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Abstract

This  study  presents  the  design  and  experimental  characterization  of  a  solar-powered  multi-sensor
instrumentation system for smart waste monitoring and GPS tracking. The developed system integrates
an ultrasonic sensor for waste-level measurement, a GPS module for location tracking, a GSM communic-
ation unit for remote notification, and a photovoltaic power subsystem for autonomous operation. An
Arduino-based controller was employed for data acquisition, processing, and communication. Experi-
mental evaluation was conducted to determine the performance of the sensing, communication, posi-
tioning, and power-management subsystems. Results showed a waste-level measurement accuracy of
99.1% with an average sensor error of 0.28 cm, demonstrating high reliability for real-time monitoring
applications. The GPS subsystem achieved an average positioning accuracy of 3.3 m, enabling effective
location identification and tracking of the waste bin. The solar-energy subsystem delivered a maximum
output power of 40 W, while the battery backup system sustained continuous operation for approxim-
ately  15.6 h under test conditions. The servo-actuated lid mechanism exhibited an average response
time  of  0.81  s,  ensuring  prompt  system  operation.  Furthermore,  the  GSM  communication  module
achieved  a  100%  message  transmission  success  rate during  the  experimental  trials.  The  results
demonstrate that the prototype instrumentation system provides reliable sensing, communication, and
energy autonomy for intelligent waste-management applications. The integration of renewable energy,
multi-sensor monitoring,  and wireless communication offers a practical  and sustainable solution for
smart-city dumpster-monitoring infrastructure.

Keywords:  GPS tracking; GSM communication; Internet of  Things (IoT);  smart waste bin;  ultrasonic
sensor

1 Introduction

The  increasing  demand  for  intelligent  monitoring  of  physical  environments  has  accelerated  the
convergence of applied physics, measurement science, electronic instrumentation, wireless commu-
nication, embedded computing and renewable-energy technologies. Contemporary monitoring sys-
tems increasingly combine physical sensors, signal-conditioning and processing circuits, microcon-
trollers, communication interfaces and energy-storage devices to transform physical phenomena into
actionable  digital  information.  This  evolution  is  rooted  in  the  development  of  wireless  sensor
networks,  in  which  advances  in  microelectromechanical  systems,  digital  electronics  and  wireless
communication enabled spatially distributed measurement of physical and environmental variables.
The  subsequent  emergence  of  the  Internet  of  Things  (IoT)  extended  this  concept  by  connecting
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sensing  devices,  embedded  processors,  communication  networks  and  physical  objects  into
interconnected cyber-physical environments  [3–5].  The resulting technological framework has be-
come increasingly important in environmental monitoring, industrial automation, energy systems,
transportation and smart-city infrastructure, where reliable information about the physical state and
location of distributed objects is required for timely decision-making [5–7].

At the fundamental level,  an intelligent monitoring platform is a measurement system. A physical
quantity must first be sensed, converted into an electrical or digital signal, processed and interpreted
before it can support a decision or control action. The quality of the final decision is consequently
dependent on the accuracy, repeatability, response time and reliability of the underlying measure-
ment  chain.  This  perspective  is  particularly  important  in  instrumentation  research  because  the
successful  demonstration  of  a  functional  prototype  does  not  by  itself  establish  measurement
performance.  Experimental  characterization  is  required  to  determine  the  degree  to  which  an
instrument reproduces the physical quantity being measured and to identify the principal sources of
measurement error.  Modern measurement systems increasingly combine sensors,  embedded pro-
cessors  and  communication  technologies,  thereby  extending  conventional  instrumentation  from
isolated measuring devices to distributed intelligent systems. In this context, sensor performance,
signal  acquisition,  calibration,  uncertainty  and  system-level  reliability  become  central  scientific
considerations rather than secondary engineering details.

One  important  application  of  distributed  intelligent  instrumentation  is  municipal  solid-waste
monitoring.  Rapid  population  growth,  urbanization  and  changing  patterns  of  consumption  have
increased the quantity of municipal solid waste generated worldwide, placing considerable pressure
on  collection,  transportation  and  disposal  infrastructure.  The  World  Bank’s  What  a  Waste  2.0
reported  that  global  solid-waste  generation  was  approximately  2.01  billion  tonnes  per  year  and
projected that it could reach 3.40 billion tonnes annually by 2050 under a business-as-usual scenario.
The  environmental  consequences  of  inadequate  collection  and  disposal  are  substantial.  Waste
mismanagement can contribute to soil,  water and air contamination, uncontrolled dumping, open
burning and adverse public-health conditions, with particularly severe challenges in low- and middle-
income countries. The Global Waste Management Outlook 2024 similarly emphasizes the need for
improved waste-management systems that combine environmental  protection,  resource efficiency
and technological innovation.

Conventional  waste  collection  systems  frequently  depend  on  fixed  collection  schedules,  manual
inspection or predetermined routes. Such approaches may not adequately reflect the instantaneous
physical condition of individual containers. A vehicle may therefore be dispatched to a partially filled
container while another container has already reached or exceeded its practical capacity, leading to
poor resource utilization and increased operational costs. This mismatch can result in unnecessary
transportation,  increased  fuel  consumption,  inefficient  utilization  of  collection  personnel  and
prolonged exposure of accumulated waste to the environment which contribute to environmental
pollution, greenhouse gas emissions, blockage of drainage systems, groundwater contamination, and
the proliferation of  disease vectors.  In  response to these challenges,  innovative solutions emerge
which  translated  to  improving  proper  waste  management  that  reduces  pollution,  recycles  useful
materials, and creates more green energy.

The use of  real-time traceability  and monitoring technologies  offers  an alternative approach.  Re-
search  [11] demonstrated  that  volumetric  sensors,  radio-frequency  identification,  GPRS  and  GPS
technologies  can  provide  real-time  information  useful  for  improving  waste-collection  routing.
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Similarly, a wireless-sensor-network architecture [12] was proposed for monitoring the filling condi-
tion of waste containers and transmitting measurements to a remote server. These studies estab-
lished the technological basis for moving from schedule-based collection toward information-driven
waste-management operations.

The development of  IoT-enabled waste-management systems has subsequently expanded this ap-
proach. Smart waste-management architectures can combine sensors installed on waste containers
with  communication  networks,  data  platforms,  route-planning  algorithms  and  decision-support
systems. An IoT-based approach to smart waste management was demonstrated, while more recent
research has examined the integration of sensing, communication and data analytics for city-level
waste-management services. Most comprehensively, a systematic review of 173 primary studies of
IoT-enabled smart waste-management systems [17] identified smart garbage bins, sensors, actuators,
communication, data sharing and collection optimization as important components of the field. More
recent reviews have further emphasized the growing integration of IoT and artificial intelligence into
waste  collection,  monitoring,  sorting  and  recycling  systems.  These  developments  indicate  that
intelligent  waste management is  no longer limited to automated bin mechanisms but  is  evolving
toward distributed environmental-instrumentation infrastructure.

A central measurement problem in smart waste-monitoring systems is the determination of waste
level.  Ultrasonic  ranging  provides  an  attractive  non-contact  measurement  technique  because  it
determines  distance  from the  time of  flight  of  an  acoustic  pulse  transmitted  toward a  reflecting
surface and subsequently received as an echo. In the pulse-echo configuration, the target distance can
be  expressed  as  d=ct/2,  where  d  is  the  measured  distance,  c  is  the  velocity  of  sound  in  the
propagation medium, and t is the measured round-trip propagation time. The physical principle is
straightforward, but the accuracy of practical ultrasonic ranging depends on acoustic propagation,
transducer characteristics, target geometry, beam divergence, surface reflectivity, temperature and
timing resolution. Thus, ultrasonic waste-level measurement represents a genuine instrumentation
problem involving wave propagation, signal detection and quantitative error characterization.

The importance of ultrasonic measurement accuracy becomes more pronounced when the resulting
measurement  is  used  to  initiate  an  autonomous  decision.  A  threshold-based  waste-monitoring
system may classify a container as requiring collection when the measured waste level exceeds a
specified value. Any systematic or random measurement error can therefore influence the timing of
the collection decision. Calibration and experimental characterization are consequently necessary to
establish whether a particular sensor is sufficiently accurate for the intended application. The use of
percentage error, mean absolute error, root-mean-square error and related statistical measures can
provide quantitative evidence of measurement quality. In the present study, the ultrasonic subsystem
achieved a measured waste-level accuracy of 99.1%, with an average sensor error of 0.28 cm. These
values provide direct experimental evidence of the performance of the sensing stage and distinguish
the present work from prototype descriptions based solely on qualitative functionality.

The geographical identification of a monitored waste container introduces a second measurement
domain: satellite-based positioning. Global Positioning System (GPS), as a component of the broader
Global Navigation Satellite System (GNSS) family, determines receiver position from radio-frequency
signals transmitted by navigation satellites. Position estimation depends on signal propagation time,
satellite geometry and receiver processing, while practical accuracy can be affected by atmospheric
propagation, multipath, receiver noise and satellite geometry  [20-21]. The integration of GPS with
waste-level  sensing  is  therefore  scientifically  significant  because  it  transforms  an  isolated
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measurement  of  container  status  into  geographically  referenced environmental  information.  This
enables  a  collection operator  to  determine not  only  that  a  container  requires  attention,  but  also
where that container is located. [11] demonstrated the value of combining GPS and GPRS with real-
time waste information for collection optimization. In the present investigation, the GPS subsystem
achieved  an  average  positioning  accuracy  of  3.3m  under  the  experimental  conditions,  providing
quantitative characterization of the location-monitoring capability.

Communication constitutes the third major component of the measurement chain. A sensor measure-
ment  has  limited  operational  value  if  it  cannot  be  transmitted  reliably  to  the  intended  user  or
decision-making  platform.  Wireless  sensor  networks  provide  the  fundamental  architecture  for
distributed  sensing  and  communication,  while  IoT  systems  extend  these  capabilities  through
heterogeneous  networking  and  integration  with  application-level  services  [1,  3].  Urban  IoT
architectures  have  particularly  demonstrated  how  distributed  devices  can  support  smart-city
services by collecting and exchanging information associated with infrastructure and environmental
conditions  [6].  In  a  waste-monitoring  application,  a  communication  subsystem  must  therefore
operate as a reliable bridge between the physical measurement and the remote waste-management
operator. The present system employs GSM-based communication for remote transmission of monit-
oring information. Experimental testing resulted in a 100% message-transmission success rate under
the investigated conditions,  providing a  measurable  indicator  of  communication reliability  rather
than merely confirming that the GSM module was operational.

The energy required for continuous sensing, processing, communication and actuation introduces
another  fundamental  consideration.  Distributed  environmental  instruments  may  be  installed  in
locations where conventional electrical-grid connections are unavailable, inconvenient or uneconom-
ical. Dependence on frequent battery replacement can similarly increase maintenance requirements
and reduce the practicality of large-scale deployment. Renewable-energy-powered instrumentation
therefore  provides  an  attractive  route  toward autonomous  monitoring.  Among renewable-energy
technologies, photovoltaic conversion is particularly suitable for small distributed electronic systems
because  solar  radiation  can  be  converted  directly  into  electrical  energy  using  semiconductor
photovoltaic devices. The fundamental physics of photovoltaic conversion is associated with photon
absorption, generation of electron-hole pairs, charge separation and collection within a semiconduct-
or  junction.  The  theoretical  basis  of  semiconductor  photovoltaic  conversion  was  established  in
classical analyses of the p-n junction, including the detailed-balance treatment of  [22], while sub-
sequent  technological  development  has  produced  a  broad  range  of  photovoltaic  materials,
architectures and applications [23].

For autonomous instrumentation, however, the existence of a photovoltaic source does not by itself
establish energy sustainability. The generated power must be sufficient to satisfy the energy demand
of  the  controller,  sensors,  communication module,  actuator  and associated electronics  while  also
providing adequate storage for periods of reduced solar availability. Energy-management perform-
ance  is  consequently  a  systems-level  problem  involving  photovoltaic  generation,  electrical  load,
battery  capacity,  charging  characteristics  and  operating  duty  cycle.  The  importance  of  storage
characteristics is particularly evident in rechargeable battery systems, where state of charge, voltage,
current,  temperature,  charging  regime  and  battery-management  considerations  affect  available
energy and operational reliability [24]. In the present system, the photovoltaic subsystem produced a
maximum measured output of 40W, while the battery subsystem provided approximately 15.6h of
continuous  backup  under  the  experimental  test  conditions.  These  measurements  are  important
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because they experimentally establish the energy-autonomy characteristics of the monitoring plat-
form.

The  embedded  controller  provides  the  interface  through  which  these  physical  subsystems  are
integrated. Sensor outputs are acquired and processed by a microcontroller, measurement conditions
are compared with programmed thresholds, communication commands are generated and actuator
operation is initiated when required. This architecture represents a compact cyber-physical instru-
mentation system in which physical  quantities  are transformed into digital  information and sub-
sequently  into  control  actions.  IoT  architectures  similarly  rely  on  the  integration  of  sensing,
computation, communication and actuation to connect the physical and digital domains [4-5]. In the
present system, the controller coordinates ultrasonic measurement, GPS positioning, GSM transmis-
sion,  photovoltaic-powered  operation  and  servo  actuation.  The  servo  mechanism  recorded  an
average  response  time  of  0.81s,  providing  an  experimentally  measurable  indication  of  the
responsiveness of the physical actuation stage.

The  interdisciplinary  character  of  the  proposed  system  is  therefore  central  to  its  scientific
contribution. Ultrasonic sensing involves acoustic-wave propagation and time-of-flight measurement;
GPS involves electromagnetic signal propagation and satellite-based positioning; GSM involves radio
communication  and  wireless  data  transmission;  photovoltaic  operation  involves  semiconductor
physics and solar-energy conversion; battery storage involves electrochemical energy storage; and
the embedded controller provides digital signal acquisition, processing and control. These individual
physical  processes  are  integrated  through  electronic  instrumentation  into  a  single  autonomous
environmental-monitoring platform. Such integration illustrates the increasingly important role of
applied physics in developing intelligent systems in which physical measurements, electronic devices,
energy conversion and information technologies operate as a unified system.

Previous  research  has  established  many  of  the  individual  elements  required  for  such  systems.
Wireless sensor networks have provided the conceptual foundation for distributed environmental
sensing  [1],  while  IoT research has  established architectures  for  connecting  sensing  devices  and
embedded  systems  [3-5].  Urban  IoT  research  has  demonstrated  the  relevance  of  interconnected
sensing systems to smart-city services  [6].  In the waste-management domain,  [12] demonstrated
wireless monitoring of container filling levels, [11] investigated real-time traceability using GPS and
GPRS, and [25] demonstrated the Smart Bin concept using wireless monitoring and power-manage-
ment techniques. More recent systematic reviews have confirmed the rapid expansion of IoT-enabled
smart  waste-management  research  and  identified  continuing  opportunities  concerning  sensing,
system implementation, data exchange, energy management and operational optimization [26].

Nevertheless, an important gap remains between demonstrating a smart waste-management proto-
type and experimentally characterizing the performance of an integrated autonomous instrumenta-
tion system. Many reported systems concentrate on the architecture or functional demonstration of
individual components, while fewer studies present a unified experimental characterization involving
sensing accuracy, measurement error, geographical positioning accuracy, renewable-energy output,
battery endurance,  actuator response and communication reliability.  This distinction is important
from a physics and instrumentation perspective because the scientific value of a monitoring platform
depends not only on whether their component’s function, but also on how accurately, reliably and
efficiently those components perform under defined experimental conditions. A quantitative charac-
terization of  the complete measurement chain provides a  more reproducible basis  for evaluating
system suitability and for comparing future designs.
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The principal contribution of this work is therefore not simply the construction of another automated
waste  container,  but  the  experimental  integration  and  characterization  of  several  physical  and
electronic measurement functions within a renewable-energy-powered instrumentation platform. By
connecting ultrasonic wave-based ranging, satellite positioning, wireless communication, semicon-
ductor  photovoltaic  energy  conversion,  battery  storage  and  embedded  control  within  a  single
experimental system, the study demonstrates how applied-physics principles can be translated into
an autonomous environmental-monitoring application. The resulting platform provides a practical
framework  for  intelligent  waste  monitoring  while  also  contributing  experimentally  characterized
data  that  can support  future  research in  sensor  instrumentation,  renewable-energy-powered IoT
systems, environmental monitoring and smart-city technologies

2 Literature review

2.1 Overview of smart waste management systems

Waste management has evolved significantly from traditional manual collection methods to intelli-
gent systems capable of real-time monitoring and automated decision-making. Conventional waste
collection practices generally operate on predetermined schedules regardless of the actual fill level of
waste containers, leading to inefficient use of resources and increased operational costs [11]. As urb-
an  populations  continue  to  grow,  municipalities  face  increasing  pressure  to  improve  collection
efficiency while minimizing environmental impacts [8]

Smart waste management systems employ sensors, embedded processors, communication technolo-
gies,  and  cloud-based  platforms  to  provide  real-time  information  regarding  waste  accumulation.
According to [12], the deployment of sensor-based waste monitoring systems significantly improves
collection efficiency by enabling dynamic scheduling based on actual container status. Similarly, [27]
demonstrated that intelligent collection systems reduce fuel consumption and transportation costs
through optimized routing strategies.

The concept of smart waste management aligns closely with smart-city initiatives, which emphasize
the use of digital technologies to improve urban services and sustainability [6]. By integrating sens-
ing,  communication,  and analytics  technologies,  smart  waste systems provide municipalities  with
actionable information for effective decision-making and resource allocation [28].

2.2 GPS and GSM technologies in smart waste management

Location awareness plays an increasingly important role in modern waste management operations.
GPS technology enables precise determination of geographical coordinates by receiving signals from
multiple satellites. In waste management applications, GPS data facilitate route optimization, asset
tracking, and operational planning [12].

The integration of GPS with wireless communication technologies further enhances system capabilit-
ies. GSM communication enables remote transmission of waste-level information, alarm notifications,
and location coordinates to monitoring centers [11]

The SIM808 module integrates GPS and GSM functionalities within a single device, reducing system
complexity and implementation cost. Such integrated platforms have become increasingly attractive
for IoT applications requiring both communication and location-tracking capabilities.
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2.3 Automatic lid control and smart access mechanisms

Automatic lid mechanisms utilize proximity sensors and servo motors to enable contactless waste
disposal. When a user approaches the waste container, a sensor detects the presence and activates
the lid-opening mechanism [29].

Servo motors such as the MG996R provide accurate angular positioning and sufficient torque for
automated lid operation. In addition, electronic locking mechanisms improve system security and
prevent unauthorized access to waste containers.

2.4 Critical review of existing systems

A review of existing literature reveals that most smart waste management systems concentrate on
one or two functionalities while neglecting others. Some systems emphasize waste-level monitoring
but lack autonomous energy capability. Others integrate wireless communication but do not provide
GPS tracking or automated user interaction.

Furthermore, many reported designs remain dependent on external power infrastructure, limiting
deployment flexibility  in developing regions.  Several  studies also focus exclusively on laboratory-
scale prototypes without considering real-world operational requirements such as security, energy
autonomy, and location-aware collection logistics.

Consequently, there remains a significant need for an integrated smart dumpster system capable of
combining  solar-powered  autonomous  operation,  real-time  waste-level  monitoring,  GPS  location
tracking, GSM communication, automatic lid control, electronic access security, and smart-city com-
patibility.

2.5 Theoretical framework

This study is founded on three major theories:

2.5.1 Internet of Things theory

The Internet of Things theory proposes that physical devices equipped with sensing, processing, and
communication capabilities can interact autonomously through interconnected networks [3].

2.5.2 Renewable energy theory

Renewable energy theory emphasizes the utilization of naturally replenishing energy resources to
support  sustainable  technological  systems.  Solar  photovoltaic  technology  converts  incident  solar
radiation into electrical energy through the photovoltaic effect [30].

2.5.3 Smart city framework

The smart city framework advocates the integration of digital technologies into urban infrastructure
to improve efficiency, sustainability, and quality of life [6].

2.6 Identified research gap

Despite  significant  advancements  in  smart  waste  management  technologies,  several  gaps  remain
evident in existing systems:

1.  Lack of energy autonomy; 

2.  Absence of integrated GPS tracking; 

3.  Limited user interaction; 
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4.  Inadequate security features; 

5.  Fragmented system architectures. 

These limitations necessitate the development of a more comprehensive smart waste management
platform.

3 Materials and methods

3.1 Overview

This section presents the methodology adopted for the design and construction of the Automatic
Solar-Powered Dumpster with GPS Tracking Capability for Efficient Waste Management. It describes
the  system  architecture,  hardware  and  software  design  procedures,  component  selection,
engineering calculations, circuit implementation, and operational principles.

The proposed system integrates renewable energy technology, embedded systems, wireless commu-
nication, sensing technology, and intelligent automation into a single waste management platform
capable of autonomous operation.

3.2 Component specification

The materials used for the construction of the Automatic Solar-Powered Dumpster with GPS Tracking
Capability for Efficient Waste Management are listed with their specifications in the Table 1.

Table 1. Hardware components and specifications.

Component Specification

ESP32 DevKit Dual-Core 240 MHz MCU

SIM808 GSM/GPRS/GPS Module

HC-SR04 Ultrasonic Distance Sensor

MG996R Servo Motor

LY-03 Solenoid Lock

LCD I²C 16×2 Display

Solar Panel 40 W

Battery 12 V, 15 Ah

Charge Controller PWM Solar Controller

3.3 System design methodology

The design methodology adopted in this study follows a structured engineering approach consisting
of:

1.  Requirement analysis 

2.  System architecture design 

3.  Hardware selection 

4.  Software development 

5.  Circuit design 
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6.  Prototype construction 

7.  Experimental testing 

8.  Performance evaluation 

The design flowchart is therefore represented in Figure 1 having identified some challenges reviewed
from literatures which were given some engineering approach by integrating the software developed
with the hardware components.  The performance of  the whole system was evaluated with some
physical parameters and the results was recorded.

Figure 1. Research procedure flowchart.

3.4 System architecture

Overall system architecture / Block diagram of the proposed smart dumpster is represented in Figure
2 and it consists of five major subsystems, which are:

1.  Power Supply Subsystem: Responsible for energy harvesting and storage. 

2.  Sensing Subsystem: Measures waste level and user presence. 

3.  Processing Subsystem: Processes all sensor information. 

4.  Communication Subsystem: Provides GPS tracking and GSM communication. 

5.  Actuation Subsystem: Controls lid opening and security locking. 

Iconic Research and Engineering Journals Vol. 10, Issue 4, October 2026

https://doi.org/10.64388/IREV10I4-1723922 ISSN 2456-8880 Paper ID: 1723922 | Page 1999



Figure 2. Overall system architecture (block diagram).

3.5 Engineering design calculations

3.5.1 Waste-level calculation

The percentage fill level is determined by equation (1):

(1)

where  is the bin height and  is the measured distance.

3.5.2 Distance measurement equation

The ultrasonic sensor operates based on equation (2):

(2)

where  is the distance,  is the speed of sound and  is the echo time.

3.5.3 Daily energy requirement

The energy requirements (in Watt-hours) are calculated for each operational state and add together
using equation (3):

(3)

where  is the energy (Wh),  is the power (W) and  is the time (h) [31].
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3.5.4 Solar panel sizing

Required solar power is given by equation (4):

(4)

where  is the daily energy (Wh) and  is the number of peak sun hours per day. Applying a 30%
design margin, the required solar panel is 40 W.

3.5.5 Battery capacity calculation

When analyzing energy storage systems (such as supercapacitors or battery banks),  equation (5)
expresses the rated capacitance or energy efficiency of a device.

(5)

where  is the capacitance (F),  is the stored energy (J),  is the voltage (V) and  is the system effi-
ciency (as a decimal, e.g. 0.85 for 85%).

3.5.6 Software design

The software was developed using the Arduino IDE.

Functions implemented include:

Waste monitoring 

User detection 

Automatic lid control 

GPS acquisition 

SMS transmission 

LCD updating 

3.6 Operational flowchart

Figure 3 shows the operational flowchart of the system from the starting point until it opens and
closes the lid for the user to drop refuses into the bin. It therefore detects whether the bin is full or
not.

• 

• 

• 

• 

• 

• 
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Figure 3. Operational flowchart.

3.7 Circuit implementation

The circuit (as shown in  Figure 4) was designed around the ESP32 microcontroller. The ultrasonic
sensors provide input signals to the ESP32. The ESP32 controls (i) Servo motor (ii) Solenoid lock (iii)
LCD display.

The SIM808 communicates with the ESP32 through UART communication. Power is supplied through
the regulated solar-battery subsystem.
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Figure 4. Circuit diagram.

4 System implementation, results and discussion

4.1 Overview

The implementation, testing, and performance evaluation of the developed Automatic Solar-Powered
Dumpster with GPS Tracking Capability are thereby presented. Figure 5 shows components mounted
on the veroboard for the experimental investigations which were conducted to evaluate the effective-
ness of the solar power subsystem, waste-level monitoring unit, GPS tracking module, automatic lid
mechanism, and overall system reliability.
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Figure 5. Components mounted on the veroboard.

The developed prototype, that was constructed by integrating all hardware modules into a custom-
ized dumpster enclosure, was tested under both laboratory and outdoor conditions to validate its
functionality and suitability for smart waste management applications.

The experimental setup was designed to evaluate: Waste-level measurement accuracy, Solar energy
generation performance, Battery backup capability, GPS positioning accuracy, Automatic lid response
time and GSM communication reliability.

4.2 Experimental results

4.2.1 Waste-level monitoring performance

The waste-level monitoring system was evaluated using known reference distances.  Table 2 shows
that the measured values closely related to the actual values. This sensor responses indicate very high
sensor accuracy with average error of 0.28 cm of the measured distance above the actual distance
(see Table 3). The actual distance versus the measured distance is represented in Figure 6

Table 2. Sensor accuracy test.

Actual Distance (cm) Measured Distance (cm) Error (cm)

10 10.2 0.2

20 20.3 0.3

30 30.1 0.1
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Actual Distance (cm) Measured Distance (cm) Error (cm)

40 40.4 0.4

50 50.2 0.2

60 60.5 0.5

4.2.2 Sensor accuracy analysis

According to  [32]–[34] the accuracy of the HC-SR04 ultrasonic sensor was evaluated by comparing
measured  distances  with  actual  distances  obtained  using  a  calibrated  measuring  tape.  Sensor
accuracy was calculated using equation (6) and average error equals 0.28 cm.

(6)

Using the experimental data, the average accuracy is 99.1%.

The results as presented in the Tables 2 and 3 indicate excellent performance of the HC-SR04 sensor
for waste-level monitoring. The response was represented in Figure 6.

Table 3. Sensor performance metrics.

Parameter Value

Average Error 0.28 cm

Accuracy 99.1%

Repeatability 98.8%

Figure 6. Actual distance versus measured distance.
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4.2.3 Solar energy performance

The solar subsystem was tested over a typical sunny day. The output power in watt was recorded in
Table 4 and represented in  Figure 7 based on a particular period. Peak output occurred between
12:00 and 14:00 hours.

Table 4. Solar power output.

Time Output Power (w)

08:00 12

10:00 24

12:00 38

14:00 40

16:00 29

18:00 10

Figure 7. Solar power generation profile.

4.2.4 Battery performance evaluation

Battery discharge tests were conducted under continuous operation. This time frame was considered
both day and night (that is, for 12 hours) continuously. The results of the continuous operation are
recorded in the  Table 5. The response as indicates in  Figure 8 shown that the battery successfully
powered the system throughout the testing period.

Table 5. Battery voltage variation.

Time (h) Voltage (V)

0 12.60
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Time (h) Voltage (V)

2 12.45

4 12.31

6 12.18

8 12.02

10 11.89

12 11.75

Figure 8. Battery voltage profile.

4.2.5 GPS tracking performance

GPS accuracy was evaluated by comparing measured coordinates against known reference coordin-
ates. The SIM808 module achieved acceptable positioning accuracy for waste collection applications.
Table 6 shown GPS Error Analysis and Figure 9 represents the GPS position error.

Table 6. GPS error analysis.

Test No. Position Error (m)

1 3.2

2 2.8

3 4.1

4 3.5

5 2.9

Note: Average error = 3.3 m.
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Figure 9. GPS position error.

4.2.6 Automatic lid response performance

The automatic lid operation was tested over multiple trials. The servo motor demonstrated rapid and
consistent operation. The response time per trial is recorded in Table 7 which gives average response
at 0.81 s.

Table 7. Servo response time.

Trial Response Time (s)

1 0.82

2 0.79

3 0.84

4 0.81

5 0.80

4.2.7 GSM communication performance

SMS notifications were transmitted whenever the dumpster reached 80% capacity. The GSM subsys-
tem reliably transmitted alerts to designated five (5) users at different locations. For each test (as
shown in Table 8), SMS was generated by the bin and received on the pre-programmed phone num-
bers. Transmission Success Rate equals one hundred percent (100%).

Table 8. GSM reliability test.

Test SMS Sent SMS Received

1 Yes Yes

2 Yes Yes
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Test SMS Sent SMS Received

3 Yes Yes

4 Yes Yes

5 Yes Yes

4.2.8 Overall system performance

The summary of the Performance Evaluation of the automatic solar-powered dumpster is listed in
Table 9. It shows the result of each parameter taken at a glance which led to an exemplary output
performance of the system.

Table 9. Summary of the experimental characterization and performance evaluation.

Parameter Result

Sensor Accuracy 99.1%

Average Sensor Error 0.28 cm

GPS Accuracy 3.3 m

Solar Panel Output 40 W

Battery Backup 15.6 h

Servo Response Time 0.81 s

GSM Success Rate 100%

4.3 Discussion of results

The experimental results demonstrate that the developed automatic solar-powered dumpster suc-
cessfully achieved all design objectives with standard performance evaluation.

Figure 6 shows the relationship between the actual and the measured distance in order to determine
the average error of the ultrasonic sensor to be 0.98 cm. The sensor accuracy analysis showed that
the  ultrasonic  sensing  subsystem  achieved  an  accuracy  of  approximately  99%  which  indicating
reliable  waste-level  monitoring capability.  The GPS subsystem maintained an average positioning
error of approximately 3.3m, which is suitable for municipal waste collection tracking applications.

Solar Power Generation Profile represented in Figure 7 displayed that the output power is at its peak
around 38 W and 40 W between the hours of 12:00 and 14:00 which gives the effective performance
of  the solar  energy subsystem that  generates  sufficient  energy to  sustain autonomous operation,
while the battery provided backup power during periods of low solar irradiance. The GSM module
achieved a transmission success rate of  100%, ensuring dependable communication between the
dumpster and waste management personnel.

Also, the automatic lid mechanism responded within an average time of 0.81 seconds, improving user
convenience and reducing direct contact with the waste container.

Overall, the prototype demonstrates significant potential for deployment in smart-city environments
where  efficient,  sustainable,  and  intelligent  waste  management  solutions  are  required.  Table  10
shows  the  comparative  analysis  reviewed  from  some  existing  literatures  which  reveals  that  the
prototype system integrates all major functionalities, such as waste monitoring, GPS, Solar power,
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auto lid, GSM and Security, within a single architecture, making it more suitable for smart-city deploy-
ment.

Table 10. Comparative analysis of existing systems.

Author(s) Waste monitoring GPS Solar Auto lid GSM Security

Alfarsi et al. (2023) [35] ✓ ✗ ✗ ✓ ✓ ✗

Faccio et al. (2011) [11] ✓ ✓ ✗ ✗ ✗ ✗

Khan et al. (2022) [28] ✓ ✗ ✗ ✗ ✓ ✗

Kumar and Prakash (2021) [29] ✓ ✗ ✗ ✓ ✗ ✗

Longhi et al. (2012) [12] ✓ ✗ ✗ ✗ ✗ ✗

Olowosebioba et al. (2023) [15] ✓ ✗ ✓ ✓ ✗ ✗

Shyam et al. (2017) [16] ✓ ✗ ✗ ✗ ✓ ✗

Present system ✓ ✓ ✓ ✓ ✓ ✓

5 Conclusion

In  conclusion,  a  newly  designed  prototype  of  an  automatic  solar-powered  dumpster  with  GPS
tracking capability displayed an enhanced and efficient waste management performance for smart-
city utilization. The system exhibits and delivered 99% sensor accuracy over 15hrs solar system with
GPS/GSM tracking of more than 3.3m. Therefore, all intended reliability functionalities are accurate.
The system is recommended for usage by integrating ground station monitoring server that connects
many other subsystems.
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