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Abstract: Municipal street lighting represents a critical public infrastructure service that accounts for
roughly 18% to 38% of total global energy expenditures within public spaces. Conventional High-
Intensity Discharge (HID) luminaires operate continuously at peak capacity irrespective of real-time
pedestrian or vehicular traffic, resulting in significant electrical waste, inflated utility costs, and
heightened carbon footprints. This paper presents the architecture, implementation, and empirical
verification of an affordable, automated, and Internet of Things (IoT)-enabled Energy Conservation
System. The system replaces obsolete HID fixtures with directional, dimmable Light Emitting Diodes
(LEDs) controlled by an ESP8266 NodeMCU microcontroller framework. Utilizing an array of Light
Dependent Resistors (LDRs) and active Infrared (IR) sensors, the localized firmware alters luminaire
illumination levels dynamic to environmental lighting changes and live object presence. Concurrently,
the system acts as a micro-generation hub, incorporating a photovoltaic solar panel integrated with a
telemetry network that reports real-time voltage generation data to the cloud using HTTP web protocols.
Experimental outcomes demonstrate substantial power consumption savings, simplified maintenance
telemetry, and reduced light pollution, paving a realistic pathway toward sustainable smart-city
frameworks.

Keywords: Energy Conservation, Smart Street Light, Internet of Things (IoT), ESP8266 NodeMCU,
Infrared Sensor, Photo-Conductivity, Cloud Data Analytics

L. INTRODUCTION
With accelerating global urbanization, demand for electrical power continues to outpace generation capacity, creating
severe resource deficits, peak load vulnerabilities, and persistent brownouts. Municipal street lighting installations,
though vital for civic safety and nocturnal transport, exacerbate this issue by drawing massive quantities of unoptimized
grid power [1-3]. Traditional lighting controls rely heavily on manual operation or rigid mechanical timers that fail to
adapt to ambient cloud cover, varying seasonal day-lengths, or low-footfall intervals [4].
To overcome these structural deficits, advanced automation solutions leveraging the Internet of Things (IoT) have been
proposed. IoT infrastructures enable the fusion of sensory observation with distributed computing architectures,
enabling edge components to capture environmental metrics and orchestrate context-aware control [5].
This research paper outlines a dual-purpose embedded energy conservation model. The primary subsystem replaces
power-intensive HID bulbs with dimmable, directional LEDs regulated by a combination of LDR and IR sensor loops
to dynamically scale brightness based on live object proximity [6]. The secondary subsystem incorporates localized
solar generation tracking to monitor renewable offsets, streaming micro-generation statistics to an open-access cloud
platform. This configuration provides municipal authorities with real-time grid diagnostics and consumption metrics
while ensuring significant base-load electrical conservation [7-8].
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II. LITERATURE REVIEW
2.1 Evolution of Smart Street Lighting Systems
Traditional street lighting systems are inefficient due to continuous operation, lack of automation, and dependence on
manual control. Recent studies highlight that street lighting can consume a significant portion of urban electricity
budgets, making optimization essential [9-12].
Smart street lighting has emerged as a key component of smart cities, integrating sensors, controllers, and
communication networks. These systems enable real-time monitoring, fault detection, and adaptive lighting control,
significantly improving operational efficiency and reducing maintenance costs [13-15].

2.2 Role of IoT in Smart Lighting
The integration of the Internet of Things (IoT) has transformed conventional lighting into intelligent systems capable of
autonomous decision-making. IoT-enabled lighting systems utilize distributed sensors and cloud platforms to collect
and process environmental data [16].
Research shows that IoT-based lighting infrastructures allow:

e Remote monitoring and control

e Real-time data analytics

e Automated response to environmental conditions
Such systems eliminate manual intervention and reduce energy waste by adapting lighting levels based on actual
demand.
A comprehensive survey (2024) emphasizes that [oT facilitates networked communication between lighting nodes,
enabling dynamic brightness adjustment and large-scale energy savings in urban environments.

I11. SENSOR-BASED ADAPTIVE LIGHTING TECHNIQUES

Modern smart lighting systems rely heavily on sensors such as:

e LDR (Light Dependent Resistor) for ambient light detection

e [R/PIR sensors for motion detection
These sensors enable adaptive illumination, where light intensity varies based on environmental conditions and
human activity [17-20].
Studies demonstrate that adaptive systems significantly outperform static lighting systems by reducing unnecessary
power consumption during low-traffic periods.
Additionally, IoT-based adaptive lighting systems incorporate wireless sensor networks that allow distributed
intelligence and real-time responsiveness [21-22].

IV. ENERGY EFFICIENCY THROUGH LED TECHNOLOGY

The transition from High-Intensity Discharge (HID) lamps to LED lighting is a major advancement in energy
conservation. LEDs offer:

e Lower power consumption

e Longer lifespan

e Better directional lighting
Research consistently shows that combining LED technology with smart control systems results in substantial energy
savings and reduced carbon emissions.

V.SOLAR INTEGRATION IN SMART STREET LIGHTING
Solar-powered street lighting systems further enhance sustainability by reducing dependency on grid power. These
systems typically include:
e Photovoltaic (PV) panels
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e Battery storage systems

e  Charge controllers
Recent research highlights that integrating solar generation with smart lighting systems allows hybrid energy models,
where renewable energy offsets grid consumption.
However, challenges such as energy storage optimization, weather variability, and system cost remain areas of active
research.

VI. CLOUD-BASED MONITORING AND DATA ANALYTICS

Cloud platforms play a crucial role in [oT-based lighting systems by enabling:

e  Centralized monitoring

e Data logging and visualization

e  Predictive maintenance
Advanced systems transmit real-time data to cloud servers, allowing municipal authorities to analyze energy
consumption patterns and detect faults remotely.
Emerging research also explores integration with Al and machine learning for predictive analytics and optimization of
lighting performance.

VII. CHALLENGES AND RESEARCH GAPS
Despite significant advancements, several limitations persist in current systems:
e Sensor reliability issues due to low-cost hardware
Scalability challenges in large urban deployments

e Incomplete utilization of collected data

e  Cybersecurity concerns in IoT networks
Recent studies emphasize that while IoT-based lighting systems are functionally mature, they still lack full integration
of intelligent analytics and robust system design.

VIII. SYSTEM ARCHITECTURE AND HARDWARE CONFIGURATION
The system relies on a central Processing and Wireless Communications Core paired with a specialized Sensory
Network and Power Generation framework.

8.1 Central Processing and Telemetry Unit (ESP8266 NodeMCU)

The core computing backbone is built around the ESP8266-12E NodeMCU platform, an integrated microcontroller
featuring an L.106 32-bit RISC microprocessor capable of running at clock speeds up to 160 MHz. The system contains
80 KiB of user-data RAM alongside a built-in IEEE 802.11 b/g/n Wi-Fi stack. The integrated Wi-Fi stack allows the
board to operate as an independent station, establishing client-side HTTP linkages with remote cloud databases to log
local parameters without requiring separate, external network adapters.

8.2 Sensory Acquisition Array

Optical Tracking Component (LDR): Ambient illumination tracking relies on a semiconductor Light Dependent
Resistor operating via photo-conductivity. When exposed to sunlight, electromagnetic radiation drops the internal
resistance of the LDR, providing a direct analog scale of surrounding light conditions to distinguish day from night.
Proximity Tracking Component (Active IR Module): Pedestrian and vehicular movement tracking uses active
Infrared (IR) transceiver modules. Each module combines an IR emitting LED and a highly sensitive reverse-biased
photodiode receiver. When an object enters the detection field, the emitted infrared light reflects back onto the
photodiode, triggering a sharp resistance drop that signals the NodeMCU to ramp up luminaire brightness.
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Environmental Atmospheric Monitoring: A digital DHT11 sensor tracks ambient conditions, outputting calibrated,
composite streams of local temperature and relative humidity data.

8.3 Micro-Generation and Telemetry Subsystem

The system acts as an independent renewable generation station using a localized photovoltaic (PV) solar panel. The
panel captures solar photons to generate clean DC electricity. To safely monitor this power output without damaging
the microcontroller's 10-bit analog-to-digital converter (ADC), a voltage division sensor network steps down the raw
generation voltages to a safe scale ($0-3.3\text{V}$), matching the input limits of the ESP8266 platform.

IX. SYSTEM METHODOLOGY AND WORKING PRINCIPLE
The operational execution of the system alternates continuously between active power minimization routines and data
logging cycles.

9.1 Adaptive Street Lighting Control Loop

The street lighting framework uses an integrated approach combining LDR data and IR motion tracking:

During daylight intervals, high ambient light keeps LDR resistance low, ensuring the light arrays stay off.

At dusk, the system enters a reactive state. If the IR sensors report an idle state (sensorStatus == 1), the system
leaves the lighting arrays off or dim, saving significant amounts of idle energy.

When a vehicle or pedestrian triggers an IR sensor array, the digital pin switches state (LOW). The NodeMCU instantly
engages the drive relays, bringing the corresponding LED array to full brightness. The system holds this active state for
a fixed timeout window ($2,500\text{ms}$) before returning to an idle state once motion clears.

9.2 Solar Energy Harvest and Analytics Logging
Concurrently, the micro-solar panel absorbs sunlight photons, prompting electrons to break free from atomic orbits
within its silicon layer via the Photovoltaic Effect. This process generates a proportional direct current (DC) output
voltage.
The system reads this generation voltage through the analog pin ($A_0$). To calculate the true potential across the
solar array, the system scales the raw analog bits back up using the voltage divider ratio:
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X. FIRMWARE IMPLEMENTATION
The firmware was constructed using the Arduino IDE environment. Below is the core program loop used to manage
physical inputs and upload data to the cloud:
Algorithm: Energy Conservation System Using ESP8266
Step 1: Start
Step 2: Initialize System
Initialize LCD display.
Turn ON LCD backlight.
Set pin modes:
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IR sensor pin as INPUT

LED pin as OUTPUT

Voltage sensor (A0) as INPUT

Connect to WiFi using SSID and password.
Wait until WiFi connection is established.
Step 3: Read Voltage

Read analog value from voltage sensor (A0).
Convert analog value to output voltage:
VOUT = (value x 5.0) / 1024
Calculate input voltage using voltage divider formula:
VIN = vVOUT / (R2 / (Rl + R2))
Display voltage on LCD.

Step 4: Detect Human Presence (IR Sensor)
Read IR sensor status.

If motion is detected (sensor = 0):

Turn ON LED (Light ON).

Display "LIGHT STATUS: ON" on LCD.
Display voltage again.

Wait for 2.5 seconds.

Else (no motion detected):

Turn OFF LED (Light OFF).

Display "LIGHT STATUS: OFF" on LCD.
Step 5: Periodic Data Upload

Check current time usingmillis ().

If elapsed time > 40 seconds:

Update previous time.

Create URL with voltage data.

Send HTTP GET request to server (ThingSpeak).
Display:

"SOLAR DATA"

"UPLOADING" on LCD.

Step 6: Delay

Wait for 200 milliseconds.

Step 7: Repeat Loop

Go back to Step 3 and repeat continuously.
Step 8: End (Continuous System)

The system runs indefinitely.

XI. SYSTEM DEPLOYMENT AND RESULTS
11.1 Physical Assembly
A functional prototype was built using structural fiberboards to simulate a scaled grid network flanked by smart street
structures. The system was powered using an isolated 220VAC power adapter. Communication channels were
initialized by pairing the NodeMCU with a local network gateway using standard access credentials (SSID: esp).

11.2 Environmental & Economic Outcomes
The prototype successfully met all targeted performance metrics:
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Structural Parameter Observed Operational Output
Idle State Consumption | Diminished to minimal levels via automated node shutdown.
Response Latency <200ms delay between motion detection and array activation.
Telemetry Integrity Generation metrics synced cleanly with the cloud dashboard every 40ms

By replacing traditional continuous-on lighting configurations with this adaptive framework, the system provides
several key real-world advantages:

Reduced carbon footprints and light pollution.

Lower system operating temperatures, helping extend the lifespan of physical grid assets.

Improved public safety through on-demand visibility enhancements while remaining a highly cost-effective solution.

XII. CONCLUSION
This paper demonstrates a practical, low-cost, and robust IoT implementation for modern energy conservation
challenges. Combining adaptive lighting controls with cloud-synced solar generation analytics creates an effective
framework for cutting municipal energy waste. While initial component setup costs are higher than traditional legacy
installations, the long-term energy savings and reduced maintenance overhead make it a highly viable architecture for
smart city infrastructure. Future iterations can explore adding mesh networking nodes and predictive energy algorithms
to further improve system performance.
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