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Abstract- With the increasing adoption of electric vehicles 

(EVs), the demand for sustainable and intelligent charging 

infrastructure has surged. Integrating photovoltaic (PV) 

systems with the power grid and energy storage offers a 

promising solution to address energy efficiency and reduce 

carbon emissions. This paper consolidates recent 

developments in PV-grid integrated EV charging 

infrastructure, focusing on system configurations, operational 

modes, control strategies, energy management systems, power 

electronics, and optimization techniques. It also explores the 

role of emerging technologies such as AI, blockchain, and 

V2G systems, and examines current challenges and future 

directions. This comprehensive review provides a pathway for 

scalable, secure, and economically viable deployment of clean 

mobility solutions. 
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I. INTRODUCTION 

 

 Electric Vehicles (EVs) are critical to achieving net-

zero emissions, driving the demand for sustainable charging 

infrastructure. Integrating solar photovoltaic (PV) systems 

with the utility grid enables hybrid EV charging stations. 

These systems reduce carbon emissions and alleviate pressure 

on the power grid. They incorporate real-time energy 

management, storage, and intelligent control systems. 

Conventional grid-dependent charging often relies on fossil 

fuels, limiting environmental benefits. PV integration offers 

energy independence, operational cost savings, and cleaner 

energy. Both standalone and grid-tied PV configurations are 

being deployed for charging solutions. Recent research 

emphasizes the importance of site selection and solar 

irradiance analysis. Advancements in PV technologies and 

monitoring tools have improved energy efficiency. This 

hybrid approach supports the transition to a more sustainable 

transportation ecosystem. These systems integrate real-time 

management, energy storage, and control technologies to 

optimize energy distribution. 

 

II. SYSTEM ARCHITECTURES 

PV-EV charging infrastructures are generally categorized into 

three types: standalone solar stations, grid-connected systems, 

and hybrid PV-grid setups. Standalone systems are suitable for 

off-grid locations but face challenges in intermittency and 

scalability. Grid-connected systems improve reliability but 

may not fully utilize solar power. Hybrid configurations offer 

flexibility by integrating energy storage, enabling various 

operational modes and even energy export to the grid. Recent 

innovations include modular and microgrid-based PV-EV 

systems for urban campuses and institutional settings. The 

system operates based on real-time inputs about solar 

availability, battery status, and load demand. Figures 1 

illustrate the complete block diagram of the system. 

  

 
Fig 1: Block diagram of PV-Grid integrated EV Charging 

Station 

 

III. POWER ELECTRONICS AND ENERGY STORAGE 

 

Efficient energy conversion in PV-EV systems 

depends on robust power electronics such as bidirectional 

converters and MPPT-enabled inverters. Lithium-ion batteries 

dominate ESS applications, although second-life EV batteries 

are gaining interest. Emerging battery types like flow and 

solid-state are under research. MPPT controllers and 

intelligent inverters manage dynamic loads and enable V2G 

operations, reactive power control, and islanding 

functionalities. 
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IV. OPERATIONAL MODES 

 

The operational framework of a PV-grid integrated electric 

vehicle (EV) charging station is governed by the dynamic 

interplay between photovoltaic (PV) generation, battery 

energy storage systems (BESS), and grid connectivity. Figures 

2 illustrate the operational flowchart that dictates whether 

power should be drawn from PV, the battery, or the grid. To 

ensure maximum energy efficiency, system flexibility, and 

uninterrupted service, the charging infrastructure functions 

under the following distinct modes: 

 

• Mode-1: Direct Solar charging 

In this mode, the EV draws power directly from the PV array. 

The entire real-time solar generation is utilized to fulfil the 

EV's charging demand, enabling 100% renewable energy 

utilization during optimal solar irradiance periods. 

• Mode-2: Battery-Assisted Charging 

When solar energy is insufficient or unavailable (e.g., during 

night or cloudy conditions), the EV is charged using the stored 

energy from the battery system. This mode ensures charging 

continuity and leverages stored surplus PV energy. 

• Mode-3: Grid-Supported Charging 

Under scenarios where both solar generation and battery 

reserve are inadequate, the charging system switches to draw 

power from the utility grid. This ensures reliability but may 

introduce grid dependency and operational cost. 

• Mode-4: PV-to-Battery Charging (Idle EV State) 

During periods of excess solar generation when no EV is 

actively connected, the available PV power is diverted to 

charge the BESS. This mode enhances system preparedness 

and maximizes renewable energy capture. 

• Mode-5: PV-to-Grid Export 

If the battery reaches its full state of charge and no EV is 

present, surplus PV energy is exported to the grid. This mode 

contributes to decentralized energy generation and supports 

grid stability. 

• Mode-6: Concurrent EV and Battery Charging 

When an EV is being charged and there is surplus PV 

generation beyond the vehicle’s real-time demand, the 

additional power is used to charge the BESS concurrently. 

This enhances overall system efficiency. 

• Mode-7: EV Charging with PV and Grid Export 

In situations where the PV generation exceeds both the EV's 

demand and the BESS's charging requirements, the excess 

energy is exported to the grid. This ensures no renewable 

energy is wasted and supports grid feed-in mechanisms. 

• Mode-8: Vehicle-to-Grid (V2G) 

Smart EMS adaptively manages these modes based on solar 

availability, EV demand, and grid pricing. Real-world pilots in 

Japan, the USA, and Germany validate the practicality of 

V2G, where EVs feed energy back to the grid during peak 

periods, improving load balancing and grid stability. 

 
Fig 2: Operational Flowchart for EV Charging System 

 

V. ENERGY MANAGEMENT AND OPTIMIZATION 

 

Advanced EMS tools use AI and optimization 

algorithms for predictive load balancing, cost minimization, 

and grid interaction. Models like LSTM, CNN, and hybrid 

fuzzy logic-rule-based systems support demand forecasting. 

Optimization techniques such as Genetic Algorithms (GA), 

Particle Swarm Optimization (PSO), Linear Programming 

(LP), and Reinforcement Learning (RL) are widely adopted to 

enhance scheduling and control. 

 

Blockchain supports secure billing and peer-to-peer 

(P2P) energy trading. These technologies improve system 

efficiency by 7–15% as reported in recent literature. EMS 

platforms prioritize low-carbon and low-cost energy windows 

while ensuring battery health and load constraints. 

 

VI. TECHNOLOGICAL TRENDS 

 

Emerging technological developments include: 

 

• AI-Based Predictive Control: Neural networks and 

decision trees in EMS enhance real-time decision-

making. 

• Blockchain for Energy Transactions: Facilitates 

secure, tamper-proof billing and P2P energy 

exchange. 

• Smart Parking Lots: Integration of solar canopies, 

shared ESS, and load scheduling. 

• Grid-Interactive Buildings: EVs charge/discharge 

dynamically based on facility energy balance. 
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• Fast DC Charging: Direct coupling with MPPT 

bypasses inverter stages and reduces conversion 

losses. 

• Modular Microgrids: Clustered PV-ESS-EV systems 

for institutions and campuses improve scalability and 

resilience. 

 

VII. CHALLENGES AND BARRIERS 

 

Despite progress, several critical issues persist: 

 

• High Capital Cost: PV panels, smart controllers, and 

battery systems require large initial investments. 

• Battery Degradation: Repetitive cycling shortens 

battery life. 

• Lack of Interoperability: Incompatible 

communication and V2G standards. 

• Policy and Regulatory Gaps: Absence of clear 

mandates on grid feed-in, EV incentives, and 

metering policies. 

• Cybersecurity: Internet-connected EMS and EVSE 

pose risks of hacking and data theft. 

 

Standardization efforts like ISO 15118 and OCPP are 

underway but need widespread adoption for seamless 

operation. 

 

VIII. POLICIES AND INCENTIVES 

 

Countries are enacting strong policies to accelerate PV-EV 

integration: 

 

• India: FAME II and National Solar Mission promote 

solar-powered public EV chargers. 

• USA: The Inflation Reduction Act (IRA) 2022 offers 

tax credits for solar and EV infrastructure. 

• European Union: The Green Deal and Fit for 55 

strategies push for renewable-powered mobility. 

• China: Grants subsidies for solar-EV hubs and 

mandates AI-enabled control systems. 

Cities like Oslo, Amsterdam, and Shanghai are mandating 

renewable-only public chargers by 2030. 

 

IX. FUTURE RESEARCH DIRECTIONS 

 

Key areas for ongoing and future exploration include: 

 

• AI-Powered Autonomous EMS: Self-learning 

systems adapting to grid behavior and user 

preferences. 

• Plug-and-Play Microgrids: Easily deployable setups 

for emergencies and remote areas. 

• LCA and Carbon Accounting: Lifecycle impact 

assessment of PV-EV infrastructure. 

• Thermal Safety and Fire Prevention: Crucial for 

densely packed battery banks. 

• P2P Charging Platforms: Enable solar-powered users 

to sell excess energy directly to neighboring EVs. 

 

Integration with smart city platforms and the Internet of 

Energy (IoE) will drive further innovation. 

 

CONCLUSION 

 

PV-grid integrated EV charging systems are transforming the 

landscape of electric mobility. With advancements in AI, 

storage, and policy support, these systems are increasingly 

efficient, scalable, and resilient. To achieve global 

deployment, future work must focus on modular designs, cost 

reduction, and smart grid integration. Interdisciplinary 

collaboration among engineers, data scientists, city planners, 

and regulators will be essential to enable sustainable and 

citizen-centric clean energy infrastructure. 
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