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Abstract 

 

Solid waste management in Uganda’s growing urban centres faces a fundamental 
information problem: collection crews operate on fixed schedules with no knowledge of 

which bins actually need servicing. The result is a predictable cycle of overflow at 

hightraffic locations, wasted fuel on unnecessary trips to partially filled containers, and a 

near-total absence of the data that would allow municipal planners to do better. 

This project presents the SmartBin System, an Internet of Things (IoT) prototype designed 

to bring real-time visibility to waste management operations in Mukono Municipality. The 

system embeds an HC-SR04 ultrasonic sensor and a load cell into a modified public waste bin, 

processes sensor readings through an ESP32 microcontroller, and transmits structured data to 

a cloud database via Wi-Fi. A Node.js backend serves a web-based monitoring dashboard that 

displays live fill-level percentages, weight readings, alert notifications, and historical trend 

charts for every registered bin unit. 

Development followed a mixed-methods approach: qualitative interviews with municipal 

officers, private collectors, and recyclers grounded the design in operational reality, while 

structured questionnaires and waste composition surveys provided the quantitative baseline 

against which system performance is measured. The Agile SDLC model guided the iterative 

phases of requirements analysis, system design, implementation, and testing. 

Bench testing returned fill-level accuracy above 90%, data transmission success of 96%, and 

an average sensor-to-dashboard latency of 9 seconds. A Flutter-based mobile application 

providing map-based bin status for field collectors is currently in development as a 

companion tool. The system is designed for replication: all hardware components are 

available in Ugandan electronics markets, and the full source code is documented for 

public release. With further development and municipal partnership, the SmartBin System 

offers a practical, evidence-based pathway from reactive to data-driven waste collection in 

secondary Ugandan town
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CHAPTER 1 INTRODUCTION AND PROJECT OVERVIEW 

1.1 Introduction 

Every morning, the waste collectors of Mukono Municipality climb into their trucks and 

begin a route they have followed for years the same sequence of bins, the same schedule, 

regardless of what has actually accumulated at each stop since the last visit. Some bins they 

reach have barely been touched. Others overflowed two days ago and have been drawing 

flies and blocking the pavement ever since. The crew has no way of knowing which is 

which until they arrive. 

This is not a failure of effort or intention. It is a failure of information. Municipal waste 

collection, like any logistics operation, depends on knowing the state of the system before 

deciding where to deploy resources. When that information does not exist, the default is a 

fixed routine and fixed routines, applied to a dynamic problem, produce predictable 

inefficiencies. 

The SmartBin System addresses this information gap directly. By equipping public waste bins 

with ultrasonic fill-level sensors, a load cell for weight measurement, and a Wi-Fi connected 

microcontroller, the system gives Mukono’s waste managers something they have never had: a 
live picture of every monitored bin’s status, accessible from any smartphone, updated 

continuously throughout the day. Collection decisions become evidence-based rather than 

schedule-based. Overflow alerts prompt action before a problem becomes visible on the 

street. Historical data reveals which sites generate waste fastest and should be prioritised 

for more frequent service. 

The project also lays the groundwork for a mobile companion application that will allow 

field collectors to see a map-based view of bin statuses in real time routing themselves 

toward the bins that genuinely need attention rather than completing a fixed circuit 

regardless of conditions. 
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1.2 Background 

Uganda generates approximately 7,200 tonnes of municipal solid waste per day, yet formal 

collection systems recover less than half of that volume nationally, with secondary 

municipalities performing considerably worse than Kampala [10]. Mukono Municipality sits 

on the Kampala–Jinja highway, one of Uganda’s busiest economic corridors. Its markets, 
bus park, and commercial strip generate substantial daily waste volumes, concentrated in 

locations where vehicle access is often difficult and bins fill within hours of emptying. 

The municipality’s waste management structure involves three partially coordinated actors: 

the Mukono Municipal Council, which sets policy and schedules; licensed private collectors 

such as Meridian Waste Ltd, which handle transportation; and informal recyclers and scrap 

dealers who recover value from separated materials. Despite this structure, no actor 

currently has access to real-time information about bin status. Collections are scheduled on 

fixed weekly timetables; there is no automated detection, no routing optimisation, and no 

data capture on waste volumes or fill rates at individual sites [8]. 

Internationally, IoT-based waste monitoring systems have demonstrated consistent 

benefits: a study across urban deployments in Kenya and India found a 40% 

improvement in collection efficiency and a 60% reduction in overflow incidents following 

sensor deployment [12]. Cities including Seoul, Amsterdam, and Singapore have 

implemented sensor-equipped bins with digital dashboards as core infrastructure [14]. 

However, most of these deployments assume reliable mains power, high-bandwidth 

connectivity, and technical maintenance capacity that Mukono cannot guarantee. The 

SmartBin System is designed explicitly to function within those constraints using battery 

power, lightweight Wi-Fi transmission, and locally sourceable hardware components [2]. 

 

1.3 Problem Statement 

Mukono Municipality’s waste collection runs on a fixed schedule with no visibility into 
actual bin fill levels. High-traffic bins at markets, bus stops, and food vendor areas fill 

within 12–18 hours of collection yet receive the same frequency as residential bins that 

take three to four days producing simultaneous overflow in busy zones and wasted trips to 

barely-used ones. An estimated 25–35% of all collection runs are made to bins less than 

half full [6], a direct recurring loss on a constrained budget. When a bin is already 

overflowing, residents have no information and no alternative but to deposit waste beside 

it a behaviour that is self-reinforcing, as loose waste signals to subsequent users that normal 

disposal norms no longer apply. 

The measurable outcome is 6–12 overflow events per public bin per month in the busiest 

wards, recycling recovery below 20% of total waste volume (UGX 100,000–200,000 in lost 
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value per ward per month), and collection coverage of only 40–70% of households per cycle. 

Fewer than 10% of households separate waste before disposal, leaving approximately 80% 

of bin contents mixed. These figures drawn from NEMA’s 2020 urban waste audit [10] 

will be validated through waste composition sampling from at least 50 households across 

two pilot wards and a minimum of 30 days of sensor data per deployed unit. 

The SmartBin System addresses this directly, replacing schedule-based blindness with 

real-time sensor data that tells collectors which bins need servicing and informs residents 

whether a bin has capacity before they reach it. 

 

1.4 Quantifying the Problem 

The following baseline indicators frame the measurable scope of the problem and will 

be validated through direct field measurement during the project’s data collection phase. 
Figures are extrapolated from NEMA’s 2020 urban waste audit [10] and from comparable 

secondary-municipality assessments [15]: 

• Waste generation: 0.8–1.5 kg per household per day across pilot wards. 

• Source segregation: fewer than 10% of households separate waste before disposal; 

approximately 80% of bin contents are mixed waste. 

• Overflow frequency: 6–12 overflow events per public bin per month in high-traffic 

wards, contributing to a 20% illegal dumping incidence in adjoining open spaces. 

• Collection coverage: 40–70% of households reached per collection cycle, with 

significant variation across wards. 

• Recycling recovery: below 20% of total waste volume recovered equivalent to an 

estimated UGX 100,000–200,000 in lost monthly value per ward. 

The project commits to gathering waste composition samples from a minimum of 50 

households across two pilot wards, and to logging at least 30 days of sensor data per 

deployed unit during the pilot phase, in order to verify and refine these figures. 

 

1.5 Objectives 

 

Main Objective 

To design and develop a SmartBin System capable of detecting waste fill levels in real 

time, transmitting this data to a centralised monitoring platform, and equipping Mukono 

Municipality’s waste management personnel with the information needed to shift from 
schedule-driven to demand-driven collection operations. 
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Specific Objectives 

1. Design a modular hardware and software architecture for a low-cost smart bin 

prototype integrating ultrasonic fill-level sensing, load-cell weight measurement, and 

ESP32 Wi-Fi data transmission. 

2. Develop a cloud-connected Node.js backend and web dashboard that receives, stores, 

visualises, and alerts on real-time bin status data. 

3. Design and prototype a mobile application (Flutter) that presents map-based bin fill-

level information to field waste collectors, supporting route optimisation decisions. 

 

1.6 Scope of the Study 

Geographically, the study covers selected residential area units chosen for high waste 

generation rates and documented overflow frequency within Mukono Municipality. 

Technically, the project delivers: a working smart bin unit with fill-level and weight sensing; 

ESP32-based Wi-Fi data transmission to a cloud backend; a web dashboard with real-time 

status, historical charts, and threshold alerts; and a Flutter mobile application prototype for 

collector route guidance. Advanced features such as AI-based material classification, 

automated physical sorting mechanisms, and full integration with the municipality’s 
administrative fleet-management systems are explicitly out of scope for this phase and are 

identified as priority next steps. 

The project timeline spans one academic semester approximately 12–16 weeks covering 

requirements elicitation, prototype development, bench testing, pilot deployment, and 

evaluation. Longitudinal performance assessment beyond this window falls outside the 

current scope. 

 

1.7 Justification 

• Technical contribution: Demonstrates the practical application of IoT, embedded 

systems, cloud databases, and mobile development to a live municipal problem an 

appropriate and impactful capstone for an Information Technology degree. 

• Environmental benefit: Real-time fill-level monitoring enables faster response to 

overflow conditions, reducing the environmental spillover contaminated drainage, 

open dumping, vector breeding that uncollected waste creates [15]. 

• Operational efficiency: Demand-driven collection routing, made possible by live 

binstatus data, can eliminate a significant proportion of unnecessary collection trips, 

directly reducing fuel consumption and vehicle wear [1]. 
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• Academic contribution: Adds to a thin evidence base for low-cost IoT waste 

monitoring systems adapted to secondary urban centres in East Africa a context that 

is underrepresented in the existing literature relative to its practical importance [9]. 
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CHAPTER 2 LITERATURE REVIEW 
 

2.1 Introduction 

This chapter presents a review of the literature relevant to the SmartBin System. It explores 

both theoretical and empirical contributions that inform the design and implementation of 

intelligent waste management solutions. The chapter begins by examining the historical 

evolution of urban waste management practices, highlighting the transition from traditional 

disposal methods to modern, technology-driven approaches. 

It then contextualises the problem within Uganda’s urban environment, with particular 
emphasis on the challenges faced by secondary municipalities such as Mukono. The 

chapter further introduces the key concepts underpinning the SmartBin System, including 

Internet of Things (IoT), real-time monitoring, and sustainable infrastructure. Finally, the 

chapter analyses existing empirical studies on smart waste management systems and 

identifies the gaps in current research that provide the foundation upon which this project 

is built. 

 

2.2 Historical Background 

Municipal waste management has undergone significant transformation over the past 

century. In many developing countries, including those in Sub-Saharan Africa, early 

waste management practices were largely informal and unstructured. These included 

open dumping, uncontrolled landfills, and backyard burning, all of which posed serious 

environmental and public health risks. 

According to the World Bank [15], such methods remain prevalent in many low and 

middle-income countries due to limited infrastructure, inadequate funding, and rapid urban 

population growth. These challenges have made it difficult for municipalities to establish 

efficient and sustainable waste management systems. 

In Uganda, organised waste management systems were first introduced during the colo
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nial period, primarily in major towns. However, these systems were not designed to 

accommodate the rapid urbanisation experienced after independence. As a result, many 

municipalities today struggle with insufficient waste collection capacity. Reports by NEMA 

[10] indicate that waste generation rates in urban areas have significantly outpaced the 

development of collection and disposal infrastructure. 

With advancements in technology in the early 21st century, developed cities began adopting 

smarter approaches to waste management. Cities such as Seoul, Amsterdam, and Singapore 

introduced sensor-based waste collection systems that utilise IoT technologies to monitor 

bin fill levels and optimise collection schedules [14]. These systems demonstrated improved 

efficiency, reduced operational costs, and enhanced environmental outcomes. 

Despite these advancements, adoption of such technologies in developing regions remains 

limited. This creates a critical need to explore how similar solutions can be adapted to fit 

the economic and infrastructural realities of secondary cities in countries like Uganda [7]. 

 

2.3 Contextual Perspective 

Waste management in Uganda’s secondary municipalities presents unique and complex 
challenges. Mukono Municipality serves as a representative case due to its rapid growth, 

strategic location along the Kampala–Jinja highway, and diverse economic activities. The 

presence of markets, transport hubs, and informal settlements contributes to high volumes 

of mixed and rapidly accumulating waste. 

Studies have shown that formal waste collection services in many Ugandan towns reach 

less than 30% of the population [6]. This limited coverage has led to increased reliance on 

informal waste handlers and unregulated disposal methods, resulting in environmental 

degradation and public health concerns. 

Furthermore, research by Nabiryo [9] highlights the lack of waste segregation practices 

among households. This is largely attributed to the absence of proper infrastructure such 

as separate bins for different waste types and limited public awareness. Without feedback 

mechanisms or incentives, residents are less motivated to adopt proper waste disposal 

behaviours [5]. 

Uganda’s Vision 2040 development strategy emphasises the integration of technology 

and sustainability in urban development [11]. However, there remains a significant gap 

between policy objectives and practical implementation, particularly at the municipal 

level [8]. This gap underscores the need for innovative, affordable, and scalable solutions like 

the SmartBin System, which aims to enhance efficiency and promote sustainable waste 

management practices. 
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2.4 Conceptual Framework 

The SmartBin System is built upon several interrelated concepts that collectively define 

its functionality and relevance in modern waste management systems. 

• Smart Waste Management refers to the application of digital technologies to 

improve the efficiency and effectiveness of waste collection and disposal processes. 

Unlike traditional systems that rely on fixed schedules, smart systems use real-time 

data to inform decision-making, ensuring that waste is collected based on actual need 

rather than predetermined timelines [3]. 

• Internet of Things (IoT) is a technological paradigm that enables physical devices to 

collect and exchange data through the internet. In the context of this project, each 

SmartBin is equipped with sensors and communication modules that allow it to 

monitor its fill level and transmit data to a central system without human intervention 

[16]. 

• Real-Time Monitoring involves the continuous collection and analysis of data as 

events occur. This capability is essential for detecting when bins are nearing 

capacity and triggering timely collection actions. It significantly reduces delays 

associated with manual inspection and improves overall system responsiveness [1]. 

• Sustainable Urban Infrastructure focuses on designing systems that are eco- 

nomically viable, environmentally friendly, and socially acceptable. The SmartBin 

System incorporates sustainability by using cost-effective hardware, open-source 

software, and energy-efficient components, ensuring that it can operate effectively 

even in areas with limited resources [11]. 

 

2.5 Empirical Literature 

A growing body of research supports the effectiveness of IoT-based waste management 

systems. Studies conducted in developing regions have demonstrated significant improvements 

in waste collection efficiency and environmental outcomes. 

For instance, Patel et al. [12] reported that the use of sensor-equipped bins in urban 

areas led to a 60% reduction in overflow incidents and a 40% improvement in collection 

efficiency. The study also found that simpler technologies, such as ultrasonic sensors, were 

more practical and cost-effective compared to complex camera-based systems. 

Similarly, Anagnostopoulos et al. [1] showed that data-driven routing systems could reduce 

waste collection distances by up to 35%, leading to lower fuel consumption and operational 

costs. These findings highlight the potential benefits of integrating IoT technologies into waste 

management systems. 
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In the Ugandan context, Katusiime et al. [6] identified lack of coordination among 

stakeholders as a major challenge. Municipal authorities, private companies, and informal 

waste collectors often operate independently, resulting in inefficiencies. A centralised 

monitoring system, such as the one proposed in this project, can facilitate better 

coordination and information sharing [8]. 

More recent work by Kaza et al. [7] reinforces that rapid urbanisation in sub-Saharan 

Africa will substantially increase waste volumes by 2050, making early investment in 

scalable digital monitoring infrastructure both timely and necessary. 

However, most existing studies focus on large metropolitan areas with relatively advanced 

infrastructure. There is limited research on the implementation of smart waste systems in 

smaller municipalities with constrained resources [3]. This gap highlights the importance 

of the current study, which aims to develop a practical and scalable solution tailored to 

such environments. 

 

2.6 Conclusion 

The literature reviewed in this chapter demonstrates that smart waste management systems 

have the potential to significantly improve efficiency, reduce environmental impact, and 

enhance service delivery. It also highlights the persistent challenges faced by municipalities 

in Uganda, including inadequate infrastructure, limited coverage, and poor coordination 

among stakeholders. 

While existing research provides valuable insights into the benefits of IoT-based solutions, 

there remains a lack of studies focusing on their application in secondary cities with limited 

resources. This gap presents a clear opportunity for the SmartBin System to contribute 

both practically and academically. By designing and implementing a cost- effective, 

scalable, and data-driven waste management solution, this project aims to bridge the gap 

between technological potential and real-world application in Uganda’s urban context.
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CHAPTER 3 METHODOLOGY 
 

3.1 Introduction 

This chapter sets out the methodological framework that guided the SmartBin project 

covering the research design, data collection instruments, analysis approach, system 

development lifecycle, testing procedures, and ethical considerations. The methodology 

integrates social research (to understand the problem context and stakeholder needs) with 

engineering process (to design, build, and validate a working prototype). Both dimensions 

are necessary: a technically functional system that does not fit operational realities will 

not be adopted; a well-designed system that has not been rigorously tested will not be 

trusted. 

 

3.2 Research Design 

The study employs a mixed-methods design, combining qualitative and quantitative 

inquiry. The qualitative strand semi-structured interviews with municipal officers, private 

collectors, and recyclers provided the operational context that shaped system requirements: 

what information would actually change collection decisions, what connectivity and power 

conditions the hardware must survive, and what a useful dashboard interface looks like to 

someone checking it on a low-end Android phone between collection stops. 

The quantitative strand structured questionnaires administered to residents and business 

owners, supplemented by field observation and waste composition sampling provides the 

measurable baseline against which system impact will be assessed. It also characterises the 

attitudes and technology readiness of the community whose waste behaviour the system 

ultimately depends on. 

This combination ensures that findings are grounded in both the lived experience of waste 

management in Mukono and in quantitative data capable of supporting rigorous before-

and-after comparisons. 


