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ABSTRACT

Urban road lighting is a large-scale municipal controllable energy source with enormous room for
optimization. At present, most already deployed street lamps still operate on fixed schedules,
maintaining uniform full brightness across all time periods regardless of actual lighting demand.
The solar-powered smart street lamp platform developed in this project is adapted for smart city
scenarios, integrates core functional modules including renewable energy collection and adaptive
dimming, and is equipped with an ESP32 controller, light sensors, and motion sensing hardware.
It enables intelligent operation, comprehensively improving the efficiency, safety, and maintain-
ability of street lamps. The core objective of the solar-powered connected smart streetlight system
designed in this study is to leverage a wireless network architecture and management control
dashboard to achieve synchronized reporting of the status, power level, and charging data of large-
scale streetlight deployments, as well as fault alarms, to support remote management and control
for operation and maintenance personnel. We built a prototype and completed three tests: adaptive
brightness control reduced energy consumption from 288Wh to 108Wh, marking a 62.5% energy
saving; motion-triggered lighting registered an average response time of 180ms and a detection
success rate of 97.9%; the Blynk-based remote monitoring function recorded an average cloud
latency of 245ms and a connection availability rate of 99.7%. This system can substantially cut
energy consumption and improve the visibility and response efficiency of operation and
maintenance efforts for smart cities.

Keywords: Solar-powered street lighting; Smart cities; Wireless mesh networks; Internet of
Things (10T); ESP32 micro-controller; Adaptive lighting control; Energy efficiency; Remote
monitoring.
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1. Introduction

The rapid global urbanization process and rising demand for sustainable infrastructure have promoted the widespread
adoption of smart city technologies [1], [2]. This study narrows its focus specifically to the municipal street lighting sector.
Most traditional street lamps operate under fixed schedules or manual control, staying fully lit regardless of actual on-site
environmental conditions, which gives rise to excessive energy consumption, high carbon emissions, and inefficient
operation and maintenance [3], [4].

Recent advances in the Internet of Things (10T), renew-able energy, and embedded systems have enabled the implementation
of smart streetlight solutions that adapt to real-time environmental conditions; solar streetlights have gained widespread
attention for their ability to reduce reliance on the power grid and promote the use of sustainable energy [5], and when
integrated with Light Dependent Resistors (LDRs) and motion detectors, they can adjust their brightness adaptively,
balancing sufficient lighting, public safety, and improved energy efficiency [6], [7].

Multiple prior studies have proposed building Internet of Things (IoT) smart streetlight systems using cloud platforms,
wireless communication technologies, and renewable energy. However, most existing solutions suffer from four core
limitations, and only a small number of studies have focused on the wireless mesh networking architecture that supports
scalable, reliable communication between nodes.

To address the aforementioned research limitations, the authors of this paper developed and launched a core in-house solar-
powered wireless mesh streetlight monitoring system for smart cities. This system integrates a full set of software and
hardware modules, and adds battery monitoring and fault detection mechanisms to improve operation and maintenance
efficiency and reliability.

The research team of this study developed a laboratory-scale smart street lamp prototype. Tests conducted across multiple
operating conditions show that compared with traditional street lamps, the prototype reduces energy consumption by 62.5%,
delivers a motion detection response time of 180 ms, and achieves a 99.7% operational rate for its remote monitoring
function. This architecture can serve as an efficient, scalable, and sustainable solution for next-generation smart city street
lighting systems.

The remainder of this paper is organized as follows. Section 2 reviews recent related works on smart street lighting systems.
Section 3 presents the research methodology. Section 4 provides experimental results and performance evaluation. Finally,
Section 5 and 6 discuss and conclude the paper, respectively.

2. Literature Review

This chapter presents a comprehensive review of existing research and projects related to smart street lighting systems,
with particular emphasis on loT-based monitoring, solar energy integration, adaptive dimming control, motion-based
activation, and wireless networking architectures. The review examines ten relevant works from the literature, identifies
their strengths and limitations, and establishes the context for the contributions of the proposed Solar-Powered Wireless
Mesh Streetlight Monitoring System for Smart Cities. E-Lite Semiconductor [8] developed a commercial 10T-based solar
street light control and monitoring system called iNET. The system employs a proprietary mesh networking technology
with gateway devices that support up to 300 controllers within a 1000-meter line-of-sight range. Mani et al. [9] presented
a hybrid loT-based smart street lighting system that combines solar panels and piezoelectric transducers for energy
generation, along with an air quality monitoring capability. The system uses NodeMCU as the controller with LDR and IR
sensors for ambient light detection and vehicle presence sensing. Kumari et al. [10] developed an ESP32-based streetlight
system utilizing Wi-Fi mesh networking with the MQTT protocol for 10T implementation. The system connects multiple
streetlight nodes to a single router using Wi-Fi mesh, with each node equipped with ESP32, voltage sensor, current sensor,
and PIR sensor [14, 15].

Mohankumar et al. [11] presented a dual-microcontroller approach using the STM32 for sensor processing and LED
control, with the ESP32 serving as a Wi-Fi communication module. The system uses LDR and IR sensors for ambient light
and object detection, with an L298N motor driver for LED brightness control. Putri et al. [12] proposed the LoRaWAN-
I0T-SSLS, an automated streetlight control system using LoRaWAN as the wireless communication backbone. The system
integrates an Arduino board with PIR and LDR sensors, a GPS module for location tracking, a LoRa shield, and a
LoRaWAN gateway. It is powered by a monocrystalline solar panel with a solar charger shield and battery. Farhana et al.
[13] implemented a smart street light control system using ESP32 microcontrollers connected through the painlessMesh
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library. The architecture of this smart street lamp system is divided into two core units: pole-end nodes and the central hub.
Pole-end nodes are fitted with environmental sensing and LED control components, while the central hub runs a web
graphical interface that supports manual control and status indication.

3. Research Methodology

As shown in Figure 1, the hardware implementation of the smart street lamp system requires the coordination of multiple
core components. Relevant designs are shown in the supporting illustrations, and this section will introduce the function
of each component one by one. Table 1 presents the comparison between the proposed system and recent existing works.
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Figure 1. Architecture of the proposed solar-powered smart street lighting system based on ESP32.

» ESP32 Microcontroller: The ESP32 microcontroller serves as the central processing unit of the smart street lighting
system, responsible for gathering sensor data, analyzing conditions, and executing real-time responses.

* LDR Sensor Module: The Light Dependent Resistor (LDR) sensor module is used for ambient light detection, enabling
the system to distinguish between day and night conditions. An LDR is a photoresistor whose resistance decreases when
exposed to light and increases in darkness.

* IR Motion Sensor Module: The infrared (IR) motion sensor module based on the LM393 comparator is employed for
detecting movement of pedestrians and vehicles on the road.

* Power Supply Unit (TP4056 Module): The TP4056 lithium battery charging module provides the power management
solution for the smart street lighting system. This module enables the use of rechargeable lithium-ion batteries, which can
be charged via solar panels during daylight hours for sustainable operation.

* Solar Panel Module: A small photovoltaic solar panel is integrated into the system to provide renewable energy for
charging the lithium-ion battery during daylight hours. The panel converts sunlight into electrical energy, which is then
regulated and supplied to the TP4056 charging module.

* LCD Display Module: An LCD display module (16x2) is incorporated into the system to provide real-time visual feedback
on system status.
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* I2C LCD Interface Module: An I12C LCD interface module is used to simplify the connection between the microcontroller

and the 16x2 LCD display.
* MOSFET, Resistors, and Other Components.

Table 1. Comparison between the proposed system and recent existing works.

Feature Proposed system [8] 9] [10] [11] [12] [13] [14]
Solar Powered Yes Yes Yes Yes No No Yes Yes
Adaptive Dimming Yes Yes Yes Yes Yes Yes Yes Yes
Motion Detection Yes Yes Yes Yes Yes Yes Yes Yes
IoT Monitoring Yes Yes Yes Yes Yes Yes Yes Yes
Wireless Communication  Wi-Fi Mesh LoRawAN Wi-Fi Wi-Fi Wi-Fi No Wi-Fi Wi-Fi
Fault Detection Yes No No No No No Yes No
Energy Savings 62.5% 58.4% 55.1% 49.3% NR NR 51.8% 57.2%
Off-Grid Operation Yes Yes Yes Yes No No Yes Yes

3.1 Smart Street Lighting System Prototype

This paper proposes a smart streetlamp system. To verify its feasibility, a laboratory-scale prototype was developed and
fully evaluated. Figure 2 presents this prototype’s hardware architecture, its solar charging subsystem, and the physical

prototype deployed on a miniature road.

Figure 2. Prototype implementation of the proposed smart street lighting system.

I Complete smart street
ighting system prototype

\

Referring to the internal hardware units of the street lamp marked in Figure 2(a), the system adopts the ESP32
microcontroller as its core processing and communication module. It interfaces with multiple types of sensors and lighting
drivers, integrates a relay switch and power management components, and implements environmental monitoring and
adaptive control to guarantee the efficient operation of the lighting system. The solar charging subsystem shown in panel
(b) of this paper’s attached Figure 2(b) can support its matching supporting devices to achieve autonomous and sustainable
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operation. This subsystem is composed of a rechargeable lithium battery, a solar charge controller, and supporting
protection circuits. It can supply power to the lighting system under low-light conditions and at night, effectively reducing
reliance on the traditional power grid. The complete prototype of the solar-powered Internet of Things (I0T) smart street
lamp architecture developed in this paper is detailed in Figure 2(c). We deployed multiple LED devices on a scaled road
model to simulate real-world scenarios. The system supports adaptive brightness control, wireless communication, fault
monitoring, and energy-saving operation. It has been verified to operate stably through multiple types of environmental
experiments, and the effectiveness of the architecture is confirmed.

3.2 Case Study Location

This study designs a customized smart streetlight system specifically for the Al-Zubair District of Basra, Irag. The local
climate features extreme temperature differences and excessively long daylight hours during summer, which creates an
urgent need for efficient streetlight management, as shown in Figure 3ab. This paper includes a map of the region’s existing
streetlight infrastructure that carries citation annotations.

(a) _(b)

Figure 3. AL Zubair, Basrah, Iraqg, street lighting system as a case study location: (a) during daytime showing lights off;
(b) during nighttime showing conventional lighting at full brightness.

The traditional street lamps in the area covered by this study operate under a fixed timing mode, which causes two typical
types of energy waste. First, they are turned on prematurely in the evening when natural light is still sufficient. Second,
they maintain full brightness throughout the entire night and never adjust their output to match changes in pedestrian and
traffic volumes. This current situation leaves considerable room for energy savings, which can be tapped through intelligent
adaptive control. In this research, the operational parameters of Iraq’s power grid are adopted as the core basis for all
subsequent energy consumption calculations.

3.3 System Operation Flowchart

The operating logic of this smart streetlight 10T system can be intuitively presented through its supporting Figure 4. After
the system initializes, the ESP32 completes its connection to WiFi and the Blynk loT server, then immediately enters a
continuous monitoring loop. The LDR sensor collects ambient light data; if the collected reading exceeds the threshold, the
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system judges the environment to be daytime, keeps the LED light turned off, and the solar panel charges the battery at the

same time.
Start
Initialize System & Connect to
Wi-Fi / Blynk

1

Is it Night?
(LDR < Threshold)

Turn OFF LEDs
& Charge Battery

Motion
Detected?

100% Brightness
Active Mode

Update Blynk Dashboard

Loop & Check Sensors AgD

Figure 4. Flowchart of the smart street lighting system operation logic showing decision points for ambient light
detection and motion sensing.

This embedded Internet of Things (IoT) system is equipped with an LDR light sensor, an IR infrared motion sensor, an
LED light array, and the Blynk 10T dashboard. When the LDR reading falls below the nighttime threshold, the system
activates its motion detection mode. If the IR sensor does not detect movement, the LEDs maintain a 30% energy-saving
brightness; if movement is detected, the LEDs switch to 100% full brightness. All system status updates are synced to the
dashboard, and this entire process runs in a continuous loop for persistent detection.

4. Results and Analysis
4.1 LDR Sensor Calibration and Response

To achieve automatic day-night lighting control, this study conducted threshold calibration for the LDR light sensor
mounted on the ESP32 development board. Drawing on the ESP32’s 0-4095 ADC measurement range, the study set the
day-night switching threshold at 500: the LED is turned off when the sensor records a reading of 35004095 under strong
light, and the lighting is turned on when the reading drops below 400 at night. The study verified the sensor’s effectiveness
for this control application. By referencing the LDR data under different light conditions presented in Table I, the
effectiveness of the automatic day-night detection mechanism can be verified.
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Table 2. LDR sensor readings under various ambient light conditions.

Light Condition LDR Reading System Action
(0-4095)

Bright Sunlight 3500-4095 LEDs OFF

Cloudy Day 1500-3500 LEDs OFF

Dusk/Dawn 400-600 Transition Zone

Night (Street Lights) 100-400 LEDs ON
(30% or 100%)

Complete Darkness 0-100 LEDs ON

(30% or 100%)

4.2 Motion Detection Performance

This study carried out tests on infrared motion sensors for street lighting. In multiple scenarios that included pedestrians
and vehicles, the test results showed an average response time of 180 ms and a detection success rate of 97.9%. The
response time for running pedestrians was 145 ms, and the response time for traveling vehicles was 220 ms. This
performance can meet the requirements of safety-critical street lighting use cases. The motion detection system
independently developed in this study, based on the multi-scenario data summarized in Table 3, records an average response
time of 180 ms and a detection success rate of 97.9%, which meets the application requirements for real-time smart
streetlights.

Table 3. Motion detection response time measurements.

Test Scenario Detection Response Success
Range (cm) Time (ms) Rate (%)
Pedestrian walking 30-100 165 98.5
Pedestrian running 30-100 145 97.2
Vehicle (slow) 50-150 190 99.1
Vehicle (fast) 50-150 220 96.8
Average - 180 97.9

4.3 Energy Consumption Analysis

We carried out a 12-hour comparative experiment on night-time street lamp energy consumption, running from 6 PM to 6
AM. Smart street lamps equipped with adaptive dimming technology that integrates motion detection and ambient light
sensing recorded an energy consumption of 108 Wh, while traditional street lamps consumed 288Wh, marking a 62.5%
reduction in energy use and total electricity savings of 180Wh. The adaptive lighting control system for smart street lamps
independently developed in this study adopts an adaptive dimming operation mode, which can dynamically adjust
brightness and operating duration as needed during nighttime. Preliminary derivations have revealed its initial energy-
saving potential. Combined with the measured energy consumption data for the 12-hour nighttime cycle in Table 1V, the
energy-saving effectiveness of this system relative to traditional street lamps can be clearly verified.
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Table 4. Experimental energy consumption comparison over a 12-hour nighttime period.

Parameter

Measured Value

Test Duration

12 hours (6 PM—6 AM)

Conventional System Energy

(Conventional)

288 Wh

Smart  System Energy
(Esmart)

108 Wh

Time at 100% brightness

(tactive)

2.8 hours (23.3%)

Time at 30% brightness

(tsaving)

9.2 hours (76.7%)

Measured Energy Savings
(AE)

180 Wh (62.5%)

4.4 10T Remote Monitoring Performance

STAP

This study uses the Blynk platform to conduct a 24-hour performance assessment of a self-developed Internet of Things
(loT) monitoring subsystem. The measured indicators are as follows: average Wi-Fi-to-cloud latency of 245 ms, remote
command response time of 380 ms, online connection rate of 99.7% and a 100% success rate of the automatic reconnection
mechanism. These results verify that the subsystem holds the reliability and responsiveness required to adapt to real-time
applications in smart cities. The performance metrics of the Internet of Things (IoT) remote monitoring system proposed
in this paper are summarized in Table V. The measured results show the system achieves an average cloud latency of 245
ms, a remote command response time of 380 ms, and a connection availability rate of 99.7%, equipping it with reliable
real-time control and management capabilities.

Table 5. 10T remote monitoring performance metrics.

Metric Measured Value
Data Update Interval 1 second
Average Latency (Wi-Fi to Cloud) 245 ms
Remote Command Response Time 380 ms
Connection Uptime (24-hour test) 99.7%
Auto-Reconnection Success Rate 100%
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4.5 Solar Charging Performance

This study conducted field tests of the photovoltaic panels of the solar charging subsystem in Basra and recorded data
across a gradient of weather conditions: on clear sunny days, the charging current measured 450-500 mA, and a full charge
was achieved in approximately 4.5 hours; on partly cloudy days, the current registered 280-350 mA, with a full charge
taking roughly 6.8 hours; on overcast days, the current ranged from 120 to 180 mA, and the system remained able to
maintain normal operation. These findings verify the meteorological adaptability of the subsystem. The novel solar power
supply architecture developed in this study can maintain stable and autonomous operation under various variable
environmental conditions. Its relevant charging performance under different weather conditions is detailed in Table 6.

Table 6. Solar panel charging performance under various conditions.

Weather Condition Charging Charging
Current (mA) Time to Full (hrs)
Clear Sunny Day 450-500 4.5
Partly Cloudy 280-350 6.8
Overcast 120-180 125

4.6 Fault Detection and Alert System

In this study, to verify the reliability of the proposed fault detection mechanism, we used a toggle switch to simulate
scenarios of lamp failure and circuit disconnection. Actual measurements showed that the full alarm process took less than
2 seconds to complete. Across 50 rounds of testing, the mechanism achieved 100% detection accuracy with zero false
alarms. The multi-channel fault early warning framework proposed in this paper integrates LCD, Blynk, and Gmail. Its
performance data is detailed in Table 7, and the framework achieves 100% detection accuracy with zero false alarms, which
can greatly improve maintenance response speed and system reliability.

Table 7. Fault detection and alert system test results.

Test Parameter Measured Value
Fault Detection Time 85 ms
LCD Message Display Time 120 ms
Blynk Notification Delivery 380 ms
Gmail Alert Delivery 1.2 seconds

Total Alert Sequence Time < 2 seconds
Detection Accuracy 100%
False Alarm Rate 0%

Test Repetitions 50 cycles

5. Discussion

The experiment on the smart street lamp system conducted in this paper achieved three pre-set objectives: automatic
activation triggered by ambient light, movement-adaptive brightness adjustment, and loT-based remote monitoring. Actual
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measurements show that the system cuts energy consumption by 62.5% compared with traditional street lamps, which
verifies the accuracy of the constructed model. Large-scale deployment of this system can deliver considerable cost savings
and carbon footprint reductions. The mathematical analysis framework proposed in this study can be used to build an
energy savings prediction model. Its core input parameters include elements such as the PWM duty cycle. The deviation
between the theoretical energy saving rate of 53.67% and the measured energy saving rate of 62.5% stems from the fact
that the special traffic pattern during the test period lowered the pre-set average frequency of motion detection.

Among the two types of devices tested in this study, the calibrated LDR sensor can reliably distinguish between day and
night when its threshold is set to 500. The motion detection system has a response time of 180 ms and an accuracy rate of
97.9% and can meet the requirements of vehicle-pedestrian safety scenarios. Integration with the Blynk 10T system enables
remote monitoring and control with sub-second latency. Backed by a 99.7% uptime rate and automatic reconnection
functionality, this solution secures reliable system access for operation and maintenance personnel and system
administrators.

6. Conclusion and Future Works

The smart city supporting project led by this research has completed the design and deployment of a solar-powered smart
street light that integrates three core technologies: renewable energy collection, embedded control, and Internet of Things
(1oT) communication. The pulse-width modulation (PWM) adaptive dimming mechanism equipped on this system has
been verified by existing studies in the field, and it significantly reduces energy consumption compared to traditional
always-on street lights. Its solar power functionality cuts reliance on the power grid and adapts to regions with high solar
irradiance, while the system can also realize real-time supervision and remote control via 10T cloud monitoring.
Experiments confirm that the integration of the three technologies can deliver a scalable, high-energy-efficiency urban
lighting solution that meets the requirements of modern smart infrastructure.

In the follow-up work of this study, we will advance two core upgrades aimed at the iteration of smart city hardware
systems: first, optimize the stable operating performance of the core power subsystem; second, expand the multi-scenario
perception functions of the sensing modules. In the future, we will advance two categories of research in the smart lighting
field: first, develop adaptive lighting algorithms that can adapt to environmental conditions and traffic patterns; second,
integrate fault detection and predictive maintenance technologies to improve reliability and reduce maintenance costs.
Two types of independent Al tools perform the functions of scene recognition and task scheduling, respectively. When
integrated with edge computing, they can enhance the intelligence level and autonomous operation capability of intelligent
systems.
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