optimization techniques are used to analyze the collected data. Waste bins 
that exceed a pre-defined threshold (e.g. 80% capacity) are automatically identified for 
collection. Optimization algorithm takes into account: the shortest and most efficient 
collection route based on: Bin fill levels, Geographic location, Vehicle availability, Traffic 
conditions, Collection priority. The optimized routing is shared with operators of collection 
vehicles via the monitoring platform.  

5.7 Performance Evaluation 

The effectiveness of the proposed system was evaluated by comparing key performance 
indicators before and after implementation. 

Fig. 4.

Fig. 5.
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Performance Evaluation Formula 
Collection Efficiency (%) 

Collection Efficiency = Collected Waste
Generated Waste × 100 

Overflow Reduction (%) 

Overflow Reduction = Oi − Of
Oi

× 100 

Where:   Oi= Initial overflow incidents  
Of= Final overflow incidents  

5.8 Sustainability Assessment.  

The sustainability performance of the smart sanitation framework was assessed based on 
environmental, economic, and social indicators. Environmental Indicators. Reduction in 
waste overflow. Reduction in greenhouse gas emissions. Improved urban cleanliness. 
Reduced fuel consumption. Economic Indicators. Reduction in operational costs. Improved 
resource utilization. Reduced maintenance requirements. Social Indicators. Improved citizen 
satisfaction. Enhanced public health conditions. Better sanitation service accessibility.  

5.9 Data Analysis 

The collected data were analyzed using descriptive statistical techniques and comparative 
performance assessment methods. Analytical Tools. Microsoft Excel, Power BI Dashboard, 
GIS Mapping Software, Statistical Analysis Tools. The results were presented through tables, 
bar charts, line graphs, pie charts, radar charts, and GIS visualization maps to evaluate the 
effectiveness of the proposed smart sanitation framework.  

5.10 Methodology Flowchart 

Identification of Sanitation Problems 
↓ 

Study Area Selection (GMC) 
↓ 

IoT System Design 
↓ 

Sensor Installation 
↓ 

Real-Time Data Collection 
↓ 

Cloud Data Storage 
↓ 

GIS Route Optimization 
↓ 

Performance Monitoring 
↓ 

Statistical Analysis 
↓ 

Sustainability Assessment 
↓ 

Conclusions and Recommendations 
Fig. 4. Complete Research Methodology Flowchart. Fig. 6.
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6. Results And Discussion 
The proposed IoT-Enabled Smart Sanitation Management Framework was successfully 
implemented and evaluated in selected high-density areas of Gadchiroli Municipal Council 
(GMC). The system demonstrated significant improvements in waste collection efficiency, 
route optimization, environmental monitoring, and citizen satisfaction compared to 
conventional sanitation practices. 
 

6.1 Waste Bin Overflow Reduction 

Real-time monitoring of waste bins enabled timely waste collection and significantly reduced 
overflow incidents. 

 
Table 1. Waste Bin Overflow Incidents 

Month Conventional System Smart System 
January 42 12 
February 39 10 
March 45 8 
April 41 7 
May 44 6 
June 43 5 

The smart sanitation system achieved an average overflow reduction of 81.1%. 
 

 
Fig. 5. Monthly Waste Bin Overflow Incidents 
 

6.2 Route Optimization Performance 

GPS and GIS-based route optimization reduced travel distance, collection time, and fuel 
consumption. 

Table 2. Route Optimization Results 
Parameter Before After 

Distance Travelled (km/day) 135 92 

Collection Time (h/day) 8.5 5.9 

Fuel Consumption (L/day) 38 26 

0
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40

50

January February March April May June

Monthly Waste Bin Overflow Incidents

Conventional System Smart System

Fig. 7.
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The optimized collection routes improved operational efficiency and reduced transportation 
costs. 
 

 
Fig. 6. Route Optimization Performance 

6.3 Collection Efficiency Improvement 

The smart monitoring system enhanced collection efficiency and reduced response time. 
Table 3. Collection Efficiency 

Indicator Conventional System Smart System 
Collection Efficiency (%) 72 94 
Response Time (Hours) 24 6 
Collection Accuracy (%) 70 95 

The collection efficiency increased from 72% to 94% after implementation. 

 
Figure 7. Collection Efficiency Comparison 
 

Fig. 8.

Figure 9.
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6.4 Citizen Complaint Reduction 

Improved sanitation services resulted in a significant decrease in public complaints. 
Table 4. Citizen Complaints 

Parameter Before After 
Total Complaints 65 18 
Overflow Complaints 38 7 
Collection Delay Complaints 19 6 

A complaint reduction of approximately 72.3% was observed. 

 
Fig. 8. Citizen Complaint Analysis 

6.5 Sustainability Benefits 

Table 5. Sustainability Indicators 
Indicator Improvement (%) 
Overflow Reduction 81.1 
Fuel Savings 31.6 
Collection Efficiency Improvement 30.6 
Complaint Reduction 72.3 
CO₂ Emission Reduction 28.4 

The proposed framework contributed to improved environmental performance, operational 
efficiency, and urban cleanliness. 

 
Fig. 9. Sustainability Benefits of Smart Sanitation System 
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7. Conclusion 
 

Smart sanitation systems in high-density urban areas have been proven to be incredibly 
beneficial on operational, environmental, economic and social levels. In real-world 
applications in various countries, IoT-enabled sewer monitoring has reduced emergency 
overflow incidents by 70-75%, inspection time by 25-30%, and emergency repair frequency 
by 30-40%. Water level, pH, ORP, and turbidity sensor accuracy consistently exceeds 95%, 
enabling reliable real-time water quality assessment. Data-driven route optimization for 
waste collection has been shown to reduce travel times by 2-30%, CO₂ emissions by up to 
29.5%, and collection time by nearly 17%, and thus is a major contribution to the climate 
mitigation of our cities. Robotic sanitation systems like Bandicoot Mobility+ are being 
deployed in more than 300 cities and are eliminating dangerous manual scavenging and 
cleaning more than 6,500 manholes. AI-powered sewer inspection models reach 85% 
blockage detection accuracy and smart public toilets with deep learning prediction reach 
98.6% cleaning accuracy, which reduces cleaning time by 40%. 
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