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ABSTRACT 

The integration of Vehicle-to-Grid (V2G) technology represents a transformative solution for enhancing renewable energy 

storage and ensuring grid stability. With increasing penetration of intermittent renewable sources such as solar and wind, the 

power grid faces significant challenges in balancing supply-demand fluctuations. V2G systems allow bidirectional energy 

flow, enabling Electric Vehicles (EVs) to serve not only as loads but also as distributed storage assets. Technically, this 

involves the use of advanced bidirectional chargers, smart metering, and communication protocols compliant with standards 

such as ISO/IEC 15118 and IEEE 2030.5. 

From a systems perspective, aggregated EV fleets can provide ancillary services including frequency regulation, peak 

shaving, voltage support, and spinning reserve. Studies indicate that a penetration of 20–30% EVs with V2G capabilities can 

reduce peak demand by up to 15% and enhance renewable energy utilization by 25%. Integration also supports reduction of 

carbon emissions, with estimates suggesting up to 40 MtCO₂/year savings in regions adopting large-scale V2G deployment. 

Advanced optimization techniques, such as model predictive control (MPC) and AI-driven scheduling, further improve 

charging/discharging efficiency. 

Global policies, including the European Union’s Green Deal and the U.S. Department of Energy’s EV Everywhere initiative, 

are actively promoting V2G-enabled smart grids. Technical pilot projects, such as the UK’s Powerloop and Japan’s Nissan 
LEAF-to-Grid trials, have demonstrated the feasibility of V2G in real-world conditions. However, challenges remain in terms 

of battery degradation, interoperability of charging standards, and grid cybersecurity. Overall, V2G technology provides a 

robust pathway to achieving sustainable, resilient, and flexible power systems in the era of renewable energy integration. 
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1. INTRODUCTION 

The global transition towards renewable energy has underscored the necessity of integrating advanced technologies to ensure 

grid stability and efficiency. Intermittent renewable sources such as solar photovoltaic (PV) and wind power introduce 

significant variability and unpredictability into the power system, creating challenges in frequency control, peak demand 

management, and voltage regulation. Vehicle-to-Grid (V2G) technology emerges as a promising solution by enabling 

bidirectional energy flow between Electric Vehicles (EVs) and the power grid. Unlike traditional charging, V2G-capable 

systems utilize bidirectional inverters, smart metering, and secure communication protocols to transform EVs into distributed 

energy resources (DERs). Through controlled charging and discharging, V2G fleets can provide services such as load 

leveling, peak shaving, spinning reserve, and renewable energy firming. Technical standards including ISO/IEC 15118, IEEE 

1547, and OpenADR form the backbone of interoperability and real-time grid integration. This technical advancement 

positions EVs not merely as transportation assets but as flexible, intelligent nodes in future smart grids. 

From a technical standpoint, V2G systems significantly enhance grid reliability and renewable energy utilization. Simulation. 
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studies and pilot projects have demonstrated that with 20–30% EV penetration, grids can achieve a 10–15% reduction in 

peak demand, alongside a 20–25% increase in renewable energy absorption. For instance, the UK’s Powerloop Project and 

Japan’s LEAF-to-Grid demonstration have validated the role of aggregated EV batteries in providing frequency regulation 

and demand response. Model Predictive Control (MPC), artificial intelligence (AI)-based optimization, and blockchain-

enabled transaction frameworks have been proposed to maximize system efficiency and ensure secure energy exchange. 

Additionally, V2G contributes to substantial carbon footprint reduction, with global estimates suggesting savings of 30–40 

MtCO₂ annually if widely adopted. These outcomes are particularly relevant in regions with high renewable penetration, 

where conventional grid balancing resources are either costly or carbon-intensive. Beyond operational benefits, research also 

focuses on technical challenges, including battery degradation, state-of-charge (SOC) estimation, and charger 

interoperability, which remain active areas of innovation 

Globally, governments and energy regulators are actively shaping policies to accelerate V2G deployment. The European 

Union’s Green Deal envisions large-scale EV integration as part of its decarbonization targets, while the U.S. Department 

of Energy promotes V2G through its EV Everywhere initiative. Similarly, Japan has pioneered V2G adoption through 

Nissan’s CHAdeMO protocol, which facilitates reliable vehicle-grid communication. Comparative policy frameworks 

highlight varying levels of technical readiness, incentives, and regulatory support across regions, yet all emphasize the 

potential of V2G to strengthen grid resilience. The convergence of renewable energy growth, electrification of transport, and 

smart grid development makes V2G a cornerstone of sustainable energy transitions. By combining cutting-edge technologies 

in power electronics, communication, and control systems, V2G ensures that the growing EV fleet contributes not only to 

decarbonization of transport but also to a more flexible, reliable, and carbon-neutral power system. 

2. NOTEWORTHY CONTRIBUTIONS IN V2G (2015–2024) 

Table 1 short sight of contribution in V2G 

Year Authors & Journal Title (Short) Technical Contribution / Highlight 

2016 Kempton & Tomić (IEEE 

Trans. Power Syst.) 

Vehicle-to-Grid Power 

Fundamentals 

Early framework for V2G, defining 

control, bidirectional power flow, and 

ancillary services potential. 

2018 Liu et al. (Applied 

Energy) 

Optimal Scheduling of 

EVs in V2G 

Proposed MILP-based scheduling models 

for coordinated charging/discharging to 

reduce peak demand. 

2019 Zhang et al. (IEEE Trans. 

Smart Grid) 

Decentralized Control 

of V2G for Frequency 

Regulation 

Developed distributed control algorithm 

to improve stability while minimizing 

communication overhead. 

2020 Han et al. (Energy 

Conversion & 

Management) 

Bidirectional Converter 

Design for V2G 

Proposed high-efficiency isolated 

bidirectional DC–AC converter with 

adaptive control for EV-grid interface. 

2021 Luo et al. (Renewable & 

Sustainable Energy 

Reviews) 

Review of V2G 

Technologies 

Systematic review of communication 

protocols (ISO 15118, OCPP), 

bidirectional charging, and grid 

integration. 

2022 Bidak & Tekiner-

Mogulkoc (Sustainable 

Energy Grids & 

Networks) 

Stochastic Impacts of 

V2G on the Grid 

Analytical study modeling stochastic 

demand, V2G uncertainty, and demand 

response coordination. 

2023 Ghosh et al. (World 

Electr. Veh. J.) 

Challenges & 

Opportunities in EV–

Grid Integration 

Technical review on ancillary services, 

DER coordination, and barriers to real-

world deployment. 

2023 IET Power Electronics Interface Topologies for 

V2G 

Detailed study of bidirectional power 

electronics, highlighting modular 

multilevel converters and advanced 

control. 
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2023 Graham & Teng (ArXiv) Neural Network 

Forecasting for V2G 

Proposed deep learning-based day-ahead 

plug-in forecasting for reliable grid 

participation. 

2024 Srihari et al. (Frontiers in 

Energy Research) 

Meta-Heuristic 

Optimization of 

V2G/G2V 

Developed Honey Badger Algorithm for 

optimal EV charging/discharging with 

reduced losses. 

2024 Inci et al. (Applied 

Sciences, MDPI) 

Integration of EVs as 

DERs in Smart Grids 

Technical review of control strategies, 

protection issues, and challenges in V2G-

enabled DERMS. 

2024 Vishnu et al. (World 

Electr. Veh. J.) 

Grid Integration of EVs 

(V2G, V2H, V2X) 

Surveyed supportive technologies, V2X 

ecosystem, and case studies of 

bidirectional charging. 

2024 MDPI Energies Feasibility & 

Challenges of V2G 

Tech-economic study quantifying peak 

shaving (2.8–8.8%), CO₂ reduction, and 

incentive-based models. 

2024 Elsevier (Energy 

Conversion & 

Management: X) 

Comprehensive V2G 

Integration Review 

Bibliometric + technical mapping, 

highlighting future trends in control, 

stability, and converter design. 

2024 Frontiers in Energy 

Research 

V2X Use-Cases & Smart 

Urban Grids 

Pilot-scale case studies analyzing V2X 

innovations, interoperability, and grid 

stability impact. 

 

Progression from Theory to Implementation:The timeline shows a clear evolution from early theoretical frameworks (2016–

2018) to advanced optimization and hardware integration (2020–2024). This highlights the maturing nature of V2G 

technology. 

Shift Toward Control & Optimization:Early works emphasized fundamentals and feasibility, while recent contributions 

(2022–2024) focus on control algorithms, stochastic modeling, and meta-heuristic optimization to handle uncertainty in EV 

participation. 

Power Electronics at the Core: Several papers (2020, 2023–2024) stress the role of bidirectional converters and modular 

multilevel topologies, confirming that hardware efficiency and interoperability are critical enablers of large-scale V2G 

adoption. 

Integration with AI & Smart Grids: Studies from 2023 onward demonstrate a growing reliance on AI-driven forecasting 

(neural networks) and DER coordination, signaling a transition toward intelligent, adaptive V2G systems embedded in smart 

grids. 

Global Policy & Grid Stability Relevance: The 2024 studies emphasize real-world deployment, interoperability, and policy 

frameworks, indicating that V2G has moved from lab-scale concepts to strategic integration within renewable-heavy power 

grids worldwide. 

3. TECHNICAL INSIGHT: HOW V2G TECHNOLOGY WORKS 

Power Electronics and Bidirectional Energy Flow 

The fundamental enabler of V2G systems is the bidirectional power electronic interface, which allows energy to flow both 

from the grid to the EV (charging) and from the EV battery to the grid (discharging). This is typically achieved using 

bidirectional AC–DC converters with advanced modulation techniques such as PWM (Pulse Width Modulation) or space 

vector modulation to maintain high efficiency and low harmonic distortion. The charger operates in grid-following mode 

during charging, where it synchronizes with grid voltage and frequency, and switches to grid-forming or grid-supporting 

mode when discharging, providing ancillary services like frequency regulation and reactive power compensation. Power 

factor correction (PFC) is integrated into the converter design to ensure minimal grid disturbance. Moreover, solid-state 

transformers and wide-bandgap semiconductors such as SiC (Silicon Carbide) and GaN (Gallium Nitride) devices are being 

increasingly deployed, enhancing switching efficiency and reducing energy losses. This technical advancement has 

significantly improved the round-trip efficiency of V2G systems, which now exceeds 90% in laboratory prototypes. 
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Figure 1 V2G Unit 

Grid Integration, Control, and Stability  

Once the bidirectional hardware is in place, smart grid communication and control systems manage the flow of energy 

between EVs and the grid. Each EV can act as a Distributed Energy Resource (DER) and is aggregated by a V2G aggregator 

to form a Virtual Power Plant (VPP). This aggregation ensures that thousands of small EV batteries can be coordinated to 

provide services comparable to traditional large-scale power plants. Using protocols such as ISO 15118 (vehicle-to-grid 

communication interface) and OCPP (Open Charge Point Protocol), real-time communication occurs between EVs, charging 

stations, and grid operators. Advanced control algorithms such as Model Predictive Control (MPC), droop control, and multi-

agent systems are employed to optimize energy dispatch, minimize voltage deviations, and stabilize frequency under varying 

load conditions. For instance, when renewable generation like wind or solar fluctuates, V2G-enabled EVs can discharge 

stored energy to maintain grid balance. In Europe and Japan, V2G pilots have demonstrated frequency deviation 

improvements of 20–30% when EV fleets were integrated into grid-balancing mechanisms. 

3. Energy Management, Renewable Integration, and Policy Support. 

On the energy management side, V2G systems are designed to act as buffering storage for renewable integration. Since solar 

and wind are inherently intermittent, their output often does not match demand profiles. V2G technology enables load 

shifting, peak shaving, and valley filling, where EVs charge during off-peak renewable-rich hours and discharge during peak 

demand. Technical studies indicate that if 10% of global EVs participate in V2G by 2030, they could provide over 1,200 

GWh of flexible storage capacity, equivalent to replacing several fossil-fuel-based peaker plants. In Japan’s Nissan LEAF 

V2G trials, each vehicle contributed about 10 kWh/day back to the grid, showing the practicality of household-level grid 

support. On a larger scale, integration with distributed energy management systems (DEMS) and cloud-based AI-driven 

optimization allows real-time adaptation of charging schedules to dynamic pricing, weather forecasts, and renewable 

generation patterns. From a technical standpoint, challenges still exist in battery degradation models, standardization of 

communication protocols, and cybersecurity of V2G infrastructures, but ongoing research between 2015–2024 has made 

significant strides. Globally, policies in countries like Denmark, Japan, and the UK have actively supported V2G pilot 

projects, proving the technical feasibility and reliability of this emerging grid-support technology. 

4. DUSCUSSION AND CONCLUSION 
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Table 3. V2G Control strategies 

Control 

Strategy 

Optimization 

Focus 

Response 

Time 

Scalability Battery 

Impact 

Renewable 

Integration 

Implementation 

Complexity 

Use Cases 

MPC Predictive, 

cost 

minimization 

Fast            

(100-

200ms) 

High Medium 

(balanced) 

Very High High Grid 

balancing, 

cost 

optimization 

Droop 

Control 

Decentralized, 

stability 

Moderate 

(200-

300ms) 

High Low 

(gentle 

cycles) 

Moderate Low Frequency 

stability, 

microgrids 

Meta-

heuristics 

Global 

optimization, 

robustness 

Slower              

(300-

500ms) 

Moderate High 

(intensive 

cycles) 

High Very High Complex 

multi-

objective 

scenarios 

 

The dataset shows a clear technical trend: higher converter efficiency (SiC/GaN cases → 97–98%) yields higher round-trip 

efficiency and stronger grid support metrics (greater peak shaving and frequency-stability gain). 

•  High-power fast chargers (e.g., GaN-UFC-500kW) deliver the best dynamic performance — fastest response (~90 ms), 

lowest THD (~2.5%), and top frequency improvement (~30%). 

•  Depot/utility-scale aggregations (DepotBus 1 MW, V2X-Port, AI-DERMS) achieve the largest system impacts (peak 

shaving 15–18%, freq. stability 27–32%) because of aggregation size and fleet availability. 

•  Home-scale V2G with LFP batteries is attractive for low degradation (∆ ~0.5–0.6%/yr) and high availability, but its per-

unit contribution to grid metrics is modest (peak shaving ~6%, freq. improvement ~8–9%). 

•  Active harmonic mitigation (active filters) is effective: cases with THD ≲2–3% maintain power quality while still 

delivering ~20–22% stability improvements. 

•  AI/DERMS orchestration across large fleets (aggregation ≈ thousands of EVs) balances fast frequency response with 

market participation, enabling TSO ancillary services without sacrificing dispatch efficiency. 

•  There is a measurable trade-off: scenarios with highest dispatch and rapid response show slightly higher battery degradation 

(≈1.0–1.5%/yr), indicating the need for wear-compensation and lifetime-aware scheduling. 

•  Accurate SOC estimation (<~1.5–2% error) correlates with better scheduling, lower unnecessary cycling, and reduced 

degradation — highlighting the importance of advanced SOC algorithms (Kalman, NN). 

•  In conclusion, V2G is technically viable: with efficient bidirectional power electronics, DERMS/MPC control, and 

harmonic/cybersecurity measures, aggregated EV fleets can materially improve frequency stability, renewable absorption, 

and peak shaving. 

•  Recommendation: prioritize SiC/GaN converters, deploy active THD controls, implement MPC/AI-based DERMS, adopt 

battery-wear compensation schemes and interoperable standards (ISO 15118/OCPP/IEEE 1547) to scale secure, low-

degradation V2G services 
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