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ABSTRACT

Urban sanitation management faces growing challenges due to
increasing waste production, limited resources, and inefficiencies
in traditional handling methods. The integration of Internet of
Things (1oT) technologies offers a transformative solution to these
issues. This study focuses on the design, development, and
deployment of Smart Bins equipped with 10T sensors for real-time
waste monitoring. The Smart Bin Management System,
implemented at Mulungushi University, incorporates advanced
features, including ultrasonic sensors for waste level detection,
edge computing with Arduino devices, and a user-friendly mobile
application to ensure seamless data transmission, monitoring, and
accessibility. Results from this study demonstrate that Smart Bins
significantly enhance waste collection efficiency by enabling
dynamic scheduling, reducing operational costs, and optimizing
resource allocation. The integration of 10T enables data-driven
decision-making and improved scalability. Beyond waste
management, the study highlights the potential of Smart Bins as a
sustainable solution for urban sanitation challenges, contributing
to cleaner environments and improved public health. This
research establishes a replicable model that aligns with global
sustainability goals.

Keywords: 10T, Smart Bins, Sanitation, Waste Management,
Dynamic Scheduling

. INTRODUCTION

Mulungushi  University is pioneering a transformative
initiative to enhance its waste management practices through
the deployment of a Smart Bin Management System (Mugendi
et al., 2021). This innovative system aims to address the
pressing challenges of efficient waste disposal on campus, akin
to the rigorous management systems employed in other fields,
such as healthcare data management by the Federal Chamber of
Medicine (2019). By leveraging the Internet of Things (loT),
which connects devices to enable automation and remote
control via internet connectivity (Atzori et al., 2010), the
university seeks to optimize waste collection, monitoring, and
processing.

Zambia (ICT) Journal, Volume 9 (Issue 1) © (2025)

The project draws inspiration from advanced security protocols
used in sensitive data management systems, such as those
safeguarding healthcare information (Mancini et al., 2018). The
Smart Bin Management System incorporates sophisticated
features, including ultrasonic sensors for real-time waste level
detection and Raspberry Pi devices for on-site data processing.
The system also uses cloud storage on the Google Cloud
Platform for scalable data handling, MySQL databases for
efficient organization, and the MQTT protocol for secure and
reliable message queuing. Furthermore, a user-friendly mobile
application allows seamless interaction between users and the
system, ensuring accessibility and efficiency (Singh et al.,
2022).

Data security and privacy are integral to the system's design,
reflecting concerns about potential vulnerabilities during data
transmission—similar to issues encountered in protecting
sensitive medical information (Zhou et al., 2018). To address
these risks, the system integrates robust security measures to
safeguard operational reliability and user data. Just as
technological advancements in healthcare have improved
patient outcomes (Kumar & Kumar, 2020), the Smart Bin
Management System embodies a sophisticated approach to
modern waste management, leveraging cutting-edge
technologies to address inefficiencies in traditional methods.
This initiative aligns with the university's commitment to
sustainability, operational excellence, and technological
innovation (Choi et al., 2021).

This study highlights the critical global issue of effective waste
management and its environmental impact, linking these
challenges to the university's localized efforts. By exploring
loT-enabled waste solutions, the research emphasizes the
scalability and adaptability of such systems in diverse settings.
The proposed Smart Bin Management System not only
addresses immediate campus needs but also serves as a model
for broader applications in urban environments. Additionally,
this project reflects global sustainability goals, contributing to
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cleaner, smarter, and more resource-efficient waste
management practices.

Waste management has been a growing challenge in urban and
institutional settings due to inefficiencies in collection,
disposal, and resource allocation (Smith, 2020). The integration
of loT has demonstrated potential in optimizing waste
collection schedules and enhancing operational efficiency
(Atzori et al., 2010). However, limited studies have focused on
university settings where waste generation follows distinct
patterns influenced by academic and residential activities
(Gupta et al., 2016). This research seeks to bridge this gap by
presenting an loT-enabled Smart Bin Management System
tailored to the needs of Mulungushi University.

The rest of the paper is structured as follows. Section 2 presents
a literature review that discusses existing loT-based waste
management solutions and their limitations. Section 3 details
the methodology, including system architecture and
implementation approach. Section 4 provides results obtained
from system testing and deployment. Section 5 discusses key
findings in relation to existing research, while Section 6
concludes the study and outlines potential future work.

Il. LITERATURE REVIEW

The escalating waste management crisis has accelerated the
development of innovative solutions that leverage the Internet
of Things (10T) to enhance efficiency and sustainability (Sahu
et al., 2018). loT-based systems offer significant opportunities
to modernize waste management through the integration of
sensors, data analytics, and real-time monitoring, optimizing
waste collection processes and promoting sustainability
(Aazam & Huh, 2014). Theories of environmental
sustainability and smart city infrastructure provide the
conceptual framework to understand how IoT contributes to
cleaner and more sustainable urban environments (Nam &
Pardo, 2011).

A. Existing loT-Based Waste Management Systems

Recent advancements in smart bin technologies have been
extensively documented, showcasing various innovative
approaches to improving waste management (Smith, 2020).
These systems utilize 10T to address inefficiencies in traditional
waste management methods. One notable example is the Ecube
Labs CleanCAP system, which integrates solar-powered
compaction technology and mobile app connectivity to enhance
waste collection efficiency. However, its effectiveness is
hindered by a limited deployment scale and the absence of
advanced data analytics, making it less suitable for large urban
settings (Ecube Labs, 2017; Singh et al., 2018). Another
prominent system is the Bigbelly Smart Waste Bin, which has
been widely adopted due to its compaction mechanism that
increases bin capacity and reduces collection frequency.
Despite its effectiveness, the system's proprietary technology
and lack of robust data analytics capabilities constrain its
adaptability to diverse and evolving waste management needs
(Bigbelly, 2016; Maregaonkar et al., 2016). Similarly, the
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Enevo solution leverages data analytics and a user-friendly
interface to optimize waste collection strategies. While it
provides valuable insights, its proprietary nature limits
customization and integration with other platforms, reducing its
flexibility in dynamic environments (Enevo, 2015; Patil et al.,
2017). These systems, though innovative, reveal critical
limitations that highlight the need for more adaptable and data-
driven solutions in loT-based waste management.

B. Challenges in Current Systems

Despite advancements in loT-based waste management
systems, several significant challenges persist. One key issue is
the limited data analytics capabilities of many solutions. While
these systems excel in real-time monitoring, they often fail to
provide actionable insights that can inform long-term strategic
decision-making, as highlighted by Gupta et al. (2016).
Additionally, proprietary constraints present another obstacle,
with the closed nature of certain technologies restricting their
scalability, adaptability, and integration with other systems.
This limitation reduces their effectiveness in dynamic and
diverse environments (Patil et al., 2017; Al Mamun et al.,
2017). Moreover, the integration of predictive analytics, such
as machine learning for forecasting waste patterns, remains in
its infancy within commercial applications. Although research
demonstrates its potential, widespread adoption has been slow
(Moya et al., 2017). Finally, behavioral and user acceptance
issues pose critical challenges. The literature inadequately
addresses human factors, such as how users interact with and
accept these systems, which are essential for their successful
deployment and long-term sustainability (Zorpas & Lasaridi,
2013). These challenges collectively underscore the need for
more flexible, user-centric, and data-driven solutions in loT-
enabled waste management.

C. Emerging Trends in Smart Technologies

Recent research has explored open-source platforms and
advanced analytics as solutions to the aforementioned
challenges (Kumar et al., 2020). Machine learning algorithms
have been incorporated in various studies to predict waste
generation patterns, enabling optimized collection schedules
(Anagnostopoulos et al., 2015; Jabbar et al., 2018). Predictive
models using historical waste data have demonstrated the
potential for improving efficiency and reducing operational
costs (Anagnostopoulos et al., 2017).

These developments underscore the importance of adaptability,
open architectures, and stakeholder involvement in promoting
sustainable and efficient waste management solutions.

Table 1. Comparison of Existing loT-Based Waste
Management Systems
System Features Limitations Key Gaps
Ecube Solar- Limited Scalability in
Labs powered deployment large  urban
CleanCAP | compaction, scale, lacks | areas

mobile app advanced

analytics
Bigbelly Compaction Proprietary Integration
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Smart mechanism, technology, with other

Waste Bin | wide limited systems
adoption adaptability

Enevo Data Proprietary Tailored

Solution analytics, constraints, solutions  for
user-friendly | restricted diverse
interface customization environments

D. Implications for the Current Study

The limitations of existing systems highlight the need for a
more flexible, data-driven solution capable of adapting to
diverse environments while providing meaningful insights into
waste collection strategies (Anagnostopoulos et al., 2015;
Jabbar et al., 2018). This study seeks to address these gaps by
developing a Smart Bin Management System that incorporates
real-time data and advanced machine learning techniques
(Smith, 2020). By focusing on open architecture, adaptability,
and user-centric design, this study aims to overcome proprietary
constraints while promoting sustainable waste management
practices (Akbar et al., 2019; Barr et al., 2011).

1. METHODOLOGY

The development of the Mulungushi Smart Bin System
employed an Agile methodology, emphasizing
experimentation, iteration, and continuous improvement. This
approach allowed the system to evolve in response to real-world
feedback and changing requirements, ultimately delivering a
highly effective and user-centric waste management solution.

A. Initial Planning and Vision

The project began with the definition of a clear vision and
objectives for the Smart Bin System. A kickoff meeting was
held with all stakeholders, including engineers, designers,
waste management experts, and university representatives. This
collaborative effort clarified the project's purpose, key goals,
and desired outcomes, resulting in a strategic roadmap outlining
necessary steps for success.

B. Key Technologies and Components

1. Sensors

Ultrasonic Sensor, chosen for its accuracy and cost-
effectiveness in detecting waste levels within bins. These
sensors operate by emitting sound waves and measuring the
time taken for the echo to return, determining the bin's fill level.

2. Processing Units
Microcontroller (Arduino), integrated for low-power operations
and real-time sensor data processing.

3. Communication Protocols

MQTT Protocol was selected for its lightweight design,
enabling efficient and reliable communication between devices
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and cloud servers. MQTT ensures seamless message queuing
and minimizes network bandwidth usage.

Wi-Fi and GSM Module was used for data transmission,
providing flexibility in connectivity based on network
availability.

4. User Interfaces:

Mobile Application, a user-friendly app designed for waste
management staff, providing real-time notifications on bin
status and insights into collection efficiency.

Web Dashboard offers administrators an overview of system
performance, including historical data, and real-time
monitoring.

C. Adgile Implementation

The development process was structured into iterative sprints,
each lasting two weeks. Key activities during these sprints
included;

1. Sprint Planning

The development of the Smart Bin Management System
followed an Agile approach, structured into four sprints, each
lasting two weeks. The primary focus areas for each sprint were
as follows:

Sprint 1: Hardware setup and sensor calibration, including
ultrasonic sensor integration for waste level detection.

Sprint 2: Communication module implementation using MQTT
protocol for real-time data transmission.

Sprint 3: Mobile and web application development, ensuring an
intuitive user interface for waste monitoring.

Sprint 4. System testing and optimization, addressing
connectivity challenges and improving data transmission
reliability.

This iterative process ensured that each development phase was
refined based on real-world testing and feedback.

2. Execution

Integration of hardware components like ultrasonic sensors and
communication modules followed by development of software
components, including the mobile app and analytics dashboard.
Testing and Feedback was conducted by stakeholders,
including waste management staff who participated in user
testing sessions to evaluate functionality and usability.
Experimental data from sensors and algorithms were analyzed
to identify areas for improvement.

Sprint reviews were conducted to validate completed features
with stakeholders and retrospectives provided insights into
what worked well and what needed improvement for
subsequent sprints.

D. Deployment and Monitoring

After iterative refinements, the system was deployed across
selected areas of the university campus. Key deployment
activities included installation of smart bins equipped with
sensors and communication modules, configuration of the
mobile app and dashboard for real-time monitoring followed by
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collection of real-time data on waste levels, user engagement,
and collection efficiency.

E. Continuous Improvement

The Agile methodology ensured continuous refinement based
on stakeholder feedback and experimental findings. The
product backlog was regularly updated with new features and
improvements. Future sprints were planned to address
additional requirements, ensuring the system remained
adaptable, scalable, and aligned with evolving university needs.

V. RESULTS

The results from the development and implementation of the
Smart Bin Garbage Monitoring System demonstrated the
significant potential of 10T technologies in revolutionizing
waste management practices. Figure 1 shows a fully connected
and open Smart Bin.

Fig.1 Smart Bin (Open)

The system effectively monitored waste levels in real-time,
allowing for more efficient collection schedules and reducing
instances of overflowing bins. This improvement not only
enhanced cleanliness and hygiene in the targeted areas but also
reduced operational costs associated with waste management.
The ability to provide data-driven insights into waste
production patterns offered valuable information for decision-
making and resource allocation. Figure 2 below shows the bin
setup ready for use.
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Fig.2 Smart Bin (Closed)

The incorporation of real-time data monitoring ensures efficient
scheduling of waste collection services, as supported by
dynamic scheduling models for 10T systems (Anagnostopoulos
et al., 2015). Fig. 3 shows the Mobile APP.

dn

Welcome To Mulungushi
University Smart Bin
Services

1

Total
Number Of
Bins

86%

Bin 1 Status

View

Locate
Bins

Fig.3 Mobile APP

A. Implications of the Findings
The implications of these findings are substantial for theory,
practice, and policy. Theoretically, the study contributed to the
growing body of literature on loT applications in environmental
management, specifically in waste management. The potential
of 10T for real-time data processing and environmental
monitoring has been demonstrated in diverse applications, such
as species detection using MobileNet V2 quantized neural
networks (Halubanza et al, 2022). This highlights the scalability
and adaptability of loT-based solutions like the Smart Bin
Management System in addressing urban sanitation challenges.
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Practically, the deployment of the Smart Bin System showcased
a scalable solution that could be adopted by other institutions
and municipalities to address similar waste management
challenges. On a policy level, the results highlighted the need
for integrating smart technologies into urban planning and
sustainability initiatives. Policymakers could consider investing
in similar technologies to optimize waste management systems,
ultimately contributing to cleaner and more sustainable cities.

B. Comparison with Previous Research
These findings aligned with previous research suggesting that
loT technologies can enhance waste management efficiency.
Similar studies demonstrated the utility of smart sensors and
data analytics in optimizing waste collection and improving
environmental conditions (Alshammari & Alshamrani, 2019).
However, this study expanded on the existing literature by
providing a practical, real-world application of 10T in a specific
institutional context. Unlike some prior research that focused
solely on technological feasibility, this study integrated
practical implementation insights, offering a more
comprehensive understanding of both the challenges and
benefits of smart waste management solutions.

C. Limitations of the Study

While the results of this study were promising, several
limitations should be acknowledged. The Smart Bin System
was tested within a controlled environment, which may not
fully represent the complexities encountered in larger urban
areas or different climatic conditions. Additionally, the study
relied on a limited number of sensors, which could affect the
generalizability of the findings. Potential biases in data
collection, such as sensor malfunctions or data transmission
errors, may have also impacted the results. Lastly, the study did
not fully account for human factors, such as user acceptance and
behavior changes, which could influence the system's
effectiveness over time.

A. Directions for Future Research

Future research should focus on expanding the scope of the
Smart Bin System to include larger geographical areas and a
more diverse range of environmental conditions. Studies could
explore the integration of advanced analytics, such as machine
learning, to predict waste generation patterns and further
optimize collection routes. Additionally, research might
investigate the long-term effects of smart waste management
systems on user behavior and community engagement. Further
studies could also examine the cost-benefit analysis of scaling
such technologies at a city-wide level, considering both
economic and environmental impacts. Future adaptations of the
Smart Bin System could draw on lessons from low-cost loT
projects like the locust monitoring system in Kazungula, which
demonstrate the feasibility of scaling 10T solutions in resource-
constrained environments (Halubanza et al, 2023)

V. DISCUSSION
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The Smart Bin Management System developed for Mulungushi
University signifies a transformative approach to modern waste
management by integrating Internet of Things (loT), artificial
intelligence (Al), and cloud computing technologies. This
system effectively addresses the inefficiencies of traditional
waste disposal methods by enabling real-time monitoring of
waste levels through advanced sensors and microcontrollers.
The precise measurements obtained facilitate optimized
collection schedules, reducing instances of overflowing bins
and enhancing overall sanitation within the campus.

10T protocols are employed to ensure seamless communication
between the smart bins and cloud platforms, allowing for
efficient data transmission and remote accessibility.

The user-friendly mobile and web applications developed as
part of the system empower users and waste management
personnel with instant access to waste levels and alerts. This
accessibility contributes to more efficient and sustainable waste
disposal practices by facilitating timely interventions when bins
are nearing capacity. The applications also support data-driven
decision-making by providing valuable insights into waste
production trends and patterns.

Through continuous improvement and iterative development,
the Smart Bin Management System stands at the forefront of
technological innovation in environmental sustainability. It not
only addresses the immediate waste management challenges
faced by the university but also sets a precedent for similar
institutions and municipalities seeking sustainable solutions.
The system's scalability and adaptability make it a viable model
for broader implementation, potentially contributing to cleaner
and more sustainable urban environments.

The Smart Bin Management System utilizes a cohesive
integration of microcontrollers for initial data processing and
IoT communication protocols for reliable data transmission.
This integrated approach enables real-time monitoring and
timely alerts, effectively optimizing waste management
operations and reducing associated costs. The system
contributes significantly to environmental sustainability efforts
and exemplifies the potential of 10T and Al in revolutionizing
waste management practices.

The results indicate that implementing loT-based smart bins
significantly enhances waste collection efficiency, aligning
with findings from Singh et al. (2018), who demonstrated
similar benefits in an urban setting. Moreover, the use of
ultrasonic sensors for waste level detection aligns with previous

research highlighting their reliability in smart waste
management applications (Sahu et al., 2018).
VI. CONCLUSION AND

RECOMMENDATIONS

This study has demonstrated the effectiveness of an loT-
enabled Smart Bin Management System in optimizing waste
collection at Mulungushi University. By integrating real-time
waste level detection and automated notifications, the system
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reduces unnecessary collection trips, lowering operational costs
and improving campus sanitation. The findings support
previous research on loT-driven waste management solutions
(Alshammari & Alshamrani, 2019). Future enhancements
include expanding deployment to additional university zones
and integrating advanced data analytics for more efficient route
planning. The scalability of this model suggests its potential
applicability in municipal waste management systems to
promote sustainable urban sanitation.
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