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Abstract

:

With more electric vehicles introduced in society, there is a need for the further implementation of charging infrastructure. Innovation in electromobility may result in new charging and discharging strategies, including concepts such as smart charging and vehicle-to-grid. This article provides an overview of vehicle charging and discharging innovations with a cable connection. A MATLAB/Simulink model is developed to show the difference between an electric vehicle with and without the vehicle-to-grid capabilities for electricity grid prices estimated for Sweden for three different electric vehicle user profiles and four different electric vehicle models. The result includes the state-of-charge values and price estimations for the different vehicles charged with or without a bidirectional power flow to and from the electric grid. The results show that there is a greater difference in state-of-charge values over the day investigated for the electric vehicles with vehicle-to-grid capabilities than for vehicles without vehicle-to-grid capabilities. The results indicate potential economic revenues from using vehicle-to-grid if there is a significant variation in electricity prices during different hours. Therefore, the vehicle owner can potentially receive money from selling electricity to the grid while also supporting the electric grid. The study provides insights into utilizing vehicle-to-grid in society and taking steps towards its implementation.
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1. Introduction


The increased number of electric vehicles (EVs) in society suggests the further development and implementation of new charging infrastructure and charging strategies, as well as the development of charging standards [1]. New ways of using and charging EVs may drive the transition towards electromobility. This article aims to provide an overview of the concepts of smart charging, vehicle-to-grid (V2G), vehicle-to-home (V2H), and vehicle-to-everything (V2X) [2]. An example of modeling EV charging and discharging to a grid in MATLAB/Simulink is presented. The analysis of the charging and discharging strategies includes potential pros and cons for different actors and what data could be of particular interest. The main goal is to contribute to the ongoing research discussion on future charging strategies of EVs. While there are many different types of charging strategies [3], this study is focused on cable charging (i.e., conductive charging), and it does not include an analysis of, e.g., wireless charging or battery swapping. While many previous studies focus on a larger international perspective on V2G, this study focuses on the modeling of V2G for the charging and discharging of new EVs to the Swedish electricity market as there has been a significant variation in electricity prices for the Swedish market recently, a strong interest in renewable energy sources (RES), as well as an ongoing trend toward introducing more EVs and implementing national charging infrastructure.



1.1. Charging Strategies for Electric Vehicles


Controlling the charging or discharging of EVs can potentially provide benefits in terms of, for example, lower charging costs, environmental aspects if charging occurs when there is a significant amount of RES feeding electricity to the grid, and providing grid balancing or ancillary services. However, a drawback of utilizing variable energy sources is a lower degree of utilization due to the intermittent nature of the RES, and therefore, energy storage could be used together with RES, as highlighted in, e.g., [4]. In [5], the different types of EV charging strategies are described as either uncontrolled or controlled charging and discharging strategies, where the controlled strategies are further divided into the subgroups: (i) indirect control, (ii) intelligent control, (iii) bidirectional control, and (iv) multistage control [5].



Controlled (unidirectional) charging, where the charging event is controlled in time, is often called smart charging. This is in contrast to uncontrolled charging, where the EV user charges whenever it is suitable based on the driving pattern [6]. In this context, the willingness of the driver to utilize, or not utilize, controlled charging is of interest [6]. One main benefit of smart charging for the EV owner is economical, which entails charging the vehicle when the cost of electricity is low rather than charging directly when the EV is connected to the charger. Smart charging could include starting and stopping the charging at certain times, or the power level of the charging is decreased or increased over the charging period. Depending on whether a customer has a variable or fixed-rate tariff, the cost optimization will look a bit different—but the fundamental purpose is the same: to minimize the total costs of charging. Smart charging could be beneficial for the grid owners too if the loads of the grid would be adapted to contribute to load balancing rather than charging all vehicles simultaneously. Controlled charging would therefore limit power peaks in the grid. This in turn could result in a limited need to reinforce the distribution grid and thus save money on installations and maintenance. However, controlled charging may affect the lifetime of the EV battery if the charging includes variable power levels. Smart charging may also include enhanced data-sharing. This suggests a concern for data protection and safety aspects in charging [7].




1.2. Vehicle-to-Grid


Bidirectional power flow between EVs and the distribution grid is often referred to as V2G. Certain EV models may provide discharging capabilities, such as the Nissan Leaf and Mitsubishi Outlander [8]. V2G operation is dependent on the inverter of the battery energy storage system (BESS), which has to be able to feed the current back to the grid [2]. There are several potential benefits of V2G considering the services provided to the grid [9]. V2G could potentially support the grid with ancillary services such as frequency regulation or peak shaving. The operation strategies may be differently applicable to various types of EVs, where V2G may be an interesting opportunity, e.g., for commercial EV fleets [10].



Recent research supports the fact that V2G technology has the potential to benefit electric utilities and microgrids, facilitating the integration of RES. Uncoordinated EV charging has a crucial impact on power systems [11], and extensive research has been conducted to analyze opportunities for the smart charging and discharging of EVs. V2G scenarios have been examined on a university campus [12], concluding that both V2G and stationary battery systems can be economical if the battery cost and electricity rates are considered.



From the user perspective, V2G functionality may contribute to extra revenue if the electricity can be sold back to the grid, especially during periods of electricity price peaks [13]. Looking at the techno-economic assessment of V2G in a microgrid, the authors in [14] highlight that several parameters impact the feasibility of V2G, e.g., the price of the chargers and the available capacity per car. Moreover, there are sociotechnical aspects of V2G that need to be further investigated, including, e.g., aspects regarding the motivation of the drivers in utilizing V2G and the driver’s view on data sharing in the charging/discharging events [15]. For example, a comprehensive survey concluded that the income of users highly affects EV ownership and public interest in participating in V2G services [16]. The safety aspects of both charging and discharging to and from the grid are important to consider to ensure the protection of both the electric grid and the EV. Furthermore, the lack of concrete business models slows down V2G adoption [17]. V2G was investigated for the New York electricity market in [18] based on economic aspects and the availability of time for the charging.



When it comes to V2H, this concept enables house owners to utilize their EVs for energy storage at their homes. The EV would be both charged and discharged at the household. V2H could be an opportunity for EV owners to be more self-sustained, for example, when used together with photovoltaic (PV) systems on the roof of the house, and to ensure access to electricity even if the electric grid is not functioning properly. Vehicle-to-vehicle (V2V) enables charging and discharging between different EVs, whereas V2X is a broader concept including charging, discharging, and communication with EVs to the surrounding environment and society.



There are several safety and security aspects to consider for future EVs, especially if V2G is utilized. The risk of cyberattacks when utilizing EVs for load frequency control, and the need to detect and mitigate attacks, has been highlighted and modeled to support resilience [19,20]. Moreover, sensor attacks of the adaptive cruise control of vehicles could cause severe issues, as analyzed along with a proposed model in [19]. A recent review article discusses the benefits, challenges, and limitations of bidirectional charging and suggests research development directions [20]. In conclusion, the need for further research to address these challenges is compelling if the aim is to unleash the full potential of V2G. Technical aspects and also environmental, social, economic, and legal aspects need to be considered to make V2G a reality [21].




1.3. Resilience of the Grid and Ancillary Services


The main objective of vehicles is traditionally to transport people or goods if they are larger vehicles. Thus, EVs are typically treated as loads in power system analysis. Due to the possibility of utilizing EVs as mobile energy storage, it is of interest and relevance to investigate how EVs could increase resilience and manage distribution in grids and microgrids. Resilience includes the ability of a system to readapt after some disturbance [22]. In power systems, resilience is the capability of the system to prepare, adapt, withstand, and recover from any power outage [23]. In this regard, EVs can contribute to more reliable power systems by supporting the grid during typical outages and also support a more resilient power system that can sustain high-impact events [24]. These resilience-oriented events are generally known as low-probability high-impact events (for example, natural disasters and extreme weather events). Nowadays, such events may be increasing due to climate change, and the increase may be in both intensity and frequency, posing challenges to power systems. During certain events, the public might be evacuated. If so, EVs may not be available on-site, but EVs from nearby areas—not affected by the event—may be used [25]. During outages, EV batteries can be used as a backup resource, while after outages, EV batteries can be used to restore normal operation. The reliable charging of EVs during unusual events, including crises or natural disasters, could be analyzed more in future research. On a smaller scale, microgrids can be utilized for resilient power systems as long as they can survive critical loads and recover to normal operation after the events. Microgrids may provide good conditions for the development and implementation of solutions for grid resilience enhancement [26].



There are several interesting cases where EVs are used for grid applications. Firstly, EVs can be used efficiently for peak shaving and load to reduce the grid impact from a larger load. If the load has a high load factor originally, it could be reduced by implementing controlled charging and V2G. This is illustrated and analyzed in [27,28]. Secondly, EVs could also be used strategically in smaller energy systems consisting of one or a few loads together with local generation from, e.g., solar PV, potentially operating in island mode using the car batteries to balance the system. This would require an efficient and reliable control strategy for the inverters of the batteries in order to maintain the local grid’s stability. Furthermore, if a large amount of EV chargers is operated by an aggregator, the cumulative capacity could be used strategically for more extensive grid applications. The capacity could be provided to the distribution system operator (DSO) or traded in available markets for ancillary services for power system stability or balancing purposes, e.g., frequency regulation services or balancing reserves.



It needs to be highlighted that EV batteries have a non-negligible cost. Also, EV owners may show a certain degree of skepticism in participating in ancillary services. EV batteries are considered degraded and not suitable for EVs when their capacity is reduced by 20–30%. However, the remaining 70–80% capacity can be used, after refurbishment, for less demanding purposes as a stationary storage system [29]. Thus, EV battery packs can contribute to grid resilience during their so-called second-life. Reusing batteries does not only enhance resilience, but it is also an environmentally friendly choice that can recover up to 20% of the initial battery cost [30]. However, there may be relevant aspects with regards to, e.g., the safety of the system or environmental aspects when refurbishing the batteries that need to be investigated further for second-life applications, and appropriate performance tests of retired batteries are important before reuse in other applications [31].




1.4. Vehicle Batteries and Stationary Batteries: Ageing


Providing V2G may result in the increased cycling of EV batteries depending on the use case, and this is relevant to estimate. However, if the vehicle battery is cycled more times, battery degradation becomes relevant to consider [13], and EV battery packs constitute a major part of the EV cost. Hence, it is important to evaluate battery aging when investigating V2G or V2X technology implementation. To ensure a long lifetime for the batteries and ensure safe usage, the state of charge (SOC) should be carefully estimated, as described, e.g., in [32], as well as the state of health (SOH) to better understand the aging process of the battery. The aging of the battery depends not only on how many times it has been charged and discharged but also under what circumstances it was charged and discharged (i.e., temperature, power level, etc.), and this relates to the cycle aging. When evaluating the aging of batteries in EVs due to increased cycling, it is often relevant to separate calendar aging from cycle aging. Gaining knowledge about the health of a used or retired EV battery can open up opportunities for the safe reuse of EV batteries in second-use applications [31]. In [33], empirical tests for capacity life loss were conducted on Li-ion cells for a selection of scenarios with varying C-rates, depth of discharge (DoD), and cell temperature. The results include several interesting aspects: first, the authors conclude that for lower C-rates the aging is not as dependent on the DoD effect as for higher C-rates. Second, capacity life loss models are presented for the chosen C-rates which can be implemented to estimate the capacity life loss for given conditions. According to [33], the capacity life loss can be estimated by Equation (1) when discharging with a current corresponding to C/2, that is


    Q   l o s s   = 30.330   · exp  ⁡      − 31500   8.314 · T         A   h   0.552    



(1)







In Equation (1),     Q   l o s s     is the estimated capacity loss (%), T is the absolute cell temperature, and Ah the energy throughput which is the product of the cycle number, DoD for the considered cycle (%), and the cell energy capacity (ampere hours). This is shown in Equation (2):


    A   h   = c y c l e   n u m b e r · D o D · C e l l   c a p a c i t y .  



(2)







Furthermore, when the current corresponds to C-rates higher than C/2, the capacity life loss model becomes more complex and can be described as


    Q   l o s s   = B ·   exp  ⁡      − 31700 + 370.3 ·   C   r a t e     R · T           A   h       0.55     .  



(3)







In Equation (3), R is the gas constant, T is the absolute temperature, and B is a pre-exponential factor which decreases with increased C-rates and is determined in the fitting process of the capacity life loss model estimation. The values of B can be found in [33]. Another parameter relevant when modeling EV charging and discharging is the SOC in percentage. The method of SOC estimation includes the initial energy capacity     E   0   ( t )   as the motor capacity of an EV is measured in kW. In this way, the relationship is given in [15] as


  S O C ( t ) = S O C (   t   0   ) −   1     E   0   ( 0 )   ·   ∫  0   t      P   i     t   d t ,    



(4)




where     E   0   ( 0 )   and     P   i   ( t )   are the initial energy capacity and the instantaneous power fed from the battery into the load, respectively.





2. Methodology


The research design includes simulations in MATLAB/Simulink with study cases on the unidirectional charging and bidirectional charging of EVs in Sweden. The cases modeled in the simulations are based on the ongoing electrification in Sweden, where the electricity prices were significantly volatile at the end of 2022, resulting in higher household electricity costs during the winter months in 2022. Also, there is a significant number of EVs in Sweden. The novelty and the contribution of the model include an investigation of V2G charging based on estimated electricity prices in Sweden for several different EV owner user profiles in comparison to EV charging without V2G capabilities. The aim of the model is to gain knowledge on charging and discharging several EVs to the grid, with a control based on estimated local electricity prices. The objective of the V2G model is to investigate how V2G could function for a system of different vehicles, to compare the potential of EVs with and without V2G compatibilities, and to potentially enhance the economic revenue from charging and discharging EVs with V2G due to price variations.



2.1. Modeling Charging and Discharging of Vehicles in MATLAB/Simulink


The electric grid is represented in MATLAB/Simulink as a three-phase AC grid. The EV can be modeled in MATLAB/Simulink as a battery system. Therefore, the AC from the grid needs to be converted to DC for the battery, utilizing a converter. Thus, the converter system needs to be bidirectional to ensure a power flow in both directions. Input data to the model includes, for example, available data on EVs from [8]. To illustrate how EV chargers could operate dynamically by responding to an external control signal, the system is shown in Figure 1, where an aggregator plans the charging and discharging.



A set of chargers was modeled with varying characteristics. The EV charging was simulated for 24 h. The flowchart in Figure 2 presents the model with the different algorithms divided into different functions. An overview of the functionality of the proposed V2G model is also provided in Table 1.



Function 1 describes the initial conditions, including, e.g., the initial SOC value of each EV, as well as the electricity price set-point for when to sell or buy electricity (meaning when to charge or discharge the EV). The estimated electricity price in Sweden during a day with large hourly fluctuations was chosen to show how the chargers would operate during significantly different conditions. A price set-point was chosen in this simulation as 3 SEK/kWh (in Function 1), according to which the chargers would evaluate their operation mode. If the estimated electricity price exceeded the set-point, the chargers promoted the V2G mode, and for low prices, the chargers promoted the charging mode, as shown in Function 1 in the flowchart in Figure 2. Five of the vehicles in the simulation model could use the V2G mode (meaning that these vehicles could buy and sell electricity from or to the grid based on the estimated electricity price), and another five vehicles did not have this capability.



In Function 2, it is determined whether the EV is parked and connected to a charger or not. If the EV is connected to a charger, there is an opportunity to use it for V2G with a set value of nominal power for charging and discharging, provided that the overall conditions (e.g., limits on SOC value, estimated electricity price, etc.) are fulfilled. If the EV is not parked, i.e., not connected to a charged, during the hours: 08:00 to 21:00, it is assumed that the EV is being driven and that the SOC value is dropping based on a set value.



In Function 3, the results from Functions 1 and 2 are summed up to decide whether the vehicle can be used for V2G or not.



In Function 4, the SOC of the EV is analyzed to find out if it is below or above the lower or upper SOC limits, set to 20% and 80%, respectively. The decision on whether to charge or discharge the EV depends also on the results from the previous functions.



Finally, in Function 5, the SOC of the EV battery is calculated based on Equation (4). The overall decision making for the vehicles in the model depends on all five functions described in the flowchart.




2.2. Input Data to the Case Study


The first version of the MATLAB/Simulink model for charging and discharging includes ten EVs, each with different estimated and assumed values regarding their battery systems (note that these values could vary), namely, three Nissan Leaf cars with BESS capacities of 40 kWh and an assumed 10 kW rated power for charging and discharging; two Mitsubishi Outlander, plug-in hybrids, with battery capacities of 13.8 kWh and a 3.7 kW rated power for charging and discharging; three Volvo cars, with a battery capacity of 69 kWh and an assumed 11 kW rated power for charging; and two Tesla cars with batteries of 57.5 kWh and an assumed 11 kW rated power for charging. The modeled EVs can be changed in user profiles (if the EVs are at home or away), initial SOC, maximum and minimum SOC, rated power for the charging and discharging, and battery capacity, to name a few configuration possibilities. This enables the modeling of different user profiles and different types of EVs. There is a trade-off between utilizing the car for personal transportation needs and enhancing the economic revenue from charging and discharging when there is a significant fluctuation in the electricity price.



The simulation model is a charging and discharging model of EVs based on a design approach, using MATLAB/Simulink in the phasor simulation type in 50 Hz for 24 h. This includes four different types of EVs, two of them in the charging and discharging mode (V2G) and the other two types in only the charging mode (EV). Three different user profiles are distributed among the vehicles. The model takes the estimated electricity price and user profile as input and generates the command to the vehicle. The case study focuses on the Swedish energy system. The electricity price over one day estimated for Sweden is used as input data to the model, and the estimation is shown in Figure 3. Electricity prices for different regions can be found on, e.g., Nord Pool [34] and in publications. The electricity price is based on the demand for electricity during the different hours. Based on Figure 3, the set-point of 3 SEK/kWh was chosen for this simulation (indicated by a dashed line). The high values of the estimated electricity price match a high national electricity demand, and the EVs could, at these moments, possibly contribute by selling additional electricity to the grid for support. Also, the opposite could occur, where the EV owner buys electricity from the grid when the estimated price is lower. The electricity price in Sweden varies with the days and seasons. The estimated price in Figure 3 varies over different days, where generally the prices are higher in the winter than in the summer. The electricity prices relate to the electricity production, with a significant amount of variable RES such as hydropower, wind power, and solar power in Sweden [35]. For a household with a PV system installed, the electricity purchased from the grid could be reduced in the summer, due to more sunlight and longer days, than in the winter.



The user profile of the EV owner decides when the EV is at home, where an available bidirectional charger is assumed, or when the EV is not at home. The typical charging profiles of EVs vary (for example, if it is a weekend or weekday, the season, and type of life of the EV owner). Three user profiles utilized in this model are shown in Figure 4.



Considering the user profiles in Figure 4, the profiles follow patterns according to the following description; Profile 1: the car is parked for charging/discharging either at home or at work during some hours, and in between, it is driven a certain distance between the two locations. Profile 2: the car is parked at home in the morning and the evening, but during the daytime, there is no charging possibility at work. Profile 3: this profile corresponds to persons who work night shifts, where the car is parked at home during the daytime and parked at work during the nighttime with no charging possibilities. The three profiles are distributed among the ten EVs as follows: Profile 1 is added to Users 1, 6, 8, and 10; Profile 2 is added to Users 3, 7, and 9; and Profile 3 is added to Users 2, 4, and 5. The initial SOC is set to 50% for all ten cars, and the maximum and minimum SOC limits are set to 80% and 20%, respectively.





3. Results and Discussion


The results from the simulations include, e.g., the SOC when using the EVs for bidirectional or unidirectional charging strategies, presented in Figure 5 and Figure 6. The SOC values estimated for the EVs of the types Nissan Leaf and Mitsubishi Outlander, for different user profiles, are modeled and shown in Figure 5. These EVs are simulated to both charge from and discharge back to the grid, with V2G capabilities.



The SOC values estimated for the EVs of the types Volvo and Tesla are modeled and shown in Figure 6. It is noted that these EVs are only charged from the grid, with no V2G capabilities.



The different time periods of Figure 5 and Figure 6 can be analyzed. According to Figure 3, before 07:00, the electricity price is below 3 SEK/kWh, allowing the vehicles only to charge until reaching the upper limit of the SOC. If the vehicle is not charging during this period, this is because of the user profile, meaning a car that is not connected to the charging station. This is the case for User 2, User 4, and User 5 (Profile 3 in Figure 4), presented in Figure 5.



During the period 07:00 to 13:00, the vehicles only discharge as the electricity price is above 3 SEK/kWh, selling electricity to the grid until reaching the lower limit of SOC. However, it can be noticed that User 1, User 3, User 6, User 7, User 8, User 9, and User 10 in Figure 5 and Figure 6 are discharging, even though the vehicles are not at the charging station. This occurs due to the vehicles traveling and discharging at an assumed 10% of the nominal power.



During the period 13:00 to 16:00, the vehicles only charge as the electricity price is below 3 SEK/kWh, buying the electricity from the grid until reaching the upper limit of SOC. However, it can be noticed that User 3, User 7, and User 9 (Profile 2 in Figure 4) are discharging because each vehicle is not connected to the charger and traveling, discharging at 10% of the nominal power.



From 16:00 to 21:00, the vehicles only discharge as the electricity price is above 3 SEK/kWh, selling the electricity to the grid until reaching the lower limit of SOC. From 21:00 to 07:00, the vehicles only charge as the electricity price is below 3 SEK/kWh, buying the electricity from the grid until reaching the upper limit of SOC. It can be noted that when the vehicle is not at the charging station, the SOC is constant, different from the other scenarios where the vehicles were traveling and discharging at 10% of the nominal power. This is due to the possibility of traveling during a certain period (from 08:00 to 21:00).



Aggregating the ten EVs to the grid, where half of the EVs provide V2G, the estimated cost of the charging or revenues from discharging and the power (kW) to and from the grid over one day are shown in Figure 7a,b.



From hour 00:00 to 07:00, in Figure 7a, the electricity price is below 3 SEK/kWh, and the EVs are charging (buying electricity from the grid). The negative signal represents that the grid is earning money from EV users. From hour 07:00 to 13:00, the electricity price is above 3 SEK/kWh, meaning that some of the EVs (i.e., the EVs with V2G capabilities parked at the charging station—User 1, 2, 3, 4, and 5) will sell electricity back to the grid, as can be indicated by the rise of the red curve in Figure 7a. But, the curve is still negative due to an imbalance between the electricity being sold to and bought from the electric grid. This variation (i.e., imbalance) in buying and selling electricity from and to the grid with all the EVs in the model is also shown in the final hours 13:00 to 24:00 in Figure 7a. Figure 7b shows the power to and from the electric grid based on the rated power for each EV for charging and discharging, presented in Section 2.2. The grid sells more electricity for charging the EVs than buys electricity from the EVs, which is reasonable since the grid buys only when the electricity price in this model is higher than 3 SEK/kWh, and only half of the EVs have V2G capabilities in the model. Charging and discharging based on the electricity price could be controlled by an aggregator to provide support to the electric grid. The charging and discharging of EVs will affect the power system. EV charging at high power levels, to provide a short charging time, can create power peaks in the electric grid. To use V2G on a large scale in society requires a robust electric grid, and V2G can also support the electric grid with balancing services and enhanced flexibility.



While the main objective of this study is to investigate the potential economic revenues from V2G based on estimated local electricity price variations, future research could include an in-depth investigation of how the large-scale adoption of V2G may impact the electric grid (including, e.g., the load profiles of the grid). The benefits from utilizing V2G may not only be the economic revenues for each EV owner. V2G could potentially also support the local electric grid with grid balancing services, contribute with additional electricity at remote locations, or support the self-sufficiency of the EV owner if charged and discharged to a household.



However, the EV battery could be affected by this new bidirectional charging strategy. The lifetime of the EV batteries is affected by several factors, such as the ambient temperature and charging/discharging power levels. It is complex to estimate the SOH of an EV battery. Thus, the potential economic revenue from different charging strategies such as V2G is hard to estimate and varies from different specific cases. From the Swedish perspective, winters often provide negative ambient temperatures, and the charging or discharging of EVs outdoors may degrade the batteries faster, especially if the charging or discharging is carried out at high power levels (i.e., fast charging).



It is a challenge to propose a suitable economic compensation to an EV owner utilizing V2G as it should include both economic compensation for the electricity sold to the grid and for the potential EV battery wear. The opportunity to use V2G may also affect the warranty time of the EV, as well as the price of the EV on the second-hand market. The opportunities and challenges with implementing V2G in Sweden require further research, including both modeling and experimental work, to provide a deeper understanding of V2G from technical and economic perspectives.



As described in Section 2, the results presented are based on the charging and discharging of the ten vehicles during 24 h modeled in the MATLAB/Simulink simulation framework, with a phasor simulation type with 50 Hz. The model includes an algorithm for deciding when to charge or discharge the EV, including input data, e.g., SOC, estimated electricity price, EV type, and charging and discharging power levels. The simulation model is still at an early stage of development. In this first version of the model, all EVs have the same initial SOC, the analysis is only conducted for one day, the SOC lowered due to driving the EV is only roughly estimated, etc. This can be modified for in future versions, to simulate EVs driving a certain distance when it is not parked at home. Additional functionality can be included and added to the model to better simulate different types of EVs and V2G. Future simulations will be conducted with a real-time simulator, and so far, only first trials have been carried out to, for example, simulate transients. Choosing an appropriate control signal for V2G can sometimes result in a conflict of interest, e.g., if the estimated electricity price is low during local high-demand hours, which would suggest charging when the grid is already stressed. Therefore, it may be a good idea to prioritize the order of objectives if the chargers target both economic and technical objectives.




4. Conclusions


There are different charging and discharging strategies presented in the scientific literature, including smart charging strategies such as V2G, where the EV is not only charged from the electric grid but also discharged back to the grid. A simulation model of the charging and discharging of ten vehicles has been designed in MATLAB/Simulink. The model includes an algorithm for deciding when to charge or discharge the EV. The charging strategy for V2G capability in the model is related to the estimated electricity price, with the goal to charge the EV when the price is low and discharge when the price is high. The model also includes EVs with no V2G capabilities, meaning that these can only be charged from the grid. The results show how the SOC for different user profiles could vary over a day.



The maximum SOC value for using V2G was set to 80%, whereas the minimum value was 20%, and the starting value of each EV was 50%. The value 3 SEK/kWh was chosen as a set-point for when to charge (if the price was lower than 3 SEK/kWh) or when to discharge if V2G was an option (if the price was higher than 3 SEK/kWh). It was concluded that the model of V2G resulted in larger SOC differences (from 20% to 80% SOC) than if the V2G capability was not included. V2G can potentially support the power grid with grid balancing services.



The electricity price can vary with, e.g., different seasons and days due to the amount of RES connected to the electric grid. Therefore, the revenue from using the V2G will vary with different seasons and days. The electricity usage pattern may, however, be more or less similar for a workday in any season. If there are great variations in the electricity prices due to, for example, seasons with significant variations in electricity production from RES, the economic revenue from V2G will increase as the EV owner can buy electricity when the price is low and sell when the price is high. If the electricity price is more or less stable, which could be the case during some seasons, the financial incitements from using V2G will decrease. Generally, the electricity need in Sweden is greater in the winter than in the summer, and therefore, the V2G could be more important in the winter than in the summer.



While the estimated electricity price and variations over the day provide opportunities to create additional revenues, the battery system of the EV may be aged faster due to additional battery cycling. The results from the simulation show that the grid sells more electricity, due to EV charging, than buys electricity from the EVs due to V2G. There are limitations with this study, e.g., it is only based on MATLAB/Simulink simulations with no real experimental data from EV charging, and no experiments are included, and there are assumptions made on the type of EVs and the charging and discharging rates. Future research can include, e.g., improved estimations on discharging during driving, include a validation of simulated values in comparison to real-life data from EV charging, or include experiments on V2G in society. There are several barriers limiting the acceptance of V2G technologies, such as technical, economic, regulatory, social, political, and environmental challenges. Additionally, other important issues need to be addressed for the successful implementation of V2G, such as coordination among stakeholders, standardization, the deployment of charging stations, and the design of public policy incorporating EVs. This study investigates some of these aspects, bringing V2G technologies one step closer to more widespread implementation. This is the first step in modeling and understanding more about the opportunities and challenges with the charging and discharging of future EVs.
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Figure 1. Parts of the model in MATLAB/Simulink, with several EVs, modeled as battery systems, connected to the three-phase grid. The different arrows show interconnection between the different parts of the figure and the dots represent several vehicles. 
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Figure 2. A sketch of a logic diagram of the reference to EV2G, providing an overview of the model for both charging and discharging. 
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Figure 3. The electricity price estimated for a day in Swedish krona per kWh (SEK/kWh). 
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Figure 4. Three different user profiles of the EV owner, visualizing if the EV is parked or away. Signal 1 indicates that the car is at the charging station, whereas signal 0 means that it is not there. 
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Figure 5. The state-of-charge value (%) over one day (hour) related to EV2G. 
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Figure 6. The state-of-charge value (%) over one day (hour) related to EV. 
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Figure 7. The price (SEK) in (a) and power (kW) to or from the grid in (b) to cover the charging and discharging of the 10 EVs over one day (hour). 
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Table 1. Overview of the functionality of the proposed V2G model.
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	Function
	Functionality





	Function 1
	
	
Presents the initial parameters for the EVs, e.g., initial SOC, SOC limits, charging and discharging power, and electricity price set-point;



	
Evaluates current estimated electricity price to decide if the value is above or below the electricity price set-point.








	Function 2
	
	
Identifies if the EV is parked and connected to a charger or if the EV is being driven, with a limitation in time.








	Function 3
	
	
Summarizing the results from Functions 1 and 2 in order to set a power reference for the battery.








	Function 4
	
	
Identifies the current SOC value and evaluates this based on SOC limits;



	
Determines whether the EV should be charged or discharged.








	Function 5
	
	
A new SOC value is calculated.
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