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ABSTRACT 

Street lighting is a significant component of safe driving during the afternoon and nighttime when sunlight 

is unavailable, as it enhances drivers’ visibility of the road, other vehicles, and surrounding areas. Lately, 

the integration of solar panels as the primary power source for streetlights has emerged as a promising, 

environmentally sustainable alternative for reducing energy consumption. However, because solar energy 

output is strongly affected by environmental conditions, a real-time monitoring system is essential for 

ensuring effective operation. This study presents the design of a monitoring system for solar-powered 

street lighting that integrates sensors to measure temperature, humidity, sunlight intensity, the voltage and 

current of solar panels, batteries, and lamps, from which the power output of each component is 

calculated. The measured data are displayed locally on a Thin Film Transistor (TFT) Liquid Crystal 

Display (LCD) and simultaneously transmitted to a cloud for remote access through a web interface. 

Performance evaluations confirm the system’s accuracy, with average measurement errors of 1.7% for 

temperature and humidity, 0.8% for voltage, and 1.5% for current. These results demonstrate that the 

system provides reliable real-time monitoring, thereby enhancing the efficiency, reliability, and 

maintainability of solar-powered street lighting systems. 

Keywords-street lighting; monitoring; solar panel; Internet of Things (IoT)   
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I. INTRODUCTION  

Street lighting is a public infrastructure that plays an 
important role in drivers' visibility during the afternoon and 
nighttime hours. Conventional street lighting lamps consume 
large amounts of electricity per year worldwide, which is 
generated primarily from fossil-fuel power plants. To lower 
energy consumption, the integration of Light Emitting Diode 
(LED) lamps is a very efficient solution [1-2], while the 
integration of renewable energy sources is also promising. 

In Indonesia, solar energy is among the most widely 
utilized renewable energy sources, primarily using Photovoltaic 
(PV) panels. Solar energy offers notable advantages, including 
being environmentally friendly, free from greenhouse gas 
emissions and harmful particulates, and virtually inexhaustible 
[3, 4]. Nevertheless, the performance of PV systems is highly 
dependent on environmental conditions, as parameters such as 
humidity, dust accumulation, wind speed, and temperature 
significantly influence PV performance [5-10]. Additionally, 
since street lighting is required at night when solar energy is 
unavailable, batteries are necessary to store daytime energy. 
Consequently, remotely supervised monitoring systems are 
required to evaluate environmental factors, the operational 
status of solar panels, such as shortages, faults, anomalies, or 
the storage batteries' status.    

Several studies have investigated monitoring and control 
systems for street lighting. For instance, activation and 
regulation of streetlights based on pedestrian and vehicle 
presence have been proposed to reduce unnecessary energy 
consumption, thereby improving efficiency [11-14]. 
Microcontroller-based battery charging control has been shown 
to enhance overall system performance [14], while the adoption 
of LED lamps has further reduced energy demand [15]. 
Nonetheless, effective and reliable operation still requires 
dedicated monitoring systems. The integration of the Internet 
of Things (IoT) in such systems enhances their capabilities by 
enabling remote monitoring and data management. Prior 
studies have explored a range of approaches, including 
monitoring of high-pressure sodium lamps [2]; Wireless Sensor 
Networks (WSNs) to improve data transmission efficiency [4]; 
web-server-based monitoring of solar-powered street lighting 
for maintenance support [16]; Kalman filter estimation for fault 
detection [17]; and IoT frameworks for solar energy 
monitoring [13, 18-21]. However, most existing monitoring 
efforts have been limited to solar panel energy output alone. 

 This article advances the monitoring of solar-powered 
street lighting by developing an IoT-embedded system capable 
of measuring sunlight intensity, temperature, humidity, and the 
voltage and current of solar panels, batteries, and lamps. From 
these measurements, the ESP32 microcontroller computes the 
corresponding power outputs of each component, providing a 
comprehensive assessment of system performance. Peacefair Z 
Energy Meter (PZEM) (Peacefair, China) sensors are employed 
for voltage and current measurements due to their high 
accuracy [22], while Digital Humidity and Temperature (DHT) 
(Aosong Electronics, China) sensors are used for humidity 
monitoring [23]. Results are displayed on a Thin Film 
Transistor (TFT) Liquid Crystal Display (LCD) and 

simultaneously transmitted to a cloud for visualization via a 
web interface. With this system, faults in Secure Sockets Layer 
(SSL) installations can be detected early, ensuring a continuous 
power supply. IoT-based monitoring has already been applied 
successfully in various domains, including air quality 
forecasting [24], PV systems [25], and smart waste 
management [26], highlighting its suitability for real-time 
monitoring of street lighting applications. 

II. LITERATURE REVIEW AND PROBLEM 

STATEMENT 

A considerable body of research has addressed solar panel 
monitoring systems and their application in street lighting. For 
example, authors in [27] developed a control system that 
integrates Light-Dependent Resistor (LDR) sensors with 
Internet Protocol (IP) cameras to minimize energy consumption 
by autonomously regulating LED operation. This system 
demonstrated economic feasibility, reduced startup costs, and 
significant energy savings. In [12], solar panels and wind 
turbines were combined with IoT-based microcontroller control 
for street lighting. This approach facilitated real-time control, 
fault detection, and preventive maintenance, while reducing 
labor costs and improving energy efficiency. Similarly, authors 
in [11] proposed an IoT-based solar-powered street lighting 
system with an anti-vandalism mechanism. This autonomous 
system utilized LDRs, Infrared (IR) sensors, and 
microcontrollers to modulate LED brightness, conserve energy, 
and extend system lifespan, while also integrating a vandalism 
tracking module and a Wi-Fi-enabled user interface. In [15], 
solar street lighting powered by panels and batteries was 
monitored through voltage, current, and battery status metrics 
to optimize system scheduling and control. Battery charging 
was further investigated in [22] using PZEM-004T sensors, 
with results confirming reliable sensor performance. Wireless 
remote monitoring of solar-powered street lighting systems was 
also studied in [4], demonstrating improvements in system 
reliability. In [16], real-time monitoring through integrated 
sensors and communication systems was employed for 
maintenance planning, while authors in [14] developed 
streetlamps with current and voltage monitoring to enhance 
reliability and longevity. Intelligent lighting control, though not 
solar-based, was investigated in [3] to improve energy 
efficiency. In a related domain, authors in [23] explored 
greenhouse automation and monitoring systems powered by 
solar panels, monitoring variables such as current, voltage, pH, 
water flow, humidity, and temperature, thereby reducing 
personnel costs and improving productivity. 

Moreover, authors in [28] provided a comprehensive 
review of PV monitoring systems, highlighting advancements 
in architecture, algorithms, and IoT integration for improved 
fault detection and predictive maintenance. However, their 
study lacked experimental validation and full-scale integration 
in real-world conditions. Authors in [29] designed an IoT-
based monitoring system for solar power plants capable of 
measuring real-time electrical parameters (voltage, current, and 
power) and transmitting them to a web-based platform, but 
without quantitative sensor accuracy assessment. Additionally, 
authors in [18] developed an IoT-based solar panel monitoring 
system for street lighting, smart communities, and microgrids, 
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using a Raspberry Pi to measure current, voltage, and 
temperature and visualize data on a website. Similarly, authors 
in [25] implemented a real-time IoT monitoring system for 
Building-Integrated Photovoltaics (BIPVs) to track voltage, 
current, power, and irradiance, thereby improving transparency 
and management. However, their study did not evaluate sensor 
accuracy nor fully incorporate environmental variables. 

III. MATERIALS AND METHODS 

The design of the energy monitoring system (Figure 1) for 
solar-powered street lighting involves several key stages: 
system design, sensor and equipment calibration, and 
equipment testing. 

The remote monitoring system for solar street lighting 
comprises the following components: solar panels, temperature 
and humidity sensors, sunlight intensity sensors, PV current 
and voltage sensors, battery current and voltage sensors, lamp 
voltage and current sensors, embedded systems, TFT screens, 
batteries, and web-based interfaces. The embedded system 
utilized in this study is the ESP32 V4, which functions as the 
central data processing unit, receiving the measurement data 
from all system components. 

Data from the voltage and current sensors are transmitted to 
the ESP32 via the Modbus RS485 protocol with a sampling 
interval of 10 seconds. Outputs from temperature, humidity, 
and sunlight intensity sensors are transmitted directly to the 
ESP32’s digital inputs with a sampling time of 2 seconds. The 
embedded processor calculates the output power of the PV 
system, battery, and lamps based on these measurements. 
Additionally, the embedded system controls a battery charge 
controller based on battery current and voltage readings. If the 
battery reaches full charge, the controller disconnects it to 
prevent overcharging, thereby prolonging battery lifespan 

Measurement data, including temperature, humidity, 
sunlight intensity, current, voltage, and calculated power, are 
displayed on the TFT LCD and transmitted via the IoT module 
to a dedicated website (Figure 2). Upon activation, the ESP32 
first verifies the internet connection. If a stable connection is 
present, it processes temperature, humidity, light intensity, 
voltage, and current data for display. The monitoring system 
workflow is illustrated in Figure 3. 

A. Sensor Specifications 

Temperature measurement in the monitoring system covers 
a range of 15 ℃ to 50 ℃, with a sampling time of 1 second. 
The DS18B20 (Maxim Integrated, USA) sensor is used for 
temperature detection, offering a measurement range of -55 ℃ 
to 125 ℃ and an accuracy of ± 0.5 ℃, producing a 12-bit 
digital output and operating on a supply voltage of 3-5.5 V. 
The sensor is connected to the ESP32 via digital input pins, as 
illustrated in Figure 3. A pull-up resistor is connected to the 
data pin to maintain a high logic level when no signal is 
transmitted, preventing floating conditions that could cause 
erroneous readings. 

Humidity is measured within a range of 20%-90% with a 
resolution of 1%, using the DHT-21 (Aosong Electronics, 
China) sensor, which covers a range of 0-100%. The DHT-21 
provides digital output via a single-wire Serial Data Line 
(SDA) and connects to the ESP32’s digital input. 

Light intensity is measured by the SEN0390 (DFRobot, 
China) sensor, which offers a range of up to 200,000 lux and an 
accuracy of 0.054 lux. Operating at 2.7-6 V with a current draw 
of 0.7 mA, it outputs digital data via the I2C protocol, using the 
Serial Clock Line (SCL) for synchronization and the SDA for 
data transfer. 

 

 

Fig. 1.  Diagram of a solar-powered street lighting monitoring system. 

Current and voltage for the PV system, batteries, and lamps 
are measured using the PZEM-017 (Peacefair, China) sensor, 
capable of measuring up to 300 V and 50 A. The sensor outputs 
digital data to the ESP32 via the Modbus RS485 protocol, with 
a TTL-to-RS485 module connected to the ESP32’s TX0 and 
RX0 pins. The TFT LCD is connected to the ESP32’s TX2 and 
RX2 pins for serial communication, as shown in Figure 4. 

Before testing, all sensors and equipment were calibrated. 
Voltage and current readings from the PZEM-017 were 
validated against calibrated voltmeters and ammeters at various 
load levels. Humidity readings from the DHT-21 were 
compared with a standard HTC-1 hygrometer, and temperature 
readings from the DS18B20 were compared with a standard 
thermometer. Light intensity readings from the SEN0390 were 
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validated against a UT-383 luxmeter. Differences between 
sensor outputs and reference instruments were recorded and 
applied as correction factors where necessary. Field testing was 
conducted over multiple days to verify measurement stability 
under varying environmental conditions. 

 

 

Fig. 2.  System monitor display. 

 

Fig. 3.  The monitoring system flowchart. 

IV. RESULTS AND DISCUSSION 

A. Sensor Performance 

In this study, the metrics of sensitivity and accuracy were 
quantitatively derived from sensor calibration tests conducted 
against standard reference instruments. Sensitivity was defined 
as the slope of the linear regression between sensor outputs and 
corresponding reference measurements, representing how 
much the sensor output changes in response to variations in the 
true value. Accuracy was evaluated based on the Mean 
Absolute Percentage Error (MAPE) between the sensor 
readings and the reference instrument, calculated as: 

�������� � 100% � 
���   (1) 

Figure 5 presents the Printed Circuit Board (PCB) design 
for the monitoring system, which serves as the central 
integration platform for all sensors and devices. The PCB 
consolidates the signal pathways, power supply circuits, and 
data communication interfaces, providing stable and reliable 
system operation. Following hardware assembly, sensor testing 
and calibration were carried out to verify sensor performance 
and quantify measurement errors. The percentage error of the 
sensor reading is determined based on the difference between 
the sensor reading 
������  and the measurement results 
obtained with standard instruments 
���������� , as stated in 
(2): 

������ ����� �
� !"#$%&'!#(�"'!")$

� !"#$%&'!#
∙ 100% (2) 

 

 
(a) 

 
(b) 

Fig. 4.  (a) Humidity and (b) temperature detector circuit 

 

Fig. 5.  Monitoring system circuit PCB board. 
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Figure 6 shows the results of temperature measurements 
using the DS18B20 sensor compared to a standard 
thermometer. The x-axis label "Data" denotes the sequential 
measurement index acquired during calibration tests. The 
temperature detector exhibited a mean error of 0.48 ℃, ranging 
from 0.07 ℃ to 1.2 ℃. The average percentage error for 
temperature measurement was 1.7%, corresponding to an 
accuracy of 98% and a sensitivity of 0.5 ℃. 

 

 

 

Fig. 6.  Measurement result from the temperature detector and the error of 

the detector reading. 

Humidity measurements of the sensor and reference 
instrument are illustrated in Figure 7. The DHT21 measured 
humidity levels within the 36%-90% range with a sensitivity of 
1%. Compared with the reference instrument, it showed an 
average absolute error of 0.91% and a percentage error of 
1.7%. 

The performance of the PZEM-017 sensor was evaluated 
by comparison with a calibrated voltmeter and ammeter, as 
depicted in Figure 8. Based on testing results, voltage 
measurement errors ranged from 0.05 V to 1 V, with an 
average error of 1.6 V and a mean percentage error of 0.8%, 
yielding a sensitivity of 0.1 V and an accuracy of 99%. For 
current measurement, the sensor exhibited an average error of 
0.02 A, with a maximum error of 0.1 A and an average 
percentage error of 1.5%, corresponding to a sensitivity of 0.01 
A and an accuracy of 98%. Authors in [20] reported a PZEM 
voltage monitoring error below 1%; the lower error achieved in 
this study demonstrates improved measurement performance. 

 

 

Fig. 7.  Measurement result from the humidity detector and the error of the 

detector reading. 

 

 

Fig. 8.  Measurement result of the voltage and current detector. 



Engineering, Technology & Applied Science Research Vol. 15, No. 6, 2025, 29186-29193 29191  
 

www.etasr.com Putri et al.: Development of a Real-Time Monitoring Model for Solar-Powered Street Lighting Systems … 

 

The results of the light intensity sensor readings are 
compared with those of a standard UT-383 luxmeter, as shown 
in Figure 9. The largest recorded error in light intensity 
measurement was 250 lux, with an average error of 130 lux. 
The mean percentage error was approximately 5%, 
corresponding to an accuracy of 95%. 

The final phase involved system-level testing of the 
complete monitoring equipment to ensure proper integration 
and reliable data display. Measurement results are shown on 
both the 7-inch TFT LCD and the web-based monitoring 
interface. The TFT LCD presents real-time data and tabulated 
measurement records, while the website provides both tabular 
and graphical representations of the monitored parameters. The 
monitoring homepage displays all active sensor data shown in 
Figure 10. 

 

 

 

Fig. 9.  Measurement result of the sunlight intensity detector. 

B. Real-Time Measurements 

Real-time measurements of temperature, humidity, sunlight 
intensity, and PV power were conducted continuously over 
three days in Malang City, East Java, Indonesia. Figure 11 
presents the ambient temperature variations during this period. 
On the first day, the minimum temperature was 21.56 ℃, while 
the maximum reached 38.06 ℃ at 11:00. On the second day, 
temperatures ranged from 19.06 ℃ to 42 ℃, peaking again at 
11:00. On the third day, the lowest temperature was 20.19 ℃, 
and the highest, 41.31 ℃, occurred at 12:00. 

Figure 12 shows the ambient humidity results for the same 
period. On the first day, humidity varied between 60.4% 
(minimum at 11:00) and 85.3% (maximum). The second day 

recorded a range of 47.5% to 86%, with the lowest value also 
observed at 11:00. On the third day, humidity ranged between 
48.6% (12:00) and 85.7% (maximum). 

 

 

 

Fig. 10.  Data logger display on website. 

Figure 13 illustrates the measured sunlight intensity over 
the three days. On the first day, light intensity ranged from 8.65 
lux to 128,260.2 lux at 11:00. On the second day, values 
spanned from 8.37 lux to 177,130.5 lux at 11:00, while on the 
third day, the intensity varied between 8.43 lux and its daily 
maximum at 11:00. 

 

 

Fig. 11.  Real-time temperature measurement results. 

The highest temperature, lowest humidity, and maximum 
sunlight intensity consistently occurred between 11:00 and 
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12:00, corresponding to peak PV output. This relationship is 
confirmed by the current and voltage sensor data shown in 
Figure 14, where the maximum PV power outputs were 46.90 
W (day 1, 11:00), 48.79 W (day 2, 12:00), and 50.21 W (day 3, 
11:00). 

 

 

Fig. 12.  Real-time humidity measurement results. 

 

Fig. 13.  Real-time sunlight intensity measurement results 

 

Fig. 14.  Real-time PV power measurement results. 

C. Advantages of the Proposed System 

When compared to the BIPV monitoring system developed 
in [25], which focuses on real-time acquisition of voltage, 
current, power, and solar irradiance data through an IoT-based 
web interface, the system presented in this study is tailored for 
solar-powered street lighting applications. Both systems 
employ IoT architectures and microcontrollers (ESP32 or 
Arduino) with cloud-based data access. However, the proposed 
system extends functionality by including environmental 
parameters (temperature, humidity, and sunlight intensity) that 

directly affect power generation efficiency, while also 
providing local visualization via a TFT LCD screen. 

A further distinction lies in the validation methodology. 
The present system emphasizes sensor calibration and 
verification using standard instruments, achieving a high 
accuracy level with average measurement errors below 2%. In 
contrast, authors in [25] primarily focus on system design and 
data visualization without reporting quantitative validation 
metrics. Similarly, authors in [29] did not include sensor 
validation or comparisons with reference instruments. 
Experimental testing of the proposed system demonstrates high 
performance, with consistently low average sensor errors. 
Measurement data can be accessed in real time via the web 
interface, consistent with previous studies [18, 25, 29], and are 
also displayed locally on the integrated TFT LCD. 

V. CONCLUSION 

The use of solar panels as a power source for street lighting 
significantly reduces dependence on fossil fuel-based 
electricity, thereby lowering energy costs and greenhouse gas 
emissions. However, continuous monitoring is essential to 
ensure adequate energy supply and reliable streetlight 
operation. 

This study presented the design and validation of a solar 
street lighting monitoring system capable of measuring key 
parameters such as temperature, humidity, and sunlight 
intensity, which influence Photovoltaic (PV) panels' 
performance. Electrical parameters, including the current and 
voltage of the solar panel, battery, and lamp, were also 
monitored to calculate power output. The ESP32 
microcontroller employed processed sensor data, displayed it 
on a 7-inch Thin Film Transistor (TFT) Liquid Crystal Display 
(LCD), and uploaded it to a dedicated cloud for web-based 
access. 

Performance validation against standard instruments 
yielded average percentage errors of 1.7% for temperature and 
humidity, 0.8% for voltage, and 1.5% for current. These results 
demonstrate that the proposed system delivers accurate and 
reliable measurements while supporting efficient real-time 
monitoring of solar-powered street lighting systems. 
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