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Abstract 

With the rapid growth of the number of electric vehicles, vehicle-to-grid (V2G) technology has become a key to achieving 

energy transition and stable operation of the power grid. This article systematically reviews the collaborative optimization 

mechanism of electric vehicle charging and discharging strategies under the V2G mode, conducting an analysis from three 

dimensions: user demand response, power grid operation support, and renewable energy consumption. It reveals the core 

role of multi-subject collaboration, two-way information interaction, and economic incentive mechanisms in the 

optimization process. Research shows that by establishing a user flexible dispatching model, a dynamic balance algorithm 

for the power grid and a collaborative strategy for renewable energy, the simultaneous improvement of user benefits, power 

grid stability and the utilization rate of new energy can be achieved. 
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1. Introduction 

1.1 Research Background and Significance 

Driven by the global energy transition and the goal of carbon neutrality, Electric Vehicles, as mobile energy storage units, 

are evolving from single means of transportation to key nodes of the energy system. By 2025, the global stock of electric 

vehicles has exceeded 120 million, with China accounting for more than 40% [1]. However, disorderly charging behavior 

has led to an increase of over 30% in the peak-valley difference of the power grid, and the load pressure during peak hours 

in some cities has soared [2]. Vehicle-to-Grid technology achieves energy spatio-temporal translation through bidirectional 

charging and discharging, becoming the core approach to solving the problems of "peak shaving and valley filling" and 

the consumption of renewable energy. Pilot projects in the EUREF park in Germany have shown that large-scale 

application of V2G can reduce the peak load of regional power grids by 18% and lower the rate of wind and solar power 

curtailment by 12% [3]. 

From a technical and economic perspective, the V2G model incentivizes users to participate in demand response through 

dynamic electricity prices. After users participate in V2G, the annual charging cost will be reduced, and at the same time, 

each vehicle can generate 2.5 euros in auxiliary service revenue per day [4]. At the policy level, the EU's Battery Act 

explicitly requires that all newly sold electric vehicles by 2030 be equipped with V2G capabilities. China's "Blue Book on 

the Development of New Power Systems" also lists V2G as a key direction for smart grid construction [5]. 

1.2 Research Status and Problems 

Existing research focuses on three dimensions: At the technical level, 5G communication and edge computing have reduced 

system response latency to within 50ms [6]; At the economic level, the benefit distribution model based on the Shapley 

value optimizes the benefit ratio of the power grid - operator - user to 4:3:3 [7]; At the policy level, blockchain technology 

has enabled P2P energy trading platforms to reduce intermediary costs by 40% [8]. However, three major contradictions 

restrict large-scale application: First, the problem of battery life degradation is prominent, with frequent charging and 

discharging leading to an average annual decline of 8% in capacity retention rate; Secondly, the standard system is 

fragmented, with only 15% of the global charging piles supporting bidirectional metering. Thirdly, the market mechanism 

is lacking, and the regional differences in the compensation standards for V2G ancillary services in China reach 300%. 

 

2. V2G Technology Foundation and Collaborative Optimization Framework 
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The core of V2G technology lies in building an efficient and secure two-way energy flow and information flow interaction 

system between vehicles and power grids. Its system composition is complex and its functions are diverse. As a key hub 

for energy conversion, the bidirectional converter can precisely complete the bidirectional conversion of DC and AC 

electrical energy. During the charging and discharging process, it can monitor and adjust parameters such as voltage and 

frequency in real time to ensure that the power quality meets the operation standards of the power grid, effectively avoiding 

equipment damage and power grid failures caused by power quality issues. The intelligent control algorithm serves as the 

"smart brain" of the V2G system. It comprehensively considers multiple dimensions of information such as the real-time 

status of the power grid, dynamic electricity price signals, and users' travel plans. Through advanced optimization 

algorithms, it dynamically adjusts the charging and discharging power to achieve efficient energy utilization and maximize 

user benefits. Relying on cutting-edge technologies such as 5G and the Internet of Things, the communication network 

builds a real-time data transmission channel between vehicles, charging piles and the power grid, ensuring the timeliness 

and accuracy of information transmission and providing solid data support for collaborative optimization. The battery 

management system (BMS) acts like a "health manager" for the battery, monitoring key parameters such as SOC (State of 

Charge) and SOH (State of Health) in real time. Through intelligent early warning and protection mechanisms, it ensures 

the safety of the charging and discharging process and extends the battery's service life. In terms of technical 

implementation methods, centralized systems are suitable for scenarios such as large parking lots, achieving optimal 

energy allocation through unified dispatching. Distributed systems leverage microgrid technology to achieve collaborative 

interaction between vehicles and the power grid within a region. The autonomous type relies on the on-board intelligent 

charger to adjust the charging and discharging behavior independently based on the electricity price signal, enhancing the 

flexibility of user participation. 

Collaborative optimization, as the core objective of V2G technology, needs to take into account the multiple demands of 

the user side, the power grid side and the renewable energy side simultaneously. On the user side, efforts are made to 

reduce charging costs and enhance the economic efficiency of use while ensuring travel demands through peak-valley 

arbitrage. The power grid side is committed to stabilizing load fluctuations, providing auxiliary services such as frequency 

regulation and voltage regulation, and enhancing the stability and reliability of the power grid. On the renewable energy 

side, it is expected to absorb the excess power from wind power and photovoltaic power, reduce the rate of power 

curtailment, and promote the efficient utilization of clean energy. However, collaborative optimization faces many 

challenges. The uncertainty of user behavior, such as temporary changes in travel plans and differences in charging habits, 

increases the difficulty of demand prediction. The complexity of power grid dynamics, the volatility of renewable energy 

output and the spatio-temporal mismatch of load demand make power grid dispatching more difficult. The design of 

economic incentive mechanisms needs to balance user benefits, grid operation costs and new energy subsidies to ensure 

the reasonable distribution of interest among all parties. These challenges collectively constitute obstacles to the large-

scale application and collaborative optimization of V2G technology. 

 

3. Flexible Scheduling Mechanism Based on User Demands 

3.1 Analysis and Prediction of User Travel Demands 

The primary constraint for charge and discharge scheduling is the travel demand of users. Studies show that the daily 

mileage of commuter vehicles follows a normal distribution (meaning 13.7km, standard deviation 3.9km), and the charging 

period is concentrated during the off-peak period at night. For long-distance travel, vehicles should reserve sufficient 

battery power to ensure a smooth journey. By analyzing historical travel data and real-time itinerary planning, the available 

charging and discharging time Windows of vehicles can be predicted. For instance, the Monte Carlo simulation method is 

utilized to generate the charging demand curves of large-scale electric vehicles, revealing the impact of disordered charging 

on the peak-valley difference of the power grid. 

3.2 Design of Flexible Scheduling Strategy 

Flexible dispatching adheres to the core premise of "not affecting users' travel” and ingeniously employs economic 

compensation and points reward mechanisms to significantly enhance users' willingness to participate in V2G dispatching. 

The strategies are rich, diverse and feasible: the time-of-use electricity price guidance strategy, which attracts users to 

charge with low-priced electricity during the off-peak period of the power grid load, and encourages users to discharge 

with high-priced electricity during the peak period, achieving the spatio-temporal optimal allocation of power resources. 

Dynamic demand response strategies flexibly adjust charging power closely based on the real-time status of the power 

grid. For instance, during peak wind power generation periods, vehicle charging is prioritized to promote the consumption 

of renewable energy. The reserved power guarantee strategy sets a minimum SOC threshold 
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for long-distance travel vehicles, preventing trip interruption caused by discharge from the source and effectively meeting 

users' travel needs. The practical data from the V2G demonstration station of Beijing China Reinsurance Center is highly 

convincing. The annual net income from battery discharge for car owners who regularly participate in dispatching is as 

high as 1,300 yuan. This income is sufficient to offset their charging costs in residential communities, truly achieving "free 

charging for life", providing strong evidence for the promotion and application of flexible dispatching strategies. 

 

4. Dynamic Balance Mechanism for Power Grid Operation Support 

4.1 Grid Load Regulation and Auxiliary Services 

V2G technology provides auxiliary services such as frequency regulation and voltage regulation by rapidly responding to 

changes in grid frequency and voltage. When renewable energy generation is insufficient or during peak load periods, 

electric vehicle clusters can instantly release stored electricity to make up for the power shortage. Conversely, when there 

is an excess of power generation, absorb the excess electricity to avoid wind and solar power being wasted. The Model 

Predictive Control (MPC) algorithm combines real-time power grid data with renewable energy predictions to formulate 

V2G dispatching strategies in advance and achieve dynamic balance. 

4.2 Multi-party Collaboration and Benefit Distribution 

In the V2G (Vehicle-to-Grid) ecosystem architecture, power grid enterprises, charging operators, power trading platforms 

and users jointly build a closely collaborative multi-subject collaborative system. As the core dispatcher of the system, 

power grid enterprises are responsible for precisely formulating dispatching instructions, providing detailed load and 

electricity price data for other entities, and offering fundamental support for the stable operation of the entire system. 

Charging operators shoulder the important responsibility of managing charging pile resources, ensuring the smooth 

execution of charging and discharging operations, and are the key link connecting users and the power grid. The power 

trading platform promotes the optimal allocation of power resources by realizing market-based power trading, fairly and 

impartially calculating users' income. As the main participants in the system, users provide vehicle availability information, 

actively participate in demand response, and contribute to the flexible regulation of the power grid. 

To ensure the data security of all entities, blockchain technology can build a trusted data sharing platform, guaranteeing 

the transparency and immutability of data transmission. Meanwhile, a scientific and reasonable benefit distribution 

mechanism is designed by applying game theory methods to ensure fairness between user benefits and the reduction of 

grid costs. For instance, the revenue from auxiliary services is distributed based on the proportion of users' discharge 

contributions, allowing users to truly feel the economic returns brought by participating in V2G dispatching. This 

effectively stimulates users' enthusiasm for participation and promotes the sustained and healthy development of the multi-

subject collaborative system. 

 

5. Coordinated Strategies for the Consumption of Renewable Energy 

5.1 The Spatio-temporal Complementarity of Wind and Solar Power Generation and Electric Vehicles 

Renewable energy sources such as wind power and photovoltaic power have distinct intermittent characteristics. There is 

a mismatch in time and space between their output, and the charging demands of electric vehicles, which precisely creates 

a valuable opportunity for the coordinated optimization of the two. During the peak periods of wind and solar resources, 

such as when photovoltaic power generation reaches its peak at noon, through reasonable dispatching strategies, actively 

guide electric vehicles to charge, thereby effectively consuming excess power resources and avoiding energy waste. During 

the peak period of wind power output at night, electric vehicles can discharge to the power grid through V2G technology 

to make up for the load gap and achieve bidirectional energy flow. This collaborative optimization model not only enhances 

the utilization rate of renewable energy but also improves the flexibility and stability of the power grid. Relevant research 

has fully demonstrated that when 50 electric vehicles participate in the collaborative dispatching, the daily load means 

square deviation of the park is significantly reduced, and the consumption rate of renewable energy is also greatly 

improved, which strongly proves the feasibility and effectiveness of the spatio-temporal complementarity between wind 

and solar power generation and electric vehicles. 

5.2 Collaborative Optimization in Microgrid Scenarios 
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In a microgrid environment, the collaboration between distributed power sources and electric vehicles is confronted with 

numerous uncertain challenges. To solve this problem, it is necessary to establish an accurate electric vehicle charging 

load model and wind-solar output model and use the quadratic programming method to solve the optimal charging and 

discharging power to minimize the standard deviation of the equivalent load. Meanwhile, the introduction of the dynamic 

time-of-use electricity pricing strategy can further guide users to disperse their charging loads and effectively prevent 

microgrid overload. Take the SmartGridCity project in Minnesota as an example. This project successfully integrated 

electric vehicle batteries into a microgrid. Through a collaborative optimization strategy, it significantly increased the local 

energy self-sufficiency rate, providing strong support for the sustainable development of the microgrid. 

 

6. Implementation Paths and Policy Recommendations for the Collaborative Optimization Mechanism 

At present, the promotion of V2G is confronted with problems such as inconsistent technical standards and poor 

compatibility of charging interfaces. It is necessary to accelerate the formulation of national standards for bidirectional 

charging and discharging equipment, communication protocols and battery management, and promote the intelligent 

upgrade of charging piles. For instance, the State Grid's Smart Vehicle Networking platform has achieved interconnection 

and interoperability of over 95% of charging piles, laying the foundation for large-scale V2G dispatching. 

At the policy level, it is necessary to improve the V2G electricity price compensation, market access for ancillary services 

and carbon trading mechanisms. In 2023, the National Development and Reform Commission's "Opinions on 

Strengthening the Integration and Interaction between New Energy Vehicles and Power Grids" clearly stated that by 2025, 

more than five demonstration cities and 50 bidirectional charging and discharging projects will be built, with over 60% of 

the charging volume concentrated during off-peak hours. At the market level, the saved social costs are returned to users 

and relevant parties through measures such as green certificate trading and demand response subsidies. 

Users' concerns about battery degradation are the main obstacle to the promotion of V2G. Research shows that under the 

condition of shallow charging and discharging (SOC 20%-80%), the capacity retention rate of the battery still reaches over 

93% after 200 cycles. It is necessary to eliminate users' concerns through popular science publicity, extending the battery 

warranty period and other means. At the same time, develop user-friendly apps that display charging benefits and battery 

health status in real time to enhance the participation experience. 

 

7. Conclusion 

The collaborative optimization of the charging and discharging strategies for electric vehicles under the V2G mode plays 

a crucial role in achieving energy transition goals and ensuring the stable operation of the power grid. By meticulously 

constructing a three-dimensional optimization framework that encompasses flexible user dispatching, dynamic grid 

balance, and the synergy of renewable energy, energy utilization efficiency can be significantly enhanced, achieving the 

optimal allocation and efficient utilization of energy. However, there are still many aspects in this field that need to be 

explored in depth at present. Future research should focus on the precise assessment of the carrying capacity of the power 

grid when a large number of electric vehicles are connected, in order to ensure the safe and stable operation of the power 

grid when a large number of electric vehicles are connected. Actively develop collaborative control technology for cross-

regional V2G clusters to achieve efficient coordination of electric vehicle charging and discharging among different 

regions. Continuously optimize the prediction and decision-making algorithms based on artificial intelligence to enhance 

the prediction accuracy and scientific nature of decision-making regarding the charging and discharging behavior of 

electric vehicles, the status of power grids, and the output of renewable energy. With the increasing maturity of related 

technologies and the gradual improvement of supporting policies, V2G technology is bound to develop into an important 

cornerstone for building a new power system, effectively promoting the steady evolution of the energy system towards a 

green, low-carbon and intelligent direction. 
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