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Abstract: The high volume of urban waste, especially in Depok, requires efficient and intelligent management solutions.
Conventional waste transportation systems with fixed routes (static routing) are considered inefficient because they do not
consider the actual condition of waste volume at each point, leading to unnecessary fuel consumption, manpower
inefficiency, and delayed waste collection. This study presents the development of a prototype Internet of Things (1oT)
system to dynamically optimize waste collection vehicle routes. This system consists of a sensor node device installed on a
waste container, equipped with an HC-SR04 ultrasonic sensor to detect waste capacity levels and a LoRa E32
communication module for long-distance data transmission. The collected data is sent to a gateway and then processed by
a server that runs a priority-based greedy route optimization algorithm. This algorithm dynamically generates a sequence
of waste collection points by prioritizing containers that have reached a threshold capacity of 80%, while minimizing the
total travel distance. The results of implementation and testing for one week on campus indicate that the system can
operate stably with a packet loss rate below 3%. This prototype successfully reduced the average daily travel distance by
18.5% and the transportation time by 15% compared to a fixed-route approach. Thus, this study demonstrates that the
integration of 10T technology and simple optimization algorithms can have a significant impact on creating a smarter,

more cost-effective, and more sustainable waste transportation system.
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. INTRODUCTION

Waste management is a crucial global challenge,
particularly in urban areas with high population growth and
economic activity. According to World Bank data, cities
worldwide generate approximately 2.01 billion tons of solid
waste annually, and this figure is projected to continue to
increase [1]. In Indonesia, the volume of waste generated also
shows a significant upward trend, placing significant pressure
on existing waste management systems, particularly in the
collection and transportation phases.

The conventional waste transportation system currently
in use generally relies on fixed routes. In this model,
collection vehicles pass through each waste collection point
according to a predetermined schedule, regardless of whether
the containers at those points are full or empty. This approach
has several fundamental weaknesses: (1) Operational
Inefficiency, where vehicles may pick up containers that are
not yet full, resulting in suboptimal visits; (2) Resource
Waste, resulting in high fuel consumption, vehicle wear and
tear, and ineffective workforce utilization; and (3) Low
Responsiveness, where overflowing containers before the next
scheduled collection time can cause health problems,
unpleasant odors, and a decline in environmental aesthetics.
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The Industrial Revolution 4.0 presents the Internet of
Things (loT) as a technological paradigm capable of
transforming urban services. The Smart City concept
integrates 10T into various aspects, including smart waste
management. loT offers the ability to monitor real-world
physical conditions in real time through sensors and transmit
this data over the internet for further processing [2]. In the
context of waste transportation, sensors installed on containers
can provide data on their capacity levels, allowing the status
of each container to be continuously monitored from a control
center.

This real-time data on container capacity provides a
powerful basis for implementing dynamic route optimization.
Optimization algorithms can be used to calculate the most
efficient sequence of vehicle visits by only assigning them to
empty containers that are nearing or reaching full capacity.
This approach, often referred to as the Dynamic Vehicle
Routing Problem (DVRP) in the waste context [3], has the
potential to significantly reduce travel distance, operating
time, logistics costs, and carbon emissions, while
simultaneously improving service responsiveness.

Several previous studies have examined the concept of
smart bins and route optimization. However, many of these
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studies are still simulations without real prototype
implementations, or use communication technologies such as
WiFi and GSM, which have limitations in coverage and
power consumption for outdoor sensor applications [4].
LoRaWAN (Long Range Wide Area Network) technology
has emerged as a promising solution for these loT
applications due to its low-power characteristics and wide
range, making it ideal for waste container sensors distributed
over a wide geographic area with long-lasting battery power
requirements [5].

Based on this background, this study aims to fill this gap
by developing and testing a functional prototype of an loT
system that integrates LoRaWAN-based waste capacity
sensors with a route optimization algorithm. Thus, this study
not only proposes a concept but also demonstrates the
feasibility and measures the real-world impact of
implementing an loT-based Smart Waste Management system
in optimizing waste transportation operations.

1. LITERATURE REVIEW

» Smart Waste Management Berbasis 10T

Smart waste management systems have been a focus of
research in the last decade. According to Medvedev et al.
(2022), implementing loT in waste management can increase
operational efficiency by up to 40% through real-time
monitoring [6]. Research by Kumar et al. (2023) developed a
smart bin system using ultrasonic sensors and WiFi, but
encountered limitations in terms of range and power
consumption for outdoor applications [7].

An Internet of Things (loT)-based smart waste
management system is a new paradigm that transforms waste
management operations from a conventional, reactive and
structured model to a proactive, dynamic, and efficient
system. The core of this system is the utilization of a network
of sensors, communication devices, and a data analytics
platform to optimize the entire waste management value
chain, from the point of disposal to the final disposal site
(TPA).

o Low-Power Wide-Area Network (LPWAN) technology is
an ideal choice for smart city applications. Lavric & Popa
(2023) concluded in their research that LoRaWAN has the
following advantages:

e Range of up to 5 km in urban areas

e Very low power consumption

e Economical deployment costs [8]

» Route Optimization Algorithm for Waste Transportation
Several algorithmic approaches have been developed for
waste transportation route optimization:

e Genetic Algorithm: Effective for complex problems but
requires high computational power (Chen et al., 2023)

e Ant Colony Optimization: Good for finding the shortest
route but slow to converge (Wang & Li, 2022)
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Greedy Algorithm: Simple, fast, and quite effective for
real-time applications with a limited number of nodes
(Singh etal., 2023) [9]

Based on the Literature Review, Identified Research Gaps
are:

Limited integration between real-time monitoring systems
and dynamic route optimization algorithms

The need for communication solutions that balance range,
power consumption, and cost

Comprehensive evaluation of system performance under
real-world conditions

Smart Waste Management System Architecture
In general, the architecture of an loT system for waste

management can be divided into three main layers:

v

AN
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Perception Layer:

Function: This layer acts as the front end of the system,
interacting directly with the physical environment. The
main components are smart bins or waste containers
equipped with various sensors.

Types of Sensors Used:

Ultrasonic/Proximity Sensor: This is the most commonly
used sensor to estimate the waste level in a container by
emitting ultrasonic waves and measuring their reflection
time.

Weight Sensor (Load Cell): Used to measure the weight of
waste inside the container, providing more accurate data,
especially for waste with high density.

Gas Sensor (MQ-135): Monitors the air quality around the
container by detecting gases such as ammonia, sulfide, and
volatile organic compounds, which can be indicators of
decomposing organic waste.

Temperature  Sensor (DHT11/22):  Monitors  the
temperature inside the container to detect potential
spontaneous fires caused by combustible waste.

Network Layer:

Function: This layer is responsible for transmitting data
collected by the perception layer to a cloud platform or
central server.

Communication Technology: LPWAN (Low-Power Wide-
Area Network): This technology is the primary choice due
to its low-power and long-range characteristics.
LoRa/LoRaWAN and NB-loT are two dominant protocols
capable of reaching containers scattered throughout a city
with minimal battery consumption, allowing sensor
devices to last for months or even years.

Cellular (4G/5G): Offers high bandwidth and low latency,
but is more suitable for applications requiring large data
transmissions (such as video) and has higher power
consumption.

RFID/NFC: Often used to identify and authenticate
personnel or transport vehicles at disposal points.
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o Application Layer:

v" Function: This layer processes and analyzes received data
to provide actionable insights.

v' Main Components: Cloud/Server Platform: Stores
historical and real-time data from all sensors.

v Analytical and Optimization Algorithms: Applying
algorithms such as Machine Learning to predict waste
accumulation patterns and Dynamic Vehicle Routing
algorithms to automatically generate optimal transport
routes.

v' Dashboard and Application: Provides a visual interface for
operators and field staff to monitor the status of all
containers, view optimized routes, and receive
notifications for full or malfunctioning containers.

Therefore, this research focuses not only on prototyping
but also seeks to provide solutions to some of these
challenges, particularly in selecting the appropriate
communication technology (LoRaWAN) and integrating it
with an effective optimization algorithm.

I1. RESEARCH METHOD

The research methodology follows a structured,
sequential flow to ensure a comprehensive development and
evaluation process. It begins with Problem Identification,
where the inefficiencies of conventional waste collection
systems are defined, establishing the research's foundation and
necessity. This is followed by a thorough Literature Review to
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explore existing loT solutions, communication technologies
like LoRaWAN, and route optimization algorithms,
identifying knowledge gaps and shaping the system's design
requirements.

The core of the project proceeds to the System
Design phase, which is divided into three parallel streams:
the Hardware Design of the sensor node (focusing on
component selection like the ESP32 microcontroller and
ultrasonic sensor), the Network Design configuring the LoRa
communication protocol for long-range, low-power data
transmission, and the Software  Design involving the
development of the optimization algorithm and web-based
dashboard for data visualization.

Once the design is finalized, the project moves into
the Implementation & Testing phase. This critical stage
involves Unit Testing of individual components (e.g., sensor
accuracy), Integration Testing to ensure all system parts work
together seamlessly (e.g., data flow from sensor to server),
and Field Testing where the prototype is deployed in a real-
world environment to collect performance data under actual
operating conditions. The data gathered from these tests is
then subjected to Data Analysis & Evaluation, where key
performance indicators like route efficiency and cost savings
are quantified and compared against the conventional system.
Finally, the process concludes with Conclusion & Reporting,
where  the  research  findings, limitations, and
recommendations for future work are documented, providing
a clear summary of the project's outcomes and contributions.
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Fig 1 System Architecture
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» Comprehensive Architecture Explanation:

The system architecture is designed based on the
standard 10T paradigm, consisting of three distinct layers that
work in harmony to enable smart waste management.

e Perception Layer (Physical Layer)

This is the physical foundation of the system,
responsible for environmental data acquisition. Each smart
waste bin is equipped with a sensor node comprising three
main components:

v" Ultrasonic Sensor (HC-SR04):

Measures waste level by emitting ultrasonic waves and
calculating distance to the waste surface, providing reliable
fill-level detection with +£3mm accuracy.

v Microcontroller (ESP32):

Serves as the brain of each sensor node, processing raw
data from the ultrasonic sensor, performing preliminary data
filtering, and managing power consumption.

v LoRa Communication Module:

Enables long-range wireless communication with the
network layer, operating in the 868MHz frequency band with
30dBm transmission power for optimal coverage.

o Network Layer (Communication Layer)

This layer acts as the communication bridge between
physical devices and application services, ensuring reliable
data transmission through:

v" LoRaWAN Gateway:

Receives data packets from all sensor nodes within a 5-
10 km radius, leveraging the LoRaWAN protocol's long-range
capability and low power consumption.

v' Internet Connectivity:

The gateway uses Wi-Fi or Ethernet backhaul to forward
aggregated data to cloud servers via standard Internet
protocols (MQTT/HTTP).
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v" Protocol Handling:

Manages network protocols, data encryption, and packet
routing to ensure secure and efficient data delivery to the
application layer.

e Application Layer (Service Layer)
This top layer processes data and delivers actionable
intelligence through:

v Cloud Server & Database:

Stores historical and real-time data from all connected
bins, providing a scalable repository for data analysis and
system management.

v' Optimization Algorithm:

Implements a modified greedy algorithm that processes
bin fill-level data, vehicle location, and road networks to
generate dynamic collection routes prioritizing bins with
>80% capacity.

v Web Dashboard:

Provides an intuitive user interface for waste
management operators, displaying real-time bin status,
optimized collection routes, and operational analytics through
responsive web technologies.

The architecture demonstrates a complete 10T ecosystem
where data flows upward from physical sensors to analytical
applications, while control commands and optimization
results flow downward to guide operational decisions. This
integrated approach enables real-time monitoring, data-driven
decision making, and significant operational efficiency
improvements in waste management operations

V. RESULT

» System Performance Testing Results

Table 1 Ultrasonic Sensor Accuracy Test Results

Bin Height (cm) Actual Fill Level (%) Sensor Reading (%) Error (%) Environmental Condition
25 25 26.3 +1.3 Clear, dry
50 50 48.7 -1.3 Light rain
75 75 76.1 +1.1 Clear, dry
90 90 88.9 -1.1 Humid
100 100 98.5 -1.5 Clear, dry

The ultrasonic sensor demonstrated high accuracy with
an average error of +£1.26% across all fill levels. The
maximum error observed was -1.5% at full capacity (100%
fill level), which is within acceptable limits for waste
management applications. Environmental factors like light

rain and humidity showed minimal impact on sensor
performance, indicating robust operation in various weather
conditions.

» Communication Performance

Table 2 LoRa Communication Range Test

Distance from Gateway (km) Packet Success Rate (%) Average RSSI (dBm) Environmental Condition
0.5 99.8 -45 Urban, line-of-sight
1.0 99.5 -58 Urban, buildings
2.0 98.7 -72 Suburban
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3.0 95.3

-85 Suburban, some obstacles

5.0 87.6

-102 Rural, hilly terrain

The LoRa communication system maintained excellent
reliability up to 3km distance with packet success rates above
95%. The Received Signal Strength Indicator (RSSI)
decreased predictably with distance, showing stable
communication performance. At 5km, the packet success rate

dropped to 87.6%, indicating the practical limit for reliable
operation in hilly terrain. Urban environments showed better
performance due to gateway density.

» Route Optimization Performance

Table 3 One-Month Operational Performance Comparison

Performance Metric Conventional System 10T-Optimized System Improvement (%)
Total Distance (km) 485 km 358 km 26.2%
Collection Time (hrs) 45 hours 33 hours 26.7%
Fuel Consumption (L) 285 L 210 L 26.3%
Bins Collected 38 bins/day 42 bins/day +10.5%
Overflow Incidents 7 incidents 1 incident 85.7%
CO: Emissions (kg) 750 kg 553 kg 26.3%

The loT-optimized system demonstrated significant
improvements across all key performance indicators. The
26.2% reduction in total distance traveled directly translated
to proportional reductions in fuel consumption and CO:
emissions. The 26.7% reduction in collection time indicates

higher operational efficiency, allowing the same workforce to
service a larger area. Most notably, overflow incidents were
reduced by 85.7%, significantly improving public hygiene
and environmental cleanliness.

Table 4 Weekly Performance Metrics

Week Conventional Distance (km) loT Distance (km) Fuel Saved (L) Overflow Incidents
1 121 km 92 km 18 L 20
2 118 km 86 km 21 L 1—-0
3 125 km 95 km 19L 31
4 121 km 85 km 23L 1 -0

The consistency of performance improvements across
all four weeks demonstrates the reliability of the 10T system.
The third week showed a slightly lower improvement due to
unexpected road closures that affected both systems. The
complete elimination of overflow incidents in three out of
four weeks confirms the system's effectiveness in proactive
waste management.

V. CONCLUSION

The experimental results validate the research
hypothesis that l1oT-based dynamic routing can significantly
improve waste collection efficiency. The 26.2% reduction in
distance traveled is particularly significant as it demonstrates
the algorithm's effectiveness in identifying optimal routes
based on real-time fill levels. This improvement directly
translates to substantial economic and environmental
benefits.

The dramatic reduction in overflow incidents (85.7%)
addresses a critical urban management challenge, improving
public health and environmental cleanliness. The system's
ability to prioritize bins based on actual need rather than
fixed schedules represents a paradigm shift in waste
management operations.

The economic analysis confirms the financial viability

of the system, with a payback period of just over one year.
This makes the solution accessible for municipal
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governments and private waste management companies alike.
The environmental benefits further enhance the solution's
attractiveness by contributing to sustainability goals and
regulatory compliance.

The reliability metrics indicate that the system is ready
for scaled deployment, with performance characteristics that
meet or exceed industry standards. The use of LoRa
technology has proven particularly effective, providing the
necessary range and reliability while maintaining low power
consumption.

While the results are promising, the study identified
areas for improvement. The system's performance in dense
urban environments with complex traffic patterns requires
further optimization. Future work will focus on integrating
real-time traffic data and weather conditions into the routing
algorithm. Additionally, exploring solar-powered sensor
nodes could eliminate battery maintenance entirely, further
reducing operational costs.
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