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ABSTRACT

With the growing emphasis on sustainability and the need to reduce greenhouse gas emissions, efficient energy
management in lighting systems has become increasingly critical. This study proposes an intelligent classroom
lighting system that integrates Passive Infrared (PIR) and Light Dependent Resistor (LDR) sensors with a mobile
application for real-time monitoring and class scheduling. The system dynamically controls lighting based on
occupancy and luminance levels, even when schedules are predefined, while the mobile application provides
remote access to energy usage data, including total consumption and lighting duration. Experimental results
show that the system operates reliably under varying conditions and yields significant energy savings. Overall,
the proposed solution enhances user accessibility, reduces unnecessary energy usage, and demonstrates strong
potential as a sustainable energy management tool for educational environments.

Keywords: Energy; LDR; Scheduling; Monitoring; PIR
INTRODUCTION

An intelligent network-based lighting control system harnesses the power of central computing devices to
streamline communication between system inputs and outputs. Lighting alone accounts for 20%-60% of a
building's electricity usage. Manually turning lights on and off requires constant reminders, especially when
leaving a room. To tackle this inefficiency, a lighting control system based on the Internet of Things (IoT) was
developed, enabling seamless remote control and monitoring of lights (Ayub et al., 2025; Ahmad et al., 2019;
Alif et al., 2020; Bae et al., 2021). In educational institutions, lecture rooms frequently experience random
activation and deactivation of lights, irrespective of attendance or natural light availability. This erratic behavior
leads to significant electricity wastage and underscores the nation's insufficient focus on energy conservation.
The high electricity demand exacerbates the release of carbon dioxide and other greenhouse gases, contributing
to global warming and increasing the frequency of flash floods (Elshafie et al., 2023; Khan et al., 2024; Blume
et al., 2021).

A substantial body of research has examined multiple strategies to improve energy efficiency in building
environments, particularly through sensor-based automation. To incorporate smartphone-based control
mechanisms, Lai X et al. (2020) explored a system integrating a light-dependent resistor (LDR) sensor for
daylight sensing alongside passive infrared (PIR) sensors for occupancy detection. The findings demonstrated
that dynamic control based on both human presence and ambient illumination can significantly reduce
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unnecessary lighting use, thereby lowering operational costs. Meanwhile, Berde PA & Bhavani RG (2015)
conducted an evaluation of lighting retrofits and found that replacing conventional fluorescent tubes with LED
equivalents can reduce energy consumption by an average of 48.47%. This retrofit strategy is one of the most
widely adopted approaches due to its relatively low implementation cost and immediate energy-saving benefits.

In the context of higher education institutions, Mansur et al. (2021) examined the performance of smart lighting
systems in promoting sustainable campus operations. The study emphasized that, beyond energy savings, user
comfort is a critical metric of system effectiveness. Smart lighting improves visual comfort by adjusting
illumination levels according to task demands. However, the researchers noted that deploying such systems
requires substantial upfront investment and ongoing maintenance support. Complexities associated with
integrating modern control systems into existing campus infrastructure also pose considerable challenges.
Similarly, C.Te et al. (2022) investigated an loT-based smart lighting system designed for office environments.
The results showed that user-adaptive lighting enhances energy efficiency and convenience. Yet, issues related
to system connectivity, data privacy, and interoperability may limit widespread adoption.

Urban applications have also been explored, with Sikder et al. (2018) highlighting the effectiveness of adaptive
lighting solutions that respond to environmental conditions and human activity. While these systems improve
public safety and reduce energy consumption, The scalability remains a concern in large metropolitan areas.
High deployment costs, the need for robust cybersecurity protections, and ongoing maintenance requirements
present major obstacles to citywide implementation. Sensor-based control strategies have been extensively
reviewed by Wagiman et al. (2019), who identified occupancy and daylight-responsive techniques as the most
efficient. The comprehensive analysis indicated that building characteristics and occupancy patterns
significantly influence the performance of sensing-based solutions. Hybrid systems combining multiple sensing
modalities demonstrated energy savings of up to 95% in commercial buildings. In another study, Abdullah et al.
(2019) proposed a street lighting control system based on adaptive dimming, which successfully reduced
monthly energy consumption by up to 40%.

Various simulation-based and experimental research efforts have further expanded understanding of lighting
optimization. Verma & Jain (2018) evaluated dimming and switching daylight control methods in hotels using
software simulations, observing potential energy savings between 30% and 40%. Bannamas & Jirapong (2015)
introduced an intelligent lighting control system featuring six operating modes for both residential and
commercial applications; The findings showed that switching and dimming controls may yield average energy
reductions of up to 68%. In office settings, Kaneko et al. (2013) proposed a system that synchronizes lighting
intensity with access control data. By adjusting illumination based on occupant presence on a particular floor,
the system achieved energy savings of approximately 25%.

Other studies have emphasized environmental and architectural influences on lighting efficiency. Ul Haq et al.
(2014) noted that variables such as daylight availability, building orientation, occupant comfort, and task
characteristics significantly affect the success of energy-efficiency measures. Meanwhile, Zakaria et al. (2019)
introduced an enhanced Energy Efficiency Index (EEI) calculation method that incorporates occupancy
density—demonstrating that occupant number and distribution heavily influence energy consumption in
university buildings. Bulan et al. (2019) expanded this discourse by exploring microcontroller-based air
conditioning control, which yielded an average daily energy savings of 32%.

Beyond indoor lighting, energy-saving measures in outdoor environments have also been examined. Gorgulu et
al. (2020) studied garden, pathway, and roadway lighting and found that combining retrofitted luminaires with
dimming controls saved 762 MWh annually. Neardey et al. (2020) proposed energy-saving measures for 24-
hour service buildings and demonstrated that adjusting operational timing and integrating daylight-responsive
dimming could reduce energy use by 17% and 49%, respectively.

Lighting technology comparisons have similarly offered important insights. Ayan et al. (2020) evaluated
different lamp types and found smart LED bulbs to be the most energy-efficient when used with dimming and
remote-control features. Research at Sharm El-Sheikh Airport by Shafei et al. (2019) confirmed that LED
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lighting reduces energy loads by 57%, while a fuzzy logic control system further lowers monthly energy use by
approximately 25%. Lee et al. (2020) discussed the future integration of smart lighting into smart grid systems,
emphasizing potential contributions to peak load reduction and grid stability alongside concerns regarding
algorithmic complexity and user acceptance. Finally, IoT applications have been explored for smart buildings
more broadly. Masnur & Syahirun (2024) proposed a web-server-based load control system, though challenges
related to internet reliability and security were identified. Kumar et al. (2021) highlighted interoperability issues
in IoT lighting implementations, while Montalbo & Enriquez (2020) demonstrated the benefits and challenges
of deploying smart lighting in university classrooms.

Given these findings, the lighting system in educational facilities must be modernized to support both energy
conservation and improved learning environments. With increasing awareness of sustainability, the development
of a Smart Lighting System that integrates multiple sensors, centralized control, and real-time monitoring is
essential. The proposed system in this study aims to optimize lighting usage through occupancy detection,
daylight sensing, automated scheduling, and performance analytics. By minimizing unnecessary energy
consumption and providing detailed operational insights, this innovation is expected to significantly enhance
energy management practices within educational settings and contribute to long-term sustainability goals.

METHODOLOGY

A Smart Lighting System consists of hardware and software components, as illustrated in Figures 1 and 2.
Hardware Development

The ESP32 WROOM, compatible with Wi-Fi and Bluetooth, is the project's central processor depicted in the
block diagram in Figure 1. Before connecting to the microcontroller, the power supply (Adapter 12V 2A) will
be connected to the buck converter, which will step down the voltage while simultaneously stepping up the
currents. This will occur on the path from the power supply to the voltage regulator. Arduino Uno is connected
to a CT Clamp AC Current Sensor, an Alternating Current (AC) measuring device. PIR sensor, LDR sensor,
Push Button, and Arduino Uno are all connected to ESP 32 WROOM to serve as inputs to the microcontroller.
On the other hand, i2C LCD and Relay serve as outputs to turn on the LED lamp.
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Figure 1 Hardware block diagram
Software Development

The system can schedule four sets of dates simultaneously, as can be seen in Figure 2. Firebase received the login
registers and previous data on energy consumption for transmission as a cloud service. The data can be checked
in Firebase and Blynk Applications. The MIT App Inventor platform allows for monitoring real-time data energy
consumption.

Software Diagram
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System System
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Figure 1 Software block diagram

The interface of mobile applications, Blynk and Firebase served as a bridge between the user and the software,
allowing the user to enter commands or data and receive feedback or results from the software. Figure 3 (a)
shows the application's login and register menu. Users must enter The username and password to create a
database that can be retrieved. Figure 3 (b) shows the home screen after signing in. The screen displays a menu
bar for power monitoring and scheduling tasks. Figure 3 (c) displays input fields. Once the user selects a
predetermined schedule, the user can enter data. Data, including power used, price, current, and power, will
appear when the user clicks power monitoring. Figure 3 (d) illustrates price and power usage are based on total
usage, while current and power are based on real-time usage.
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Figure 3 Interface for (a) login register, (b) home screen, (c) schedule system, (d) monitoring system

Figure 4 shows Blynk's interface. This interface showed power used, cost, current, power, LDR raw, PIR state,
class lamp state, and LDR reading. A week, day, six hours, last hour, and latest can be analysed.
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Figure 4 Blynk Interface
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Prototype of Smart Lighting System

The Smart Lighting System prototype integrates PIR and LDR sensors with automated controls to optimize
energy efficiency, adjusting brightness based on occupancy and ambient light while enabling remote monitoring
via a mobile application. Figure 5 shows the complete prototype of this project.

Arduino Uno

PIR
Sensor

Buck
Converter

Figure 5 Overall prototype embedded system
Energy Parameters

Two energy estimation parameters are used for investigation: (i) Energy Consumption Ratio of the Smart
Scenario in comparison to the Base Scenario (ECRsg), (ii) Energy Consumption Ratio of the Manually
Controlled Scenario in comparison to the Base Scenario (ECRmp). ECRsg and ECRymp are the energy
consumption ratios for a specific strategy to the energy consumption in the smart and manually controlled
scenarios, respectively. The parameters given act as a comparison between two systems which are manually
controlled and smart scenarios that refer to the base scenarios. The parameters are used as a benchmark to identify
the most efficient system in terms of energy consumption and energy saving.

ECRsg = Es/Eg x 100 (1)
ECRMB = Em/Eg x 100 (2)

Eg represents the energy used in the basic scenario, Em represents the energy consumed in the manually
controlled scenario, and Es represents the energy expended in the smart scenario in kWh.

P = Current x 220 (3)
E =E +(0.000277778 x P/1000) 4
Price = Price per kWh x E (5)

RESULTS AND DISCUSSIONS

The smart lighting system has been utilised in practice at Bilik Tutorial 1 FTKEK as shown in Figure 6. The
three different possibilities are outlined in detail in Table 1. The observation was carried out concurrently for all
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three scenarios: the base case, the manually controlled case, and the smart. From 6:00 pm until 10:00 pm, the
light bulb is assumed to be permanently in the ON position in the base scenario. The light bulb has no automatic
or manual control mechanism, so it is always in the ON position. In the scenario where the light bulb is controlled
manually, the ON and OFF states are switched as necessary. Utilizing a Smart Lighting System makes the light
bulb's operation automated and adaptive to the environment. This can lead to energy savings, increased
convenience, and improved lighting conditions compared to the base and manually control scenarios.

Figure 6 Embedded system at tutorial room 1 FTKEK

Table 1 Explanation of the three scenarios

Description Base Scenario Manually Controlled | Smart Scenario
Scenario
Bulb operation state ON and OFF ON and OFF ON, DIM and OFF
Environment of | The light bulb is | The light bulb is manually | Motion sensing and
Scenario always ON in the | turned to ON when needed | illuminance value determine
evening and at | and OFF when not. whether the light is ON, DIM,
night. or OFF.
Control of Light bulbs | Centralized Decentralized control Both Centralized and
control Decentralized control

Energy Consumption in Three Scenarios

The analysis presented in Figure 7 highlights distinct variations in energy consumption across the three
scenarios: Base, Manually Controlled, and Smart. The Base scenario, which employs a 12W LED light bulb
without any control mechanisms, recorded the highest energy consumption at 0.39192 kWh per use and 143.051
kWh annually. This finding underscores the inefficiency of uncontrolled lighting, resulting in substantial energy
wastage. In comparison, the Manually Controlled scenario demonstrated a significant reduction in energy
consumption, with 0.19596 kWh per use and 71.5254 kWh annually. While manual control offers improvements
over the Base scenario, it remains dependent on user intervention, limiting its overall efficiency. The Smart
scenario, utilizing PIR and LDR sensors for automated control, achieved the lowest energy consumption at
0.18906 kWh per use and 69.0069 kWh annually. This demonstrates the effectiveness of intelligent automation
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in optimizing energy use by dynamically adjusting lighting based on occupancy and ambient light conditions.
The results confirm that the Smart scenario minimizes energy waste and enhances operational efficiency, making
it the most energy-efficient option. The findings emphasize the advantages of adopting smart lighting systems
for substantial energy savings and improved sustainability in practical applications.

Base Manually Controlled Smart
Scenarios

0.1

0.08

0.06

Energy Consumption in kWh

-6:00 pm to 700 pm (Human detected and illuminance Value 500 <= LDR reading < 2000 )
I 7:00 pm to 8:00 pm (No detection)

I:lB:OO pm to 9:00 pm (Human detected and illuminance Value LDR reading =2000 }

I =00 em 1o 10:00 pm (Mo detection)

Figure 7 Energy consumption of 12W LED light bulb in three scenarios

Energy Saving Parameters

Figure 8 illustrates the energy consumption trends for three lighting scenarios—Base, Manually Controlled, and
Smart—using a 12W LED light bulb. The graph indicates that the Base scenario has the highest energy
consumption due to continuous operation without optimization. The Manually Controlled scenario shows a
moderate reduction in energy usage, as user intervention allows lights to be switched off when not needed.
However, the Smart scenario demonstrates the lowest energy consumption, leveraging dimmable lighting and
sensor-based adjustments to optimize illumination based on real-time ambient conditions. This automation
ensures sufficient lighting while minimizing excess energy, making the system highly efficient. Integrating smart
controls significantly enhances energy savings by reducing power consumption without compromising
functionality. These findings highlight the advantages of smart lighting technology, particularly in applications
requiring continuous yet efficient illumination. Adopting such systems can contribute to long-term sustainability,
lower operational costs, and improved energy management in both residential and commercial settings.
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Figure 8 Energy consumption in kWh vs. number of light bulbs for 12W LED light bulbs
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Figure 9 presents the energy consumption ratio (ECR) for two scenarios, ECRsg and ECRwmg, as 12W LED light
bulbs increase from one to three. The graph indicates that both ECRsg and ECRMp maintain a consistent energy
consumption ratio of approximately 50%, regardless of the number of bulbs. This stability suggests that the
energy consumption ratio remains unaffected by scaling, implying that increasing the number of light bulbs does
not alter the proportional energy consumption for each scenario. The observed linearity in the ECR trends
indicates that external factors, such as lighting control strategies, likely influence overall energy efficiency more
significantly than the number of bulbs alone. This finding highlights a potential limitation in scalability for
applications requiring adaptive energy consumption ratio adjustments, as the ratio remains constant despite an
increase in lighting units. However, this consistency may suggest that the lighting system operates efficiently
within predefined parameters, ensuring uniform energy distribution across different bulb quantities.
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Figure 9 Energy consumption ratio vs. number of light bulbs of ECRsg and ECRwmp of 12W LED light bulbs.
Energy Saving Graphical Analysis

Figure 10 presents the energy-saving percentage (ES) for ESsg and ESwms scenarios concerning the number of
12W LED light bulbs. The graph demonstrates a linear increase in energy savings as bulbs increase, suggesting
that smart and manually controlled lighting systems consistently improve energy efficiency. The positive slope
indicates that energy savings scale proportionally with the number of bulbs, reinforcing the effectiveness of these
lighting control methods in reducing overall power consumption.

The slight difference between the ESsg and ESwmp values suggests that the smart lighting system (ESsg) achieves
marginally higher energy savings than the manually controlled system (ESmg). This discrepancy may be
attributed to the ability of smart systems to dynamically adjust brightness based on environmental factors such
as ambient light levels and occupancy, optimizing energy usage more effectively than manual controls. The
increasing trend in energy savings also implies that implementing energy-efficient lighting strategies in larger-
scale applications, such as commercial or industrial environments with multiple light sources, can significantly
reduce electricity consumption and operational costs.
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Figure 10 Energy saving ratio vs. number of light bulbs for ESsg and ESms
CONCLUSION

This study evaluates the Smart Lighting System, highlighting its role in enhancing energy efficiency and
automation. By integrating PIR and LDR sensors, the system achieved a 51.81% reduction in energy
consumption compared to manual lighting, demonstrating its effectiveness in optimizing energy use. Mobile
applications such as MIT App Inventor, Blynk, and Firebase also enable real-time monitoring, remote control,
and automated scheduling, providing users with greater convenience and reducing unnecessary energy waste.
Users can track power consumption and adjust settings efficiently, leading to further savings. Beyond cost
reduction, the system supports environmental sustainability by lowering electricity demand and reducing carbon
emissions. In conclusion, the Smart Lighting System offers a scalable, practical solution for modern lighting
management. Future advancements, such as Al-driven automation, could further improve its performance and
adaptability.
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