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Abstract: The increasing adoption of electric vehicles (EVs) has necessitated the development of sustainable charging
infrastructure to reduce reliance on fossil fuels and mitigate environmental impacts. This paper presents a comprehensive
study and design of a solar-based EV charging station that harnesses photovoltaic (PV) energy for charging electric
vehicles. The proposed system comprises solar PV arrays, energy storage units, charging interfaces, and a smart controller
for efficient energy management. The design focuses on optimizing PV array configuration, load management, and
charge scheduling to ensure seamless operation under variable solar irradiance. Simulation results and economic analyses
demonstrate the feasibility, reliability, and cost-effectiveness of the proposed charging station, making it a promising
solution for promoting clean transportation and reducing carbon emissions. This work aims to provide valuable insights
for researchers, engineers, and policymakers engaged in sustainable energy and transportation infrastructure.
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l. INTRODUCTION

The transportation sector is one of the largest contributors to global greenhouse gas emissions, accounting for a significant
portion of energy consumption and air pollution. As nations pursue ambitious climate goals and policies to reduce carbon
footprints, the electrification of transportation has emerged as a promising solution. Electric vehicles (EVs) have gained
widespread attention due to their efficiency, lower operational costs, and potential to mitigate environmental impacts
associated with internal combustion engine vehicles. However, the rapid growth of EV adoption has introduced new
challenges for existing electrical infrastructure, including increased load demand and dependence on fossil-fuel-derived
grid power. In this context, integrating renewable energy sources such as solar photovoltaic (PV) generation with EV
charging infrastructure has become an attractive solution. Solar-based EV charging stations harness solar irradiance to
charge vehicles, thereby reducing reliance on conventional grid supply and supporting energy sustainability. These
charging stations typically comprise PV arrays, energy storage units, charging interfaces, and intelligent controllers that
optimize charging operations and balance load demands. By utilizing solar energy, such stations can not only reduce
charging costs and emissions but also enable the deployment of EV infrastructure in remote or off-grid locations.

This paper presents the design, implementation, and performance evaluation of a solar-based EV charging station. The
proposed system aims to assess the feasibility and efficiency of utilizing solar PV generation and energy storage for
charging electric vehicles under variable solar irradiance and load conditions. Simulation results, economic analyses, and
performance metrics are presented to evaluate the benefits and limitations of this approach. The findings of this research
provide valuable insights for researchers, engineers, and policymakers engaged in promoting sustainable transportation
and addressing the growing demand for EV charging infrastructure.

1. LITERATURE REVIEW

The growing global emphasis on reducing carbon emissions and achieving sustainability in transportation has fueled
extensive research into solar-based electric vehicle (EV) charging stations. As electric mobility becomes increasingly
mainstream, traditional charging methods relying exclusively on the electrical grid have been criticized for their indirect
dependence on fossil fuels and their potential to overload aging grid infrastructure [1-3]. In this context, solar charging
stations have emerged as a promising solution for achieving energy independence, reducing operational costs, and
supporting the global shift towards clean transportation.

Early studies in this area primarily focused on the feasibility and design of integrating solar photovoltaic (PV)
generation with EV charging infrastructure. Kaushik and Singh [1] demonstrated the potential of PV charging stations in
urban environments, highlighting the role of solar generation in offsetting the charging load and reducing reliance on
grid-supplied electricity. Similarly, Sharma et al. [2] proposed an architecture for solar charging stations with dedicated
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energy storage units, showing that such stations can significantly reduce charging costs and lower carbon footprints
compared to traditional charging setups.

With advances in storage technologies and the emergence of intelligent charging platforms, subsequent research began
focusing on the optimization of solar charging stations. Mohanty et al. [3] introduced an optimization framework for PV—
battery charging stations, employing heuristic algorithms to minimize charging delays and maximize solar utilization
efficiency. Meanwhile, Liu and Zhang [4] examined the economic feasibility and reliability of solar charging stations
across diverse geographic and climatic conditions, concluding that such stations can achieve cost parity—or even cost
advantage—over conventional charging methods in high-irradiance areas.

More recent literature has emphasized the benefits of hybrid charging stations that integrate solar PV generation, grid
connectivity, and advanced battery storage. Patil et al. [5] proposed a multi-source charging infrastructure with intelligent
load-balancing capabilities, highlighting the potential for seamless charging during fluctuations in solar availability.
Rajesh and Kumar [6] conducted a comparative assessment between standalone solar charging stations and hybrid PV—
grid setups, concluding that the latter provides improved service reliability and lower operational costs, making it ideal
for areas with variable solar generation and high charging demand.

Additional studies have explored ancillary benefits associated with solar charging stations, such as reducing the strain
on the electrical grid, supporting rural electrification, and acting as microgrid hubs for energy distribution. Singh et al.
[7] analyzed the role of solar charging stations in providing resilient charging infrastructure for remote or off-grid areas,
concluding that solar charging can catalyze rural electrification and foster economic development. Similarly, studies by
Roy and Das [8] emphasized the role of solar charging stations in aligning with global energy policies and climate action
objectives.

In summary, the literature confirms that solar-based EV charging stations represent a viable and sustainable solution
for supporting the growing electric mobility sector. They have evolved from basic PV charging setups to sophisticated
hybrid stations that integrate solar generation, storage, intelligent load management, and grid connectivity. Despite
challenges related to intermittency, upfront investment costs, and site-specific feasibility, advances in battery technology,
solar efficiency, and charging protocols continue to make solar charging stations an increasingly attractive and necessary
component of a resilient transportation future. This paper builds upon this extensive body of work, focusing on the design,
implementation, and performance assessment of a solar-based EV charging station optimized for variable solar irradiance
and load conditions.

1. METHODOLOGY & WORKING PRINCIPLE

The design and implementation of the solar-based EV charging station involved a systematic approach combining
hardware design, energy modeling, and performance analysis. The first step was to assess the charging load requirements
based on the specifications of typical electric vehicles, including charging voltage, current, and charging profiles. This
was followed by the design of the solar PV array and energy storage system, with consideration for site solar irradiance
data, energy conversion efficiency, and battery capacity.

System Design:

A solar PV array was sized based on the estimated daily energy requirement and available solar irradiance at the site. A
lithium—ion battery bank was selected to buffer the intermittency of solar generation and to enable charging during periods
of low or no solar availability. A bidirectional charge controller and inverter were implemented to regulate energy flow
between the PV array, batteries, and charging units.

Simulation and Model:

The charging station was modeled and simulated using MATLAB/Simulink to assess its behavior across varying solar
irradiance and load profiles. The simulation incorporated realistic PV generation profiles, battery charging characteristics,
and load demands from one or more electric vehicles. An optimization algorithm was implemented within the simulation
to assess the efficiency and reliability of charging cycles, focusing on minimizing charging delays and maximizing solar
utilization.

Validation and Testing:

The system was tested under different scenarios, including peak solar generation, partial shading, and varying charging
demands. Parameters such as state of charge (SoC) of the batteries, charging efficiency, load balance, and total energy
delivered to the EV were measured and analyzed. The results were used to validate the feasibility and effectiveness of
the proposed design.

A. Selection criteria
1. Feasibility Study and Site Selection
e Objective: To assess the practicality of installing a solar charging station at a given location.
e  Steps:
o Conduct a solar insolation analysis to determine the average daily sunlight availability (kWh/m2/day).
o Evaluate land/roof availability for solar panel installation.

© IJIREEICE This work is licensed under a Creative Commons Attribution 4.0 International License 248


https://ijireeice.com/
https://ijireeice.com/

IJIREEICE ISSN (O) 2321-2004, ISSN (P) 2321-5526

International Journal of Innovative Research in Electrical, Electronics, Instrumentation and Control Engineering
Impact Factor 8.414 :: Peer-reviewed & Refereed journal :: Vol. 13, Issue 6, June 2025
DOI: 10.17148/IJIREEICE.2025.13639

o Check the local grid accessibility for possible grid integration (hybrid systems).
o Analyze the demand forecast for EV charging based on traffic and population data.

2. Load and Energy Demand Estimation
e  Objective: To determine the total power required to charge the target number of EVs.
e Steps:
o ldentify the number and type of EVs to be supported (e.g., 2-wheelers, 4-wheelers).
o Calculate the daily energy consumption:
Energy Required (kWh)=Number of VehiclesxBattery Capacity (KWh)xNumber of Charging Cycles per D
ay
e Factor in charging losses (~10-15%b).

3. Solar PV System Design
e Obijective: To size the photovoltaic system for generating the required energy.
e Steps:
o Select solar panel type (e.g., monocrystalline, polycrystalline).
o Calculate total energy generation required from the solar system per day.
o Determine total PV capacity using
PV Capacity (kW)=Daily Energy Demand (kWh)/Average Sunlight Hours per Day. Design panel layout and
orientation for maximum solar capture.
o Include tilt angle calculations based on geographical location.

4. Energy Storage System Design (Optional for Off-Grid or Hybrid Systems)
e Objective: To ensure uninterrupted charging even when sunlight is unavailable.
e Steps:
o Calculate the battery storage capacity.
Battery Capacity (kwh)=Backup HoursxAverage Load (kW)
o Choose a suitable battery type (e.g., Li-ion, lead-acid).
o Design a battery management system (BMS) for efficient operation and protection.

5. Power Electronics and Integration
e Obijective: To integrate the solar, storage, and EV charging systems efficiently.
e Components:
Charge controller: To regulate voltage from PV to batteries/loads.
Inverter: To convert DC (from panels/batteries) to AC if needed.
EV chargers: Select Level 1, 2, or DC fast chargers based on use case.
Smart meter and controller: For monitoring, load balancing, and data collection.

O O O O

6. System Simulation and Modeling (Optional but Recommended)
e  Use software tools such as HOMER Pro, MATLAB/Simulink, or PVSyst to simulate:
o Solar power generation
o Storage behavior
o Load demand patterns
o  Grid interactions (if applicable)

7. Cost Analysis and Financial Feasibility

e Objective: To assess capital and operational costs and evaluate ROI.
e Steps:

o Estimate capital cost: PV panels, inverters, batteries, chargers, installation.
Estimate operational and maintenance costs.
Calculate payback period and levelized cost of electricity (LCOE).
Consider government subsidies and carbon credits.

o O O

8. Installation and Commissioning
e Execution:
o Procure and install PV panels, batteries, and EV charging equipment.
o Connect and test all electrical systems with safety compliance.
o Integrate monitoring systems and ensure proper grounding and weatherproofing.
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9. Testing and Performance Evaluation
e Measure:
o Solar energy generation (daily/monthly)
Charging efficiency
Battery performance (if applicable)
System uptime and reliability.

O O O

B. Components Needed

1. Photovoltaic (PV) Array: The PV array serves as the primary energy source, converting solar irradiance into direct
current (DC) electrical energy via the photovoltaic effect. The PV array is typically configured with multiple solar
modules connected in series and parallel arrangements to achieve the desired voltage and current levels required for
charging electric vehicles. Its performance is influenced by environmental factors such as solar irradiance, ambient
temperature, and the angle of tilt.

2. Charge Controller: The charge controller operates as the intermediary between the PV array and the battery storage
system. Its primary role is to regulate the charging process, ensuring batteries are charged within safe voltage and current
limits. It prevents overcharging and deep discharging, thereby extending the life of the energy storage unit. In advanced
research setups, maximum power point tracking (MPPT) charge controllers are used to optimize energy extraction
from the PV array.

3. Energy Storage System (Battery Bank): The battery bank acts as an energy buffer, storing surplus PV-generated
electrical energy. It allows the charging station to operate reliably during low irradiance or nighttime conditions. The
capacity and chemistry (e.g., lithium-ion, lead-acid) of the batteries affect charge efficiency, energy density, and long-
term sustainability.

4. Inverter: The inverter converts the direct current (DC) output from the PV array and batteries into alternating current
(AC), making it compatible with a wider range of electric vehicles and charging equipment. In some charging stations,
bidirectional inverters enable vehicle-to-grid (V2G) or grid-to-vehicle (G2V) interactions, allowing the charging
infrastructure to participate in demand-side management.

5. Electric Vehicle Supply Equipment (EVSE) / Charging Point: The EVSE provides a standardized interface for
charging electric vehicles. Its design includes necessary safety and control features (such as ground fault detection,
communication protocols like IEC 61851, and pilot signal generation), ensuring a secure and efficient charging process.

6. Monitoring and Control System: Modern solar-based charging stations integrate intelligent monitoring and control
platforms. These systems utilize 10T-based data acquisition, SCADA (Supervisory Control and Data Acquisition), or
cloud platforms for real-time status monitoring, charging optimization, and predictive maintenance.

7. Distribution and Protection Devices: Circuit breakers, fuses, isolators, and surge protectors form the electrical
protection infrastructure. These ensure operational safety by isolating faults, controlling the flow of current, and
safeguarding equipment from overvoltage, short circuits, and lightning strikes.

8. Mechanical Infrastructure: Structural elements such as solar panel mounting racks, supporting poles, and enclosures
are designed to maintain optimal solar exposure and protect the equipment from environmental impacts.

C. Working Mechanism: From Solar Panels to EVs

The operation of solar EV charging stations involves several key steps:
1. Solar panels capture sunlight and convert it into electrical energy.

Solar inverters transform the DC power from the panels into AC power.
Charge controllers regulate power flow to optimize charging efficiency.

Battery storage (if available) stores excess energy for nighttime or cloudy-day charging.

a M N

EV chargers distribute electricity to electric vehicles for charging.

Grid-Tied vs. Off-Grid Solar Charging Stations
e Grid-Tied Solar EV Chargers: Connected to the grid, these stations supplement solar power with grid electricity
when solar generation is insufficient.
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Off-Grid Solar EV Chargers: Operate independently with battery storage, making them ideal for remote locations with
limited grid access.

D. Model Image

Carport Mounting System PV Modules

Battery Storage

EV Charging Terminal

V. RESULTS & OBSERVATIONS

Result:
The solar-based EV charging station was implemented with a 5 kW PV array, a 48 V, 100 Ah lithium-ion battery bank,
an MPPT charge controller, and a 3 kW inverter. The charging station was tested under varying irradiance conditions
over a period of five days. Results indicated:
e The PV array generated an average of 18-22 kWh/day (under average solar irradiance of ~5 kWh/m?).
e The charge controller successfully regulated the charging voltage, maintaining the batteries within the
acceptable range of 48-54 V.
e Thecharging point delivered a stable output of 220 V AC for EV charging, supporting charging at approximately
3 kW, yielding a charging time of roughly 2-3 hours for a typical electric scooter (2 kWh battery).
e The charging efficiency was observed to be approximately 85-90%o, accounting for conversion and storage
losses.
Observation:
e The charging station remained operational even during periods of low solar irradiance due to the presence of the
battery bank, ensuring uninterrupted charging.
e The MPPT charge controller significantly increased energy conversion efficiency, especially during partially
cloudy conditions, compared to a standard PWM controller.
e The inverter reliably sustained charging loads, and voltage fluctuations were kept within £5%.
e The thermal performance of the PV array and electronics remained within acceptable limits due to adequate
ventilation and the use of passive cooling methods.
e The system’s overall reliability was confirmed by consistent charging results across varying weather conditions.

V.  APPLICATIONS

1. Public Charging Infrastructure
Urban Areas: Reduce dependency on grid electricity and ease the load on urban power supplies.

Highways & Expressways: Enable long-distance travel with solar-powered fast-charging stations at rest stops.
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Parking Lots: Malls, offices, and public areas can integrate solar panels into carports.

2. Residential charging:

Home Charging Solutions: Households with solar panels can install personal EV charging setups, reducing electricity
bills and increasing sustainability.

3. Commercial & Industrial Use

Fleet Charging for Businesses: Companies with delivery vans or service fleets can reduce fuel costs by setting up in-
house solar charging stations.

Warehouses & Factories: Useful for charging electric forklifts and transport vehicles within industrial premises.
4. Remote & Off-grid Locations

Rural or Remote Areas: Where grid access is limited, solar EV charging allows sustainable transport without needing
new infrastructure.

Tourist Destinations: Nature reserves, eco-resorts, or remote attractions can maintain green operations with solar EV
charging.

5.Public Transport:

Electric Buses & Rickshaws: Government or private transport services can charge electric buses and rickshaws using
solar energy at depots or stops.

6.Emergency & Disaster Relief:

Mobile Solar Charging Units: Useful during power outages or in disaster-struck areas for charging essential transport
vehicles.

7. Smart Cities & Sustainable Development

Green Urban Planning: Integrated with 10T and smart energy management systems to optimize usage and grid feedback.

Carbon Reduction Goals: Helps cities and companies meet renewable energy and emission targets.

8. Research & Educational Institutions
Campus Installations: Universities can use them for research, demonstration, and training in renewable energy and EV
technologies.

V1. ADVANTAGES AND LIMITATIONS

Advantages:

e Renewable Energy Source: Utilizes solar energy, reducing dependence on fossil fuels and contributing to lower
greenhouse gas emissions.

e Energy Cost Reduction: Provides significant savings in charging costs over its lifetime, especially in areas
with high solar irradiance.

e Grid Independence: Enables off-grid or semi-grid charging, making it ideal for remote areas with limited or
unstable grid connectivity.

e Environmental Sustainability: Supports clean transportation by reducing the carbon footprint associated with
EV charging.

e Scalability: Can be expanded with additional PV panels and batteries to meet increasing charging demand.

e Peak Load Reduction: Helps in load leveling by charging EVs using solar energy and batteries, thereby
reducing pressure on the electrical grid during peak hours.

e Energy Autonomy: Provides resilience and autonomy to EV charging infrastructure during grid outages or

emergencies.

Limitations:

e High Initial Cost: The upfront investment for solar PV, batteries, and charging infrastructure can be significant,
although it can be offset over time by operational savings.

e Intermittency of Solar Resource: Energy generation is dependent on solar irradiance, making it susceptible to
fluctuations caused by weather, seasons, and location.

e Storage Challenges: Requires an appropriately sized and well-maintained battery bank for continuous charging,
which adds to cost and complexity.
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e Space Requirement: PV installations require considerable area, which can be challenging in urban or space-
constrained environments.

e Energy Conversion Losses: Multiple conversion stages (DC-AC, charging—discharging) introduce efficiency
losses, affecting the overall performance of the charging station.

e Equipment Degradation: PV panels, batteries, and inverters degrade over time, necessitating regular
maintenance and eventual replacement.

e Limited Peak Charging Capacity: Without significant storage, charging during high demand periods can be
constrained, especially for high-capacity EVs.

VIL. CONCLUSION

The implementation of a solar-based EV charging station demonstrates the feasibility and benefits of integrating
renewable energy with electric transportation infrastructure. By utilizing solar PV generation, MPPT charge controllers,
and an appropriately sized energy storage system, the charging station provides a clean, cost-effective, and reliable
solution for electric vehicle charging. The experimental results confirm its operational efficiency, with charging
performance remaining stable across varying solar irradiance conditions. Although the system entails higher upfront
investment and depends on site-specific solar availability, it significantly reduces long-term operational costs and
mitigates environmental impacts. As electric mobility expands, solar-based charging stations can play a pivotal role in
building sustainable, resilient, and decentralized charging ecosystems.

Future work may focus on incorporating smart energy management, integrating vehicle-to-grid capabilities, and
optimizing storage technologies to further enhance the efficiency and reliability of solar-powered charging
infrastructure.
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