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The accumulation of inorganic waste in urban environments requires inno-
vative technological solutions that support the Sustainable Development Goals
(SDGs), particularly SDG 11 (Sustainable Cities and Communities) and SDG
12 (Responsible Consumption and Production). Smart waste management sys-
tems integrating Artificial Intelligence (Al) and the Internet of Things (IoT) have
emerged as promising digital innovations to improve waste sorting efficiency.
This study presents the development of a smart waste sorting system called
Orange Box, designed to support sustainable startup initiatives in environmen-
tal technology. A major challenge in deploying IoT-based devices in outdoor
public areas is the limited availability of conventional electrical infrastructure,
where reliance on extension cables is inefficient and potentially unsafe. There-
fore, this research aims to design and evaluate an independent off-grid electrical
system based on renewable energy to ensure continuous operation of the device.
The proposed system utilizes solar panels as the primary energy source, with
energy conversion and distribution managed through a 500W inverter and a 20A
Power Supply Unit (PSU) that supplies power to a Raspberry Pi 5-based con-
trol system. Experimental measurements indicate that the system operates with
an average power consumption of approximately 10-12W and reaches a peak
load of 17.17W during active waste sorting operations. The estimated daily
energy consumption ranges from 288Wh to 338Wh when considering inverter
efficiency. These findings demonstrate that integrating renewable energy in-
frastructure with IoT-based smart waste sorting technology represents a viable
digital innovation to support sustainable startups while contributing to SDG 7
(Affordable and Clean Energy).
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1.

INTRODUCTION

Waste management, particularly inorganic waste, remains a major environmental challenge that re-
quires immediate and systematic solutions. Rapid population growth and urbanization have significantly in-
creased the volume of municipal waste, creating serious environmental and public health concerns. Recent data
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from the National Waste Management Information System (SIPSN) in 2023 indicates a continuous increase in
waste generation in Indonesia, highlighting the urgent need for more effective and technology-driven waste
management strategies. In this context, waste sorting at the source has become a critical step in reducing land-
fill pressure and improving recycling efficiency. Data from the Ministry of Environment and Forestry (KLHK)
also emphasizes the importance of integrating digital technologies into domestic waste management systems
in order to enhance operational efficiency and promote environmental sustainability [1].

In response to these challenges, a technological innovation known as the Orange Box, an automatic
waste sorting device, was developed. This system integrates Artificial Intelligence (AI) and computer vision
technologies to automatically detect, classify, and separate different types of waste without requiring direct
human intervention [2]. Through image recognition and intelligent classification algorithms, the system can
identify waste categories and trigger automated sorting mechanisms. The implementation of this technology
is expected not only to improve waste management efficiency but also to function as an educational tool that
increases community awareness regarding proper waste disposal practices [3]. By combining automation with
environmental education, the device contributes to the development of smarter and more sustainable urban
waste management systems [4].

Despite the advanced technological capabilities of the Orange Box, several infrastructure challenges
were identified during field deployment, particularly related to the availability of electrical power sources [5].
Smart waste sorting devices are ideally installed in open public spaces such as parks, community centers, or
the yards of public facilities to ensure easy accessibility for residents [6, 7]. However, these strategic locations
are often located far from conventional electrical outlets or the main power infrastructure of nearby build-
ings, including community facilities such as Posyandu [8]. Extending conventional power cables from nearby
buildings to outdoor devices is considered inefficient due to installation costs, maintenance requirements, and
potential safety risks in public environments [9]. These limitations highlight the importance of developing an
independent and reliable power infrastructure that can support continuous device operation [10].

To address these limitations, an independent power supply system that operates without relying on
the national electricity grid (off-grid) is required [5, 11]. Renewable energy, particularly solar energy, rep-
resents one of the most feasible and environmentally sustainable solutions due to its abundant availability in
tropical regions such as Indonesia [12]. Solar-based power systems have the potential to provide a stable and
autonomous energy source for IoT devices deployed in outdoor environments. Previous studies have explored
the application of Artificial Intelligence (Al) and Internet of Things (IoT) technologies in smart waste manage-
ment systems [13, 14]. However, most of these studies primarily focus on improving waste detection accuracy,
sensor integration, and automation mechanisms [15]. Limited attention has been given to the sustainability and
reliability of the supporting energy infrastructure required to maintain continuous system operation, particu-
larly in outdoor environments where access to grid electricity is limited [4]. Therefore, integrating Al-based
waste sorting technology with renewable energy—based off-grid power systems remains an important research
gap in the development of sustainable smart waste management solutions [16]. Addressing this gap is essen-
tial to ensure reliable, energy-independent, and environmentally sustainable deployment of intelligent waste
sorting devices [8].

2. LITERATURE REVIEW

2.1. Waste Management and Internet of Things (IoT)

Waste management has become a critical global issue due to the rapid growth of urban populations
and consumption patterns. Technological innovation is increasingly used to support efficient waste manage-
ment systems, particularly through the integration of the Internet of Things (IoT). IoT refers to a network of
interconnected physical devices embedded with sensors, software, and communication technologies that enable
real-time data exchange through internet connectivity [17]. In smart waste management, IoT enables devices
to monitor, detect, and classify waste automatically [18].

The Orange Box system represents a practical implementation of IoT combined with Artificial In-
telligence (AI) and Computer Vision to automatically detect and separate waste categories without human
intervention [19]. Such automation improves waste sorting accuracy and promotes environmental awareness
in communities. However, loT-based systems require continuous and stable electrical power to maintain de-
vice connectivity, processing capability, and operational reliability [19]. Power instability may lead to system
interruptions, data loss, or device resets, which reduce the effectiveness of smart waste solutions.
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2.2. Off-Grid Solar Power System

Renewable energy plays an essential role in supporting the development of sustainable digital infras-
tructure, particularly for systems that operate continuously in outdoor environments. Among various renewable
energy sources, solar energy has become one of the most widely adopted solutions due to its abundance, scala-
bility, and environmentally friendly characteristics [12]. Solar photovoltaic (PV) technology enables the direct
conversion of sunlight into electrical energy through semiconductor materials, allowing electronic devices and
smart systems to operate without relying entirely on conventional fossil-fuel-based electricity. In the context of
sustainable technology deployment, solar energy provides a practical approach to reducing carbon emissions
while ensuring long-term energy availability for digital devices.

For locations where access to the national electricity grid is limited or unavailable, Off-Grid solar
power systems provide an independent and reliable energy solution [20]. In this configuration, solar panels
capture solar radiation during the daytime and convert it into electrical energy, which is then stored in battery
systems for later use. The stored energy allows devices to continue operating during nighttime or periods of
low solar irradiation, such as cloudy weather conditions [15]. This energy storage mechanism ensures system
stability and supports uninterrupted operation of connected devices.

Off-grid solar power systems have been widely implemented in various applications, including remote
environmental monitoring, agricultural sensing systems, and smart infrastructure deployed in public outdoor
environments. These systems are particularly suitable for Internet of Things (IoT) devices that require continu-
ous operation but are often installed in locations far from conventional electrical infrastructure. By integrating
renewable energy with IoT-based systems, it becomes possible to develop energy-independent technological
solutions that support sustainable urban development while minimizing operational costs and environmental
impact.

2.3. Power Conversion Mechanism

In renewable energy systems, electrical energy typically undergoes several conversion stages before
reaching the load device. Since most solar panels and batteries produce direct current (DC), power conversion
is required to match the voltage specifications of electronic devices. A DC-to-AC inverter is commonly used
to convert 12V DC battery power into 220V AC electricity [21]. In this study, a Modified Sine Wave (MSW)
inverter was used due to its affordability and suitability for small-scale off-grid applications [22]. Although
MSW inverters generally have lower efficiency and higher harmonic distortion compared to Pure Sine Wave
(PSW) inverters [6], they remain adequate for low-power [oT devices such as microcontrollers and embedded
systems.

Following the inverter stage, a Power Supply Unit (PSU) converts the 220V AC voltage into a stable
5V DC output required by the Raspberry Pi microcontroller and peripheral components [23]. Maintaining
voltage stability is essential to ensure system reliability and prevent damage to sensitive electronic components
[17]. The efficiency of these conversion stages significantly influences the overall energy consumption and
sustainability of loT-based systems [24, 25].

2.4. Related Works

Several previous studies have investigated the integration of renewable energy into smart waste man-
agement systems, developed a solar-powered automatic waste sorting system and concluded that renewable
energy is highly suitable for outdoor applications, although accurate battery capacity planning is required [26].
Similarly, implemented solar energy in smart waste bins and highlighted the importance of stable power supply
to maintain system performance [27].

In addition, analyzed Off-Grid power systems and emphasized that accurate load estimation is crucial
to prevent system failure and ensure stable operation. Similarly, [28] demonstrated that a 100 Wp solar panel
can adequately support low-power electronic devices, although excessive power conversion stages may reduce
overall system efficiency. Despite these contributions, most existing studies primarily focus on device func-
tionality or waste detection accuracy. Limited attention has been given to the sustainability of the supporting
energy infrastructure required for continuous system operation. Therefore, integrating Al-based smart waste
sorting technology with renewable energy systems remains an important area for further research to ensure
reliable and sustainable deployment.
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3. METHOD

3.1. Research Flow

This research was conducted systematically to ensure that the electrical system of the Orange Box
operates efficiently and reliably. The study began with a comprehensive literature review to identify relevant
theories, previous studies, and technological approaches related to off-grid power systems and energy manage-
ment for electronic devices. The insights obtained from this stage served as the foundation for designing the
electrical architecture using an Off-Grid topology, which allows the system to operate independently from the
conventional power grid. After the design phase, the research continued with the integration and assembly of
all electrical components, including solar panels, charge controllers, batteries, inverters, and supporting power
supply units to ensure stable power distribution. Finally, a series of performance tests were conducted to eval-
uate voltage stability, energy efficiency, and the overall reliability of the system in supporting the operational
needs of the Orange Box. The complete sequence of the research stages is visually illustrated in Figure 1.

Literature Review
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|

Tools and Materials
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|

System Assembly &
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Successful?
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Figure 1. Research Flowchart

The applied research flow is illustrated in Figure 1. The stages begin with a literature review to
gather references related to IoT and renewable energy, followed by the design of the off-grid electrical system.
Following the preparation of tools and materials, the process proceeds to assembly and system integration
[29]. Performance testing is conducted iteratively to ensure the device’s reliability. If the test results do not
meet established standards, the process reverts to the assembly stage for refinement. The study concludes with
performance data collection and an analysis of the implementation results.

3.2. Research Tools and Materials
To realize the electrical infrastructure for the Orange Box, a set of tools and materials with the follow-
ing technical specifications were utilized:

3.2.1. Power Generation and Energy Storage Components
A 100 Wp solar panel is utilized as the primary component for converting solar energy into electrical
power. The panel used in this system is a polycrystalline type manufactured by ICA Solar or an equivalent brand
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with similar specifications. Polycrystalline solar panels are widely adopted in small-scale renewable energy
systems due to their reliability, durability, and relatively stable energy conversion efficiency under varying
environmental conditions.

Figure 2. 100 Wp Solar Panel

The physical implementation and configuration of the solar panel used in this study are presented in
Figure 2, which illustrates the solar module installed as part of the renewable energy infrastructure supporting
the automatic waste sorting system [30].

A 10A Solar Charge Controller (SCC) is used to regulate the electrical energy generated by the solar
panel before it is stored in the battery system. The controller employed in this study is a PWM (Pulse Width
Modulation) type, commonly recognized by its blue model design, and is equipped with a digital LCD display
that enables real-time monitoring of voltage and charging status [31].
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Figure 3. Solar Charge Controller (SCC)

In addition, the integrated LCD indicator provides important operational information, allowing users
to monitor system performance and battery condition more easily during deployment. The Solar Charge Con-
troller utilized in this system is illustrated in Figure 3, which shows the physical device used to manage energy
flow within the off-grid solar power system.

A 12V 100Ah VRLA (Valve Regulated Lead-Acid) battery manufactured by Yuasa is used as the
primary energy storage component in the off-grid power system. This type of battery is widely utilized in
renewable energy applications due to its reliability, low maintenance requirements, and stable performance in
continuous charging and discharging cycles. With a nominal capacity of 100Ah at 12V, the battery is capable
of storing approximately 1200Wh of backup electrical energy.
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Figure 4. 12V 100Ah VRLA Battery

This stored energy ensures a stable power supply for the [oT-based device, including the Raspberry Pi
microcontroller and supporting hardware components. The physical implementation of the battery used in this
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system is shown in Figure 4, illustrating the VRLA battery that serves as the main energy storage unit within
the renewable energy infrastructure [32].

3.2.2. Distribution and Power Conversion Components

A 500W inverter is utilized in the system to convert direct current (DC) electricity stored in the battery
into alternating current (AC) required by several electronic components. The inverter used in this study is a
Modified Sine Wave type, with an input voltage of 12V DC and an output voltage of 220V AC, making it
suitable for standard electrical devices operating on household voltage levels. Modified sine wave inverters are
commonly employed in small-scale renewable energy systems due to their relatively high efficiency, compact
design, and cost-effectiveness compared to pure sine wave alternatives [33].

(-] Powsa,!,;ay:EBTER
| 500w

Figure 5. Power Inverster 500W

In this system, the inverter ensures that electrical energy stored in the VRLA battery can be safely and
effectively utilized to power supporting devices that require AC input. The inverter unit features a distinctive
orange or gold aluminum casing, which functions not only as a protective enclosure but also as a heat dissipa-
tion structure to maintain stable operation during continuous power conversion. The physical appearance and
implementation of the inverter used in this renewable energy system are illustrated in Figure 5.

A Power Supply Unit (PSU) is used to regulate and convert electrical power into a stable voltage
required by the system’s electronic components. The PSU employed in this study is a mesh-type switching
power supply, designed with an open metal casing that facilitates heat dissipation and improves airflow during
continuous operation. The unit supports an input voltage of 110/220V AC and provides a stable output of 5V
DC with a maximum current capacity of 20A, making it suitable for powering microcontroller-based systems
and other low-voltage electronic devices [17].

Figure 6. Power Supply Unit (PSU)

The stable voltage regulation provided by the PSU ensures reliable system performance and protects
sensitive electronic components from voltage fluctuations or electrical instability. The physical form and con-
figuration of the Power Supply Unit utilized in this study are presented in Figure 6, illustrating the mesh-type
PSU integrated within the off-grid renewable energy system arch

A Miniature Circuit Breaker (MCB) is installed in the electrical system as a protective component
to prevent damage caused by electrical overloads and short circuits. In this study, two types of MCBs are
utilized, namely C16 and C6, which function as automatic protection switches within the low-voltage electrical
distribution system. These breakers operate by automatically disconnecting the electrical circuit when the
current exceeds the predefined safety threshold, thereby protecting critical components such as the inverter,
power supply unit, and other electronic devices from potential electrical faults [31].
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Figure 7. MCB (Miniature Circuit Breaker)

The use of different current ratings allows the system to provide layered protection for various elec-
trical loads operating at different power levels. The selection and installation of these protective components
follow the low-voltage protection standards outlined in the component safety manual, ensuring safe and reli-
able system operation during continuous use. The MCB device implemented in the renewable energy system
is illustrated in Figure 7, which shows the protective switch integrated into the overall off-grid electrical infras-
tructure

Figure 8. Terminal Block

A Terminal Block is utilized as a connection interface for organizing and distributing electrical wiring
within the system. This component functions as a secure and structured point for connecting multiple distri-
bution cables, enabling efficient electrical routing between different hardware components such as the power
supply unit, inverter, MCB, and other electrical modules. Based on Figure 8 use of terminal blocks helps
improve wiring management by reducing cable clutter and ensuring stable electrical connections, which is
essential for maintaining system reliability and safety [34].

3.2.3. Load Components (Orange Box Device) :

A Miniature Circuit Breaker (MCB) is installed in the electrical system as a protective component
to prevent damage caused by electrical overloads and short circuits. In this study, two types of MCBs are
utilized, namely C16 and C6, which function as automatic protection switches within the low-voltage electrical
distribution system. These breakers operate by automatically disconnecting the electrical circuit when the
current exceeds the predefined safety threshold, thereby protecting critical components such as the inverter,
power supply unit, and other electronic devices from potential electrical faults [35].

The Raspberry Pi 5 is utilized as the main processing unit responsible for handling digital data pro-
cessing and executing Artificial Intelligence (AI) algorithms within the system. As a single-board computer,
the Raspberry Pi 5 provides sufficient computational capability to manage multiple tasks, including sensor data
acquisition, image or signal processing, and communication between hardware components in the IoT-based
waste sorting device. Its compact design, energy-efficient operation, and flexible connectivity options make it
well suited for embedded system applications and smart environmental technologies.
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Figure 9. Raspberry Pi 5

The Raspberry Pi 5 serves as the central controller, processing input signals, executing Al-based
classification, and coordinating the automated waste sorting mechanism. It also integrates with the renewable
energy power system to enable continuous off-grid operation. The device used in this study is shown in Figure
9.

The MG995R servo motor functions as the mechanical actuator that drives the waste sorting mecha-
nism. In this system, five servo motors are installed to control different components of the automated sorting
process. Each motor receives control signals from the Raspberry Pi 5 to adjust the rotation angle and direct
waste into the appropriate sorting compartment.

Figure 10. Motor Servo MG995R

Through pulse-width modulation (PWM) signals, the servo motors achieve precise positioning, al-
lowing controlled and repeatable movements during operation. This actuator translates Al-based classification
decisions into physical sorting actions. The servo motor used in this study is shown in Figure 10.

The Camera Module V2 serves as the primary visual sensor for capturing image data used in the
waste classification process. Integrated with the Raspberry Pi 5, it enables real-time image acquisition for the
Al-based sorting system. The captured images are analyzed to classify waste based on visual features such as
shape, color, and texture, enabling automated and contactless waste identification.

Figure 11. Camera Module V2

Additionally, the compact design and compatibility of the Camera Module V2 with Raspberry Pi make
it suitable for embedded IoT applications requiring visual data processing. The camera module implemented
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in this study is presented in Figure 11, illustrating the visual sensing device used to capture image inputs for
the intelligent waste sorting system.

3.2.4. Measurement and Testing Instruments :

A Digital AC Wattmeter is utilized as a real-time electrical measurement device to monitor the per-
formance of the power system. The wattmeter is installed at the output terminal of the inverter, enabling
continuous observation of the electrical parameters supplied to the system. This device is capable of measur-
ing several key indicators, including Voltage (V), Current (A), Power (W), and Power Factor (PF), which are
essential for evaluating the efficiency and stability of the electrical supply. By providing real-time monitoring,
the wattmeter allows researchers to analyze the power consumption characteristics of the system and verify
whether the electrical load operates within the designed power capacity.

Figure 12. Digital AC Wattmeter

The collected measurements also support the evaluation of energy usage patterns and help identify
potential electrical inefficiencies or irregularities during system operation. The Digital AC Wattmeter used in
this study is shown in Figure 12, illustrating the monitoring device installed to measure and record the electrical
parameters of the off-grid renewable energy system.

A Digital Multimeter is employed as a diagnostic and measurement instrument to obtain accurate elec-
trical readings within the system. In this study, the digital multimeter is primarily used to measure direct current
(DC) voltage at critical points of the electrical circuit, particularly at the battery terminals and the output of the
Power Supply Unit (PSU). These measurements are essential for verifying the stability of the electrical supply
and ensuring that the voltage levels remain within the required operating range for the connected electronic
components.

Figure 13. Digital Multimeter

The use of a digital multimeter also supports system validation and troubleshooting by allowing pre-
cise monitoring of electrical parameters during system installation and testing. Accurate voltage measurements
help confirm that the energy storage and power regulation components function properly within the off-grid
renewable energy configuration. The Digital Multimeter utilized in this study is presented in Figure 13, illus-
trating the measurement device used to monitor and verify DC voltage levels in the electrical system.

3.3. Data Collection Method
The data collection procedure was conducted through several systematic stages: ensuring the battery
was fully charged (voltage > 12.5 Volts), recording idle power consumption via the Wattmeter, triggering the
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waste sensor to actuate the servos for peak power recording, and measuring the stability of the PSU output
voltage using a digital multimeter to ensure the safety of the power supply to the microcontroller [36].

4. RESULT AND DISCUSSION

4.1. Implementation of Power Generation System Circuit

The implementation of the electrical system was carried out on-site in accordance with the established
Off-Grid topology design. All control and power distribution components are centrally housed within a custom
panel enclosure to ensure installation safety and facilitate maintenance.

Digital AC Wattmeter

100 Wp Solar Panels

Inverter 500W
MCB (Miniature Circuit Breaker)

Terminal Listrik

Cable Power Supply Unit

Cable Raspberry PI 5

Terminal Block

Solar Charge Controller

Power Supply Unit (PSU)

PCA968S

Figure 14. Physical Layout and Component Interconnection within the Panel Box

The physical realization of the system assembly is shown in Figure 14. As depicted in the panel,
the Solar Charge Controller (SCC) functions as the central regulator, receiving input from the Solar Panel and
managing the battery charging process [37]. From the battery terminals, power is distributed through a safety
MCB to the Inverter for conversion into 220V AC. The inverter output is subsequently directed to the Power
Supply Unit (PSU), which converts it back into stable DC current to power the Raspberry Pi microcontroller
and servo motors [38].

4.2. Distribution Voltage Measurement Results

Voltage stability is a critical parameter that determines the reliability and performance of IoT-based
systems [39]. Stable voltage ensures that all electronic components, including sensors, controllers, and actu-
ators, operate within their required electrical limits. Based on direct measurements conducted using a digital
multimeter, the following voltage data were obtained from the system components:

* Charging Voltage (PV to SCC): Measured stable at 12.58V at the SCC terminal.

* Battery Voltage: Read between 12.7V and 12.8V. This figure indicates the battery is in a full (100%) and
healthy condition.

* Load Voltage (PSU Output): Measured constant at 5.0V . This is crucial because the Raspberry Pi 5 is
sensitive to undervoltage.
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Figure 15. SCC display indicating a fully charged battery (12.7V)

Figure 15 shows the Solar Charge Controller (SCC) display indicating the battery voltage status during
system operation. The LCD screen displays a voltage reading of 12.7V, which represents a fully charged
condition for the 12V VRLA battery used in the off-grid power system. This voltage level confirms that the
charging process from the solar panel through the SCC has successfully reached the optimal charging stage,
ensuring that sufficient electrical energy is stored in the battery. Monitoring the voltage value through the
SCC display is essential for evaluating the charging performance and overall stability of the renewable energy
system. The displayed voltage also provides a quick visual indication that the battery is operating within a
safe and efficient range, which is important for maintaining the reliability and longevity of the energy storage
component.

4.3. Real-Time Power Analysis
Power consumption measurements were conducted using a Digital AC Wattmeter at the Inverter output
side. The detailed data is presented in Table 1.

Table 1. Power Consumption Measurement Data of the Orange Box Device

No Condition Volt (V) Amp (A) Power (W) PF Analysis
1 Idle/ Standby 230 0.09 7.26 -17.32 0.36 System on, Raspberry Pi
active.
2 Processing (Al) 230 0.10 10.50-11.10 0.48-0.51 Camera active detecting
objects.
3 Active (Servo) 230 0.11 13.79-17.17 0.58 - 0.65 Servo motors moving.

Based on the data presented in the table above, the visualization and analysis of the device’s opera-
tional conditions are as follows:

Figure 16. Wattmeter reading during normal system operation
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As shown in Figure 16, when the device is in an idle or standby state, the power consumption is
recorded to be very low, specifically in the range of 7.32W. The display also indicates a Power Factor (PF)
value of approximately 0.48. This low PF value is attributed to the non-linear load characteristics of the Power
Supply Unit (PSU). However, given that the total active power (Watt) is minimal, this inefficiency remains
within safe limits. In addition to voltage stability, power quality is an important aspect in renewable energy
based IoT systems [40]. The current implementation utilizes a standard switching Power Supply Unit (PSU)
without active Power Factor Correction (PFC), which contributes to a relatively low power factor due to its non-
linear load characteristics. Although this condition does not significantly affect system performance given the
low total power demand, future system optimization may consider the use of a PSU equipped with active PFC
or the integration of additional filtering components, such as LC filters. These improvements would enhance
power quality by reducing harmonic distortion, improving power factor, and minimizing stress on the inverter,
thereby supporting higher efficiency and long-term system reliability.

Figure 17. Wattmeter display showing a peak load of 17.17W

Furthermore, Figure 17 captures the instance where the peak load reached 17.17W. This surge oc-
curred when the sensors detected waste, triggering the servo motors to actuate the door mechanism. Despite
this increase, the peak load of 17.17W remains significantly below the S00W maximum capacity of the In-
verter. Consequently, the system is ensured to be safe from overload risks and capable of continuous 24-hour
operation.

4.4. Energy Autonomy Calculation

To verify the sustainability of the proposed system, a mathematical calculation was conducted to eval-
uate the balance between the energy generated by the renewable energy source and the total power consumption
of the system components. This calculation provides a quantitative basis for assessing whether the system can
operate continuously under the available energy supply. To verify system sustainability, a mathematical calcu-
lation was performed as follows:

» Total Daily Energy: The total daily energy consumption is calculated assuming an average load of 12W
running continuously for 24 hours:

Eload =12 W x 24 h = 288 Wh

Considering an inverter efficiency of 85%, the actual energy required from the battery is:

288
Ebattery,req = @ ~ 338.8 Wh/day

« Effective Storage Capacity: The battery specification is 12V 100Ah, providing a total capacity of 1200
Wh. With a safe usage limit of 80% (Depth of Discharge/DoD):

Eysabie = 1200 Wh x 80% = 960 Wh
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* Days of Autonomy: The system autonomy is determined by dividing the usable energy by the daily
energy requirement:

960 Wh
D =———— ~283D
WS = gaggwh - 200 Days
For maximum theoretical depletion:
1200
Daysmee = —— ~ 3.5D
ays 3388 3.5 Days

The system demonstrates an autonomy of 2.8 to 3.5 days without sunlight. This duration complies
with the recommendations for reliable Off-Grid systems [41]. To further enhance energy efficiency and extend
battery autonomy during periods of limited solar irradiation, power management strategies can be incorporated
at the device level [42]. One effective approach is the implementation of a sleep or low-power mode for the
Raspberry Pi during idle or standby periods, where no waste detection or actuation is required. By reducing
CPU frequency, disabling non-essential peripherals, or scheduling periodic wake-up intervals, the system’s
average power consumption can be significantly lowered. Such power management strategies are particularly
beneficial during consecutive days without sunlight, as they help preserve battery capacity and ensure continu-
ous system availability in off-grid operating conditions.

5. MANAGERIAL IMPLICATIONS

The findings of this research offer practical insights for community leaders, local administrators, and
waste bank operators regarding the adoption of smart waste infrastructure in residential areas. First, cost effi-
ciency for community-funded operations. Since the Orange Box operates independently using solar energy, it
eliminates the burden of monthly electricity bills typically charged to community funds community funds. For
local administrators local administrators, this implies that the system can be installed in public spaces, commu-
nity parks, or waste collection points without requiring complex electrical wiring or increasing the neighbor-
hood’s operational budget. Second, enhancement of local waste collection efficiency. The integration of IoT
monitoring assists local waste collectors in managing their pickup schedules more effectively. Instead of daily
checking every bin, collectors can monitor the fill-levels via smartphone, prioritizing areas that are already full.
This improves the workflow of community waste services and prevents waste overflow in residential neighbor-
hoods. Third, fostering an educational and sustainable environment. The implementation of automated sorting
technology serves as an educational tool for residents and children. It encourages the community to participate
in waste segregation practices directly. For community organizers, adopting this technology demonstrates a
proactive step towards creating a "Smart Village” aligning local practices with national environmental stan-
dards.

6. CONCLUSION

This study demonstrates that the implementation of a renewable energy—based off-grid power system
successfully supports the continuous operation of the IoT-based Orange Box in public areas with limited ac-
cess to conventional electricity. The experimental results indicate that the device operates with a relatively low
average power consumption of 10-12 W and a peak load of 17.17W. Supported by a 12V 100Ah battery, the
system provides energy autonomy ranging from 2.8 to 3.5 days without solar input. Moreover, the stable 5.0
Volt output ensures the safe and reliable operation of the Raspberry Pi 5 as the main control unit. These findings
confirm that integrating solar energy infrastructure with IoT-based waste management systems is both techni-
cally feasible and operationally efficient for sustainable urban and community applications. For future research,
further improvements may focus on enhancing energy efficiency by replacing the inverter—PSU configuration
with a direct DC-DC buck converter. This approach would maintain a direct DC power flow from the battery
to the load, eliminating unnecessary DC-AC-DC conversion stages that introduce additional power losses. As
a result, overall system efficiency could be significantly improved, and battery autonomy could be extended,
particularly for low-power IoT-based applications such as the Orange Box system. The novelty of this research
lies in its integrative approach that combines an Al-based automatic waste sorting system with a quantitatively
evaluated off-grid renewable power infrastructure under real field conditions. Unlike previous studies that pri-
marily focus on IoT functionality or solar energy utilization in isolation, this work provides a comprehensive
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analysis of actual power consumption, energy conversion efficiency, and system autonomy. This contribution
positions the proposed system as a practical reference model for developing smart waste solutions that are not
only digitally intelligent but also energy-independent and environmentally sustainable.

For future research, further improvements may focus on enhancing energy efficiency by replacing the
inverter—PSU configuration with a direct DC-DC buck converter, thereby minimizing power losses caused by
multiple conversion stages. In addition, the integration of IoT-based monitoring sensors for both the battery
and solar panel would enable real-time and remote supervision of system health. By incorporating voltage,
current, and temperature sensors, key parameters such as battery state of charge, charging efficiency, and solar
panel performance can be continuously monitored to support preventive maintenance and long-term system
reliability in off-grid environments.

Future studies may also investigate system scalability by deploying multiple units or accommodating
higher loads across diverse locations to strengthen the role of this technology within Smart City and Smart
Village initiatives aligned with sustainable development goals. However, large-scale deployment introduces
several technical and economic challenges. From a technical perspective, scalability raises issues related to
system standardization, interoperability with existing urban IoT platforms, and the reliability of renewable en-
ergy components under varying environmental conditions. Differences in solar irradiation, battery lifespan,
and local maintenance capabilities may affect overall system performance. From an economic standpoint, the
initial investment required for solar panels, batteries, and control hardware can be substantial when imple-
mented at scale. Moreover, long-term operational costs associated with battery replacement, system monitor-
ing, and maintenance must be carefully considered. Addressing these challenges requires integrated planning
that balances technical robustness, cost efficiency, and institutional support to ensure sustainable and scalable
implementation.
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