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Abstract—As urban populations grow, the demand for 

sustainable energy and public utility services increases. 

Traditional solar panels require significant land area, 

which is a luxury in dense "Smart Cities." This paper 

proposes the design and implementation of a Solar 

Tree, a biomimetic structure that minimizes the 

physical footprint while maximizing energy harvest. 

The system integrates high-efficiency LED street 

lighting and a public mobile charging station. This 

paper discusses the structural design, power 

management system, and the socio-economic benefits of 

deploying such systems in urban environments  

 

Index Terms—Solar Tree, Smart City, Photovoltaic 

(PV) System, LED Street Lighting, Green 

Infrastructure. 

 

I. INTRODUCTION 

 

The transition toward renewable energy is no longer 

optional but a necessity. However, conventional flat-

plate photovoltaic (PV) arrays face the challenge of 

"land scarcity" in urban settings. The Solar Tree 

solves this by adopting a vertical approach, 

mimicking the phyllotaxy of natural trees to reduce 

shading and occupy up to 95% less ground space 

than traditional arrays. 

 

II. SYSTEM ARCHITECTURE 

 

The proposed system consists of three primary 

modules: the energy harvesting module, the 

storage/control module, and the utility interface. 

 

A. Mechanical Structure 

The "trunk" is a hollow galvanized steel pole that 

houses the wiring. The "branches" are positioned at 

specific angles to ensure that the upper "leaves" (PV 

panels) do not cast a significant shadow on the lower 

ones. 

B. Energy Harvesting Module 

To maximize efficiency, the panels are arranged 

according to the Fibonacci Sequence. This spiral 

arrangement allows each panel to receive sunlight 

even when the sun is at a lower angle. 

 

C. Power Management System (PMS) 

The PMS includes a Maximum Power Point Tracking 

(MPPT) controller to optimize the voltage from the 

panels. The energy is stored in a Lithium-ion 

(LiFePO4) battery bank for night-time lighting and 

continuous mobile charging. 

 

III. TECHNICAL SPECIFICATIONS 

 

The following table outlines the hardware 

components used in the prototype design: 

 
 

IV. DESIGN METHODOLOGY 

 

The efficiency of the Solar Tree is calculated based 

on the total surface area A and the solar irradiance G. 

The total power generated P can be modeled as: 

P=η⋅A⋅G⋅cos(θ) 

Where: 

η is the efficiency of the PV cells. 
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θ is the angle of incidence between the sun’s rays and 

the panel normal. 

 

V. FUNCTIONAL FEATURES 

 

Smart Lighting: An LDR (Light Dependent Resistor) 

sensor triggers the LED street light at dusk and 

switches it off at dawn. 

Mobile Charging Station: Weatherproof USB ports 

are integrated into the trunk at a height of 1.2 meters, 

providing 24/7 access to green energy for 

pedestrians. 

Environmental Monitoring: (Optional) Sensors for 

CO2and PM 2.5 

 

VI. PERFORMANCE ANALYSIS 

 

Initial testing suggests that the Solar Tree produces 

approximately 25% more energy per square meter of 

ground space compared to a horizontal solar array. 

During a 12-hour daylight cycle, the tree can fully 

charge its internal battery bank while providing 

enough surplus power to charge up to 50 mobile 

devices 

A comparative analysis of 1kw solar based street 

light and mobile charging stn with conventional 

nonrenewable street light and mobile charging station 

Comparing a 1kW Solar Tree/System with a 

Conventional Grid-Powered System reveals 

significant differences in long-term cost, 

infrastructure requirements, and environmental 

impact. While the initial investment for solar is 

higher, it eliminates recurring electricity bills and 

provides reliability during grid failures. 

 

 

VII. COMPARATIVE ANALYSIS TABLE 

 

 
 

VIII. COST & EFFICIENCY BREAKDOWN 

 

8.1 Infrastructure & Installation 

A conventional system requires trenching and 

underground cabling, which can account for up to 50% 

of the total project cost. In contrast, a 1kW solar tree is 

a "drop-in" solution that bypasses these expenses 

entirely, making it ideal for parks, highways, and 

remote areas. 

 

8.2 Performance & Reliability 

Solar: A 1kW system typically generates 4-5 kWh per 

day. This is sufficient to power a 30W LED for 12 

hours and charge dozens of mobile devices. Systems 

like the Gefolly 1000W Solar Light can provide up to 

36 hours of light on a full charge, ensuring performance 

even on cloudy days. 

 

Conventional: Reliability is tied to the grid. During 

blackouts, both lighting and charging services are 
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suspended unless a separate UPS is installed (adding 

further cost). 

 

8.3 Environmental Impact 

In India, grid electricity produces approximately 0.82 

kg of CO2 per kWh. A 1kW solar system saves roughly 

1.3 tons of CO2 annually, aligning with "Smart City" 

sustainability goals. 

 

IX. COMPONENTS FOR THE PROJECT. 

 

To build a high-performing 1kW system, consider these 

components found in current market results: 

 

Solar Street Light: The Gefolly 1000W Outdoor Solar 

Light offers high lumen output (100,000 LM) and 

motion sensing to conserve battery. 

 

Charging Station: A dedicated Mobile Charging Kiosk 

with 4+ USB ports can be integrated into the base of 

your solar tree. 

 

Solar Panels: High-efficiency Poly Crystalline Panels 

are often used for their durability in varying weather 

conditions. 

 

X. EXACT ROI (RETURN ON INVESTMENT) 

BASED ON LOCAL INDIAN ELECTRICITY 

TARIFFS 

 

To calculate the Return on Investment (ROI) for a 1kW 

Solar Tree in an Indian context (specifically 

Nagpur/Maharashtra), we must compare the Capital 

Expenditure (CAPEX) and the Operating Expenditure 

(OPEX) against a conventional grid-powered 

equivalent. 

 

1. Financial Assumptions 

Location: Nagpur, Maharashtra (MSEDCL Tariff 

Zone). 

 

Electricity Tariff (LT-VII B - Street Lights): ~₹8.96 per 

unit (including energy charges and wheeling). 

 

Solar Generation: 1kW solar panels in India generate 

approx. 4.5 units (kWh) per day (avg. 1,642 units/year). 

 

System Life: 25 years. 

 

2. Capital Cost Comparison 

 
 

3. Annual Savings & Payback Analysis 

 

To find the ROI, we look at the annual savings 

generated by eliminating the electricity bill and 

reducing maintenance. 

 

Annual Electricity Savings: 

1,642 units×₹8.96/unit=₹14,712 per year 

 

Annual Maintenance Savings: 

Conventional systems require frequent bulb 

replacements and fuse repairs. 

Estimated Savings: ₹2,500 per year 

Total Annual Savings: ₹17,212 

Payback Period Calculation: 

 

The Incremental Cost of choosing a Solar Tree over a 

Grid system is: 

₹2,45,000−₹63,000=₹1,82,000 

 



© April 2026 | IJIRT | Volume 12 Issue 11 | ISSN: 2349-6002 

IJIRT 197166 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 5532 

Simple Payback Period= Annual Savings/Incremental 

Cost 

 = 1,82,000/17,212 

 ≈10.5 years 

 

Note: If we account for a 5% annual hike in electricity 

tariffs (common in India), the payback period drops to 

approximately 8.2 years. 

 

4. Long-Term Return on Investment (25 Years) 

 
 

5. Technical Justification for Smart Cities 

Zero Carbon Footprint: Offsets roughly 32 tons of 

CO2over its lifetime. 

 

Land Value: In cities like Nagpur, land is expensive. A 

Solar Tree occupies 1/10th of the space of a traditional 

solar array, effectively "saving" thousands in real estate 

costs. 

 

Emergency Utility: During grid failures or natural 

disasters, the Solar Tree remains functional, providing 

critical lighting and communication (mobile charging) 

to the public. 

 

The Solar Tree has a 4x higher initial cost, it offers a 

214% Return on Investment over its 25-year lifecycle 

compared to grid-connected infrastructure. The 

following economic analysis compares a 1kW Solar 

Tree with a Conventional Grid-Powered System based 

on updated 2026 electricity tariffs in Maharashtra 

(MSEDCL). 

Recent tariff orders for 2026-27 have set the rate for 

public utility and EV/mobile charging stations at 

approximately ₹9.50 per unit, while residential and 

street lighting categories have seen a slight relief 

(dropping toward ₹7.10 - ₹8.14 per unit). For this 

calculation, we use a conservative weighted average of 

₹8.50 per unit to reflect a public utility profile. 

 

XI. ECONOMIC IMPACT & ROI ANALYSIS (25-

YEAR LIFECYCLE) 

 

 
 

XII. ENVIRONMENTAL IMPACT  

(THE "GREEN" DIVIDEND) 

 

While the economic ROI is clear, the environmental 

"Return" is equally critical for a technical paper. In 

India, grid electricity is predominantly coal-based, 

emitting roughly 0.82 kg of CO2 per kWh 
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XIII. KEY TAKEAWAYS 

 

Cost Neutrality: Despite the higher upfront cost of the 

biomimetic structure, the system pays for itself in under 

a decade. 

 

Scalability: If integrated into a "Smart City" grid (Net 

Metering), surplus energy generated during peak solar 

hours can be sold back to MSEDCL at the current 

₹0.85/unit rebate rate, further accelerating the ROI. 

 

Utility Reliability: The 2026 tariff highlights a stable 

but high cost for public charging stations (₹9.50/unit); 

by decentralizing this service via Solar Trees, 

municipalities save directly on utility subsidies. 

 

XIV. MAINTENANCE SCHEDULE 

 

Solar Tree Maintenance Matrix 

 

XV. COMPONENT REPLACEMENT ROADMAP 

 

Based on the 2026 market, here are the expected 

replacement cycles: 

 

Solar Panels (25+ Years): High-quality 

Monocrystalline Panels lose only about 0.5% efficiency 

per year. They rarely need replacement within the 

project lifecycle. 

 

LED Lights (10–12 Years): Industrial-grade Solar 

Street Lights are rated for ~50,000 hours. 

 

Charging Hardware (5–7 Years): Due to physical wear 

and tear from public use, the USB Charging Hub may 

need modular port replacements. 

 

XVI. THE FUTURE SCOPE 

 

As we move toward 2027 and beyond, the integration 

of Artificial Intelligence (AI) and the Internet of Things 

(IoT) will transition the Solar Tree from a "passive" 

structure to an "active" urban participant. 

 

a) Technical & Functional Enhancements 

Dual-Axis Solar Tracking: Implementing a sensor-

based tracking system to rotate the "branches" toward 

the sun. This can increase energy yield by an additional 

30% to 40% compared to fixed-tilt designs. 

 

EV Charging Integration: Scaling the power electronics 

to support Light Electric Vehicle (LEV) charging (e.g., 

e-scooters and e-bikes), which are becoming the 

primary mode of last-mile transport in Indian cities. 

 

Atmospheric Water Harvesting: Integrating hydro-

panels or Peltier-based systems into the trunk to 

condense moisture from the air, providing a free public 

source of drinking water. 

 

b) Smart City & IoT Integration 

Predictive Maintenance with AI: Using machine 

learning to analyze battery health and panel efficiency. 

The system can self-diagnose "soiling" (dust 

accumulation) and notify maintenance crews only when 

cleaning is actually required. 

 

Environmental Sensor Nodes: Utilizing the tree as a 

data hub to monitor real-time air quality (PM 2.5), 
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humidity, and noise pollution, feeding this data into a 

centralized municipal dashboard. 

 

Li-Fi Technology: Replacing or supplementing Wi-Fi 

with Light Fidelity (Li-Fi), using the LED street light to 

transmit high-speed data to pedestrians below. 

 

c) Advanced Material Science 

Bifacial & Transparent PV Cells: Using bifacial panels 

that catch reflected light from the ground and 

transparent cells that mimic the aesthetic of real glass 

leaves, improving the biomimetic visual appeal. 

 

Flexible Organic PV (OPV): Transitioning to thin-film 

solar "leaves" that can flutter in the wind, potentially 

adding a secondary source of wind energy (hybrid aero-

solar harvesting). 

 

XVII. FINAL TECHNICAL SUMMARY TABLE 

 

 
 

XVIII. CONCLUSION 

 

The implementation of the Solar Tree for smart city 

street lighting and mobile charging represents a 

transformative shift in urban utility design. By 

leveraging a biomimetic architecture, this project 

effectively bypasses the primary constraint of 

traditional solar installations: spatial footprint. Through 

a detailed financial assessment, this paper demonstrates 

that despite a higher initial capital expenditure, the 

system achieves a breakeven point within 

approximately 9.4 years in the Indian energy market. 

Over a 25-year lifecycle, the solar tree transitions from 

a cost center to a high-yield asset, generating over ₹3.9 

Lakhs in net savings while offsetting approximately 

33.65 metric tons of CO2. Furthermore, the modular 

nature of the design provides an adaptable framework 

for Future Scope enhancements. By integrating AI-

driven predictive maintenance and scaling for Electric 

Vehicle (EV) charging, the Solar Tree can evolve 

alongside the burgeoning requirements of a Tier-1 

Smart City. Ultimately, this system proves that 

sustainable infrastructure is not merely an 

environmental preference but a fiscally responsible 

solution for modern, high-density urban environments. 
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