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Abstract

:

Power grids of the future will likely incorporate more renewable energy distributed generation (REDG), also known as alternative energy systems. REDG units are increasingly being used in electrical transmission networks because of the positive effects they have on power networks. REDG systems are the backbone of smart electric networks and are essential to the operation of the smart grid. These REDG systems can additionally improve system reliability by providing some customers with a backup generator in the event of power interruptions. This review offers a thorough evaluation of the existing body of information on the topic of electric vehicles’ (EVs’) future interactions with smart grids. The combination of the potential deployment of EVs and the smart grid’s conceptual goal presents challenges for electric grid-related infra-structure, communication, and control. The proposal for connecting EVs to the grid is based on research into cutting-edge smart metering and communication systems. In the context of the vehicle-to-grid (V2G) phenomenon, the possibilities, benefits, and limitations of various EV smart-charging systems are also fully examined. A quickly growing percentage of distributed energy is derived from wind and solar (photovoltaic) energy. The variable power output of wind and solar energy introduces fresh challenges for those responsible for organizing, operating, and controlling the power grid. While fluctuations in the electric grid are problematic, they may be mitigated by the entry of EVs into the energy market. As such, we performed a comprehensive review of the literature to learn more about this exciting research gap that needs to be filled and to identify recently developed solutions to the problems related to EVs. Additionally, in this review article, we take a close look at the practicality of V2G technology. The smart grid is a developing concept that will likely have large implications for the world’s energy infrastructure, and this study thoroughly analyzes how EVs interact with it.
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1. Introduction


Both the transportation sector and the power production business rely heavily on fossil fuels as their primary energy source. The imminent need to discover new energy sources for these industries is highlighted by the depletion of fossil fuel resources [1]. As a matter of fact, the oil economy, on which the world’s car users and manufacturers rely heavily, has a very limited future. Greenhouse gases (GHGs), which are released when fossil fuels are burned, have a major impact on global warming. Researchers predict a 54% increase in transportation-related oil demand by 2035 [2,3]. The Energy Information Administration (EIA) predicts that oil prices will increase dramatically over the next two decades. With this in mind, several initiatives to cut down on oil use have surfaced. The transportation industry has a viable solution in electric vehicles (EVs), which are growing at an astounding rate. According to economic research, in the future, ICEVs are expected to be phased out in favor of EVs [4].



However, with issues like global warming, energy security, and geopolitical tensions over the availability of fossil fuels, implementing EVs into the transportation sector is seemingly a workable option. EVs have the ability to provide the electric grid with a dispersed, decentralized source of energy. According to some estimates, almost ninety-five percent of the time, most cars are parked [5]. Kempton established the vehicle-to-grid (V2G) concept, which allows these cars to stay linked to the grid and ready to deliver the energy stored in their batteries. By supplying ancillary services like peak power shaving, spinning reserve, and voltage and frequency restrictions, EV technology can aid the grid in times of need. Large renewable energy distributed generation (REDG) sources, such as wind and photovoltaic (PV) solar energy, have also become more integrated into the grid in recent years. These REDG are spotty and difficult to foresee in advance. In recent years, the penetration of REDG into the electricity market has expanded dramatically in order to deal with strict energy rules and energy security concerns [6].



Between 150 and 180 GW of wind power and 20 GW of PV solar power have been set as targets for installation by some countries by the year 2030 [7]. As renewable energy sources are gradually integrated into the power supply, massive energy storage systems (ESS) are required to guarantee the uninterrupted operation of electric networks. Here, EV fleets have a great chance to play a critical role as dynamic energy storage systems thanks to the V2G environment. Using the VPP method, electric vehicles may be controlled from one location. Electric vehicles (EVs) offer various benefits because their battery packs can be charged and discharged; nevertheless, they also pose a number of problems to the power grid system [8,9]. These challenges call for revisions to the strategic management and control of the electric grid. Electric vehicles are seen as both a possible supply of backup power for the grid and a source of unpredictable, difficult-to-plan-for dynamic loads. Among some motorists, it is commonly thought that electric vehicles are more expensive to maintain than conventional gas-powered vehicles [10].



However, most individuals will need to know how much it costs to recharge their vehicles and come up with a strategy to decrease charging expenses after they become accustomed to using EVs, just as one would when planning their regular ICEV filling routine. However, the cost of power sold to the grid must be made transparent to vehicle owners or the EVs fleet operator/aggregator as soon as possible when providing V2G services [11]. The aggregator requires real-time information on the pooled EVs in order to address network administration issues, including demand side management, frequency control, and ancillary services. This is just one way in which EVs will alter the way the average person interacts with and uses the electrical system. While the load profile is the most significant consideration for the grid operator (GO), the price of electricity is the most crucial variable for EV drivers and other participants in the energy market [12].



Real-time pricing works effectively in deregulated electricity markets, but its implementation requires sophisticated metering, information, and communication management systems. Because EVs can act as both variable loads and a possible energy buffer (i.e., dynamic ESS) in the future electric grid network (smart grid), a transition from the current system to the smart grid is necessary. Real-time pricing and communication are made possible by integrating cutting-edge information and communication technology into the grid, such as smart meters. The smart scheduling of EV charging can help lessen the load on the power system [13]. These interconnections between EVs and the smart grid are ideally suited to the existing paradigm of power generation and distribution. Understanding the interdependencies between the electric vehicle (EV) niche market, the distributed REDG, and the electric power grid is crucial for spotting and taking advantage of the aforementioned opportunities. This article explores the potential role of electric vehicles (EVs) in the future energy system by analyzing their interactions with the smart grid infrastructure. Future avenues for EV–V2G investigation are outlined, and potential solutions to filling in research gaps are discussed. The potential for EVs to be utilized in tandem with renewable energy sources, like wind and PV solar energy, is currently being studied by researchers. Furthermore, in this article, we evaluate the practicability of V2G transactions in light of recent studies and proof-of-concept projects [14].



1.1. Contribution of the Study


Many experts believe the transportation sector will transition to electric vehicles within the next decade. An energy storage system (ESS) made up of multiple EV batteries is an important part of incorporating REDG into the grid. The electric vehicles can either be charged via REDG’s surplus power via one of several charging techniques or they can supply power to the grid during times of low power generation. To do this, electric vehicles will act as a backup energy source for grid controls and related services. According to research, deploying EVs equipped to provide vehicle-to-grid (V2G) services can help keep the lights on while lowering greenhouse gas emissions. To reduce GHG emissions and operating costs, an approach that maximizes the use of both EVs and REDG is required.




1.2. Paper Structure


The remainder of this paper is structured as follows: In Section 2, we evaluate and discuss the incorporation of electric vehicles and distributed renewable energy generation. In Section 3, we conduct an in-depth analysis of electric vehicles and the infrastructure of smart grids. In the Section 4, an in-depth analysis of the incorporation of electric vehicles into the electric grid is presented. In addition, Section 5 contains an analysis of the feasibility of incorporating electric vehicles (EVs) into the smart grid infrastructure by providing an overview of the relevant ongoing and upcoming initiatives. In Section 5, we also reveal the general trends that will affect EVs and V2G vehicles in the future. In Section 6, the final section, conclusions are drawn.





2. Renewable Energy Distributed Generation Incorporation with EVs


The integration of REDG (distributed generation from renewable sources) into the power grid has come a long way, which is cause for optimism. Problems arise when the electricity system has to deal with the unpredictability and variability of renewable energy sources like wind and photovoltaic solar. Depending on factors like wind speed and sun radiation, electric power generation from these REDG can be either very high (greater than the power demand) or very low [15]. In brief, these REDG have a fluctuating output, little capacity credit, and cannot be communicated. Extensive research has shown that wind energy conversion systems (WECS) and photovoltaic (PV) solar systems can be added to the grid safely and profitably. Introducing stationary energy storage systems (ESS) or controlled dispatch loads is one way to make sure the grid can accommodate the power output of these REDG. When there is an abundance or shortage of power generation, stationary energy storage systems may either absorb the surplus or supply the shortfall [16]. The high price of this technology has the potential to significantly increase the cost of incorporating REDG into the electricity grid.



If EVs are scheduled sensibly (without REDG), the results show that the power grid load can be reduced by 10% per year while costs can rise by 1.7% per day and emissions can climb by 3%. Costs are reduced by 0.9% and emissions are reduced by 4.3% per day when EV-V2G-enabled vehicles are used in conjunction with REDG [17]. These results show how ideally electric vehicles and renewable energy generation facilities interact inside the smart grid infrastructure. Figure 1 demonstrates the synergy between wind and PV solar energy [18]. The following sections examine how PV solar sources and EVs interact inside the electrical grid. Using a charging station in a public area or office, power fluctuations from these REDG can be mitigated in the V2G mode by combining the EVs and wind energy. In this diagram, we assume that the communication and control systems required for the V2G and charging scenarios are in place, as explained in detail above [19]. In this figure (and subsequent ones), Ti denotes the electric grid’s power transformer, where i141, 2, 3, …, n.



2.1. EVs with Wind Energy (REDG)


As previously stated, the idea of using wind energy conversion systems (WECSs) for power generation is practicable. Researchers have explored many different scenarios to assess the impact of WECSs and EVs on the electricity grid to determine their practicality. Lund and Kempton’s seminal research evaluates the potential for electric vehicles to provide ancillary services and grid regulation in the United States power market by interacting with distributed energy resource systems. The amount of wind energy that may be safely included in a freestanding electrical system in close proximity to EVs is calculated was calculated by [20]. The possible impact of electric cars (EVs) on primary frequency control is investigated by studying EVs and their interactions when in smart charging mode. The V2G services provided by EVs have contributed to a rise in the proportion of renewable energy in the off-grid system that comes from wind turbines. This rise ranges from 41% to 59%. However, the research from which this figure was derived presumes that all currently available EVs can provide a moderately priced contribution to grid balancing. Pillai et al. [21] used the Hourly Energy PLAN model and short duration-dynamic simulation scenarios to investigate the potential of implementing an off-grid power grid (the Danish island of Bornholm) to incorporate a sizable portion wind energy. Thanks to the V2G framework, electric vehicle (EV) batteries could be pooled and used for frequency regulation.



Regarding Pillai et al.’s study, large variations in wind power penetration led to frequency instability. The research reported in this study states that 42 MW of wind power may be incorporated into the electricity grid by using the V2G services provided by aggregated EV battery storage with a 16 MW capacity [22]. Short-term dynamic simulations could only incorporate 70% of the installed capacity of wind energy, while hourly simulations could include 82% of the existing capacity. The V2G assisted in both cases in keeping frequencies constant [23]. The authors assumed that drivers of government-owned PHEVs would work together. Based on their findings, it appears that there are multiple factors at play. Smart grid technology only needs to be introduced once, and changing your charging habits is all it takes to save money and ease strain on the electrical system. If 500,000 PHEVs are used, that may mean a 4% increase in wind power capacity by 2030. Although smart metering and other forms of communication technology were noted as being as necessary for the effective integration of EVs and WECS into the power grid, they were left out of the authors’ investigation.



The use of plug-in hybrid electric vehicles as a means of connecting wind energy installations to the MG has recently been studied. In order to meet the ever-changing demands for electricity, a dispatch system has been implemented. In order to maximize efficiency, the concept employs a coordinated wind-PEV design. Without taking PEVs into account, there is a significant gap between the MG’s estimated daily power and consumption from wind energy systems and the accompanying consumption. This is due to the fact that there are no loads available to utilize the surplus electricity being generated. PEVs, on the other hand, vastly enhance the matching performance. When PEVs are charged and discharged via V2G, the resulting power profile is stable. Liu et al. [24] conducted an equally intriguing investigation of the interplay between thermal generating units, PHEVs, and large-scale wind power systems. The authors of the paper state that, if PHEVs are scheduled intelligently, electricity grids can benefit financially and from the improved management of variable production from renewable sources like wind energy. Real-world dependability can be improved through these sorts of evaluations if they factor in things like battery life cycles and PHEVs of varied capacity and driving patterns [25].




2.2. EVs with PV Solar Energy (REDG)


PV solar energy’s potential has been proved for application in industrial electricity generation. In order to provide electricity to the grid, photovoltaic solar panels are often grouped together. The increasing adoption of electric vehicles (EVs) means an increase in the use of photovoltaic (PV) solar electricity for charging and grid support [26]. Numerous studies have demonstrated that it is financially beneficial to install PV solar panels on parking garage roofs in order to charge electric automobiles. Furthermore, as mentioned by the authors in [27], V2G transactions are accessible in these PV solar systems, and reduced costs and enhanced grid performance can be achieved via prudent generation scheduling. Tulpule et al. [28] analyzed the PV solar-powered charging station at the workplace from an energy economics and pollution perspective, contrasting optimal charging schemes with uncontrolled ones. This study accounted for variables like parking costs and location to investigate how changes in solar insolation affect an electric vehicle driver’s charging habits while at work. The findings derived from the study show that employing solar charging at work can save CO2 emissions by 0.6 tons per year and that a home charge (night charging at home) program can cut emissions by as much as 55% for a single vehicle [29]. Using a home charging strategy can reduce emissions by up to 85%, while using an optimal charging scheme can reduce emissions by 0.36 tons of CO2. The SMs and communication infrastructure make the home charging case appear more expensive than a PV-based charging station at work. Figure 2 [30] depicts the standard configuration for a public solar-based EV charging station.



During the day, commuting workers can take advantage of the charging capabilities provided by solar PV arrays installed on the parking garage roof. This is explored by the authors of [31]. Their study confirmed that solar electricity generation is highest in the summer (up to 12.6 kWh) and that the vast majority of this energy may be either sold back to the grid (V2G) or consumed in the office. If this is considered, the longer wait for a return on the investment may be manageable. The production (up to 3.78 kWh) may not seem like much, but it is believed to be more than enough throughout the winter. Studies on costs in winter are lacking, despite applications in winter having the potential to significantly defend the proposal’s viability. In addition, the PV solar system’s interface with the grid is modelled in [32], where a bidirectional DC charger is used to power the EV. Adjusting the ramp rate of a PV inverter’s output is also demonstrated. This study analyzes three potential implementations of EV charging: providing grid support while charging, providing grid support while charging without charging, and charging while providing other services (such as V2G). The results demonstrate that even when cloudy weather causes large fluctuations in power output from the 1.2 kW PV array—up to 22.5% of the DC bus voltage every second [33]—the EV charger is able to compensate for these fluctuations.



In [34], a generation scheduling method for an industrial micro grid (IMG) is investigated with dynamic PEV charging in mind. Both combined heat and power (CHP) and distributed REDG (using PV solar) are included this scheme. Dynamic optimal power flow (DOPF) is introduced as a cost-effective alternative. By synchronizing the IMG’s generating schedule with the PV and PEV, it has been found that overall running and charging expenses can be dramatically lowered. Although PV systems’ power output is highly variable, this variation can be easily compensated for with simple communication and control [35]. Using a bidirectional DC/AC power converter, the solar carport charging station of Figure 3 can be connected to the electrical grid. The two charging stations, numbered 1 and 2, represent some of the charging points connected to the electrical grid in this schematic. The electric vehicles at charging stations 1 and 2 can act as ESS by sharing their DC/AC converters and making additional contributions to the grid. On the other hand, a bidirectional DC charger that is directly linked to the PV controller can utilize any excess power to charge electric vehicles. According to the authors of [36], the DC power system will be a viable and attractive choice for the next generation of electric grids. This electric model may be charged in either way thanks to its well-designed charging port. When photovoltaic power generation is at a minimum, as is the case during times of high demand, it can transfer electricity back from the batteries.



A study on the widespread use of PV solar systems and EVs can be found in [37]. This study focuses on the effects of combining widespread rooftop PV installations with EV charging and voltage mitigation support. Both parties benefit from this symbiotic relationship as, for example, EVs help large-scale PV solar installations by providing voltage support while V2G services alleviate pressures on the power grid. Incorporating PV solar and EVs in a particular way has been shown to reduce voltage swings by around 15% [38]. In this study, through using the IEEE 123-node feeder, a regional distribution system was established. However, the actual massive power flow scenarios in the modern power system may be very different from its inflexible state with relatively little distance. This points to the need for more studies into the effects and limitations of using large-scale PV solar power for grid support while charging electric vehicles and conducting vehicle-to-grid transactions. In addition, a comprehensive feasibility assessment of PV solar in parking lots in the Swiss city of Frauenfeld is described in [39]. The results of this study suggest that, in the future, PV solar panels installed in parking lots might generate enough energy to power between 15 and 40 percent of EVs. The method used was simple, but it ignored the importance of transportation and the intricacy of the system. All of these studies suggest a probable relationship between the popularity of EVs and solar PV [40].




2.3. Wireless Charging System


In [41], the authors introduce a novel wireless charging system with an embedded battery state diagnosis through the use of electrochemical impedance spectroscopy (EIS) test. EIS is a powerful technique used to investigate chemical–physical battery changes due to aging or failure events. The EIS test involves using the PRBS signal simultaneously with the CC charging. In the above-mentioned study, simulation EIS tests were performed on a battery impedance model characterized by its equivalent circuit model. Circuit parameters were evaluated by fitting experimental impedance data. The simulation results confirmed that it is possible to charge and identify battery impedance at the same time by using the PRBS embedded in the control system. An accurate impedance estimation was also obtained, increasing the peak-to-peak PRBS excitation signal. Moreover, an increase in the CLC filter inductance slightly improved the accuracy of impedance estimation. Moreover, it reduced the charging current ripple during the CC charging phase. With the method proposed in this study, battery impedance can be monitored every time the battery is charged; hence, failure events can be avoided, and battery lifetime can be prolonged. In addition, the charging regulations can be modified according to the battery state. Several efforts have been made by industries to develop battery technologies that guarantee an increasing number of charging/discharging cycles Li-Ion batteries are promising and widely used. Thanks to their high energy density and increased power per mass, they allow for reduced weights and dimensions at competitive prices. Hence, due to high energy and power densities and acceptable costs, Li-Ion batteries are favored as an energy storage system for several applications. On the other hand, lithium batteries are very sensitive to temperature and working conditions, i.e., overcharging or deep discharging.





3. Electric Vehicles and the Smart Grid


Regarding the administration and implementation of the VPP, in Figure 4 [42], we can see how it looks in a vehicle-to-grid environment. The electric vehicle aggregator will function similarly to a digital power plant in terms of the energy market and the power grid. Figure 4 depicts the communication between the CMS and the aggregator control center (local VPP control) in terms of the status of the clustered EV fleet at the charging station, including information such as available SOC/available power. When the DSO or TSO requires additional power, the VPP command center can dispatch the total battery capacity. The VPP control room will coordinate the exchange of data and power between the various energy market participants (including consumers and generators) and the grid operators. The authors of Ref. [42] approach VPP operation as an optimization problem with the goal of cutting expenses. By putting a fleet of electric vehicles to work in demand side management, dynamic load, and energy storage, the V2G concept can reduce expenses by 26.5%. The cost of purchasing an electric car, the frequency with which it would need to be charged, and the frequency with which it would need to be discharged were all calculated.



Power generation and distribution is changing now that more distributed energy resources (DERs) are being introduced to the energy market. When and where DERs produce and use electricity are two very important considerations. This further complicates the already difficult task of managing energy on the existing electrical system. The smart grid improves the reliability, efficiency, and safety of the electricity grid as a whole. The term “smart grid” refers to a network that utilizes modern networking technology to link advanced energy meters, sturdy control systems, and other similar devices. The versatility of electric vehicles (EVs) as variable loads and dispatchable DECS can be fully realized by their integration into the power grid. More electric vehicles (EVs) on the road necessitates a better evaluation and implementation of the smart grid’s architecture, which experts have been researching. The standardization of electric power distribution communication technologies and protocols [43] is an important step toward the realization of the smart grid. There are now publicly available, in-depth proposals for charging electric vehicles (EVs) using the existing power infrastructure. Two-way communication between a GO or aggregator and an electric vehicle is also made possible by electric vehicle management (EVM) systems. To monitor and manage energy consumption in real-time, a smart meter (SM) could be included into the EVM system. Intelligent scheduling in a smart grid environment is made possible by sophisticated bidirectional data transfer, which depends on the impact of electric vehicle charging [44].



3.1. Smart Charging of EV


Uncontrolled EV charging can have unintended consequences, as mentioned in the preceding sections. These unintended consequences include but are not limited to power system facility overloading and higher power demand, leading to less efficient electricity delivery. Intelligent charging schemes (or just “smart charging”) have received a lot of attention in the literature for this same reason. The goals of intelligent pricing schemes might vary. Some research in the literature focusses on minimizing system-related costs or charging costs in the electrical market, which typically results in valley-filling charges [45,46]. Furthermore, while some research focuses on explicitly modeling the supply side, others look for clever ways to mitigate potential negative effects on the power grid. It has been noted that an optimized algorithm is vital for efficiently scheduling and using the benefits of the niche EV market in an intelligent manner. As more and more EVs are integrated into power grids, there is a greater need to find optimal solutions within the context of a wide variety of restrictions. Different objectives of the deployed EV system, such as minimizing charging cost, greenhouse gas emissions, or power system losses, impose different limitations [47].



Energy resource scheduling for smart grids with DER and V2G participation was provided one day in advance by the authors of [48,49]. Intelligent optimum scheduling employs a tweaked version of the particle swarm optimization method. Electric vehicles are also programmed to respond to demand response initiatives. Scheduling smart EVs in a smart grid setting has been shown to reduce operating costs as a whole. In [50], a price-optimized algorithm for V2G operations and scheduled EV charging is proposed. RFID tag technology is also utilized to assist with this intelligent charging. To optimize revenue, the authors developed a web-based mobile application that allows EV owners to input their preferences for charging characteristics, such as desired state of charge (SOC), arrival and departure timings, and the availability of vehicle-to-grid (V2G) services. Scheduled charging was found to be more economical. Drivers using a flexible charging arrangement saved 10%, while enterprise commuters saved 7%. In addition, the driver variable charging strategy can reduce the peak power usage by as much as 56%.



To reduce power losses and improve the smart grid’s voltage profile, the authors of [51] suggest a real-time solution. To better understand the impact of PEVs on the power grid at various penetration levels and with both uncontrolled and regulated charging, studies are being conducted on PEV charging habits. Significant power losses and the high cost required to generate electricity have been detected due to the uncontrolled charging of PEVs with the modified IEEE 23 kV distribution system at both a high penetration rate of 63% and a low penetration rate of 16%. It is possible for these shifts to go as high as 0.83 p.u. (below the 0.9 p.u. limit). However, the voltage profile can be improved by up to 0.9 p.u. with coordinated charging methods, and losses can be decreased. Additionally, Ferreira et al. [52,53] conceptualized a smart charging system that makes use of data mining techniques to optimize charging depending on usage history. Through a suite of web-based applications, mobile devices, such as smartphones, can communicate with the charging station and the EV system. Data collected from a GPS-enabled mobile device is used to determine the battery’s charge level in an electric car. One important downside of this architecture is the slow response time of its communication channels. In a perfect world, the machine would take care of everything that pertains to the process, without any outside help (e.g., from the driver) [54,55].




3.2. The Use of Electric Vehicle Smart Grid Technologies


In smart grids, the energy supply and consumption are monitored in real-time by energy management systems (EMSs) which also analyze the data and provide reports. For online EMS services to be fully realized in the smart grid, smart meter adoption must be widespread. Incorporating electric vehicles (EVs) into the power grid relies heavily on accurate, up-to-the-minute data regarding the amount of energy being used by each EV, and a smart meter (SM) plays a pivotal role in gathering these data. Thus, SMs facilitate day-ahead and intraday energy forecasting techniques, as well as energy pricing [56]. These are the main functions of SMs within the smart grid. Therefore, state-of-the-art technology found in smart metering must be used to accommodate the varying needs posed by EVs. That is why the term “advanced metering infrastructure” (AMI) is used to describe a network that facilitates two-way communication and smart meters in real time. Among the eight most important factors for a smooth smart grid implementation, EVs and AMIs rank high.



When combined, the AMI system’s parts form a unified and thorough whole. Among others, home area networks, smart meters, computers, software, advanced sensor networks are all examples of communication technology. The AMI framework can employ wireless or broadband over power line (BPL)/power line communication (PLC) to allow for two-way communication between the utility network, smart meters, various sensors, computer network facilities, and electric vehicle management system (EVMS). An improved command and administration system can be developed using information from the AMI. The intelligent scheduling of electric vehicles is possible with a smart grid that incorporates advanced metering infrastructure (AMI). The AMI technology used by the authors of [57] in conjunction with the EV charging infrastructure present in their study made it possible to charge electric vehicles at any time and for any price. When electric vehicles are deployed using an AMI platform, peak energy consumption can be reduced by 36%. The percentage of energy consumed during peak hours is reduced by 54%. Due to this, the electrical grid is relieved of some of the stress that is placed on it during peak usage periods.



Figure 5 [58] provides an overview of the available AMI configurations for EV–smart grid communications. It refers to information gathered by SMs about the consumption or production of energy. SMs can use a wide range of communication protocols, such as BPLC and WiMAX, and can send collected data over a FAN, LAN, or HAN. The MDMS is responsible for data management, storage, and analysis after receiving data from the AMI head-end system following collection and validation. Both the utility and the EV aggregator can access the energy information in the MDMS [59]. EMSs, MDMSs, utility service providers, and the energy market all benefit from the two-way communication between humans and machines (enabled by a client web portal). Among the many AMI features highlighted by the authors of [60], bidirectional power measurement and communication, seamless connectivity, and increased data storage are of particular importance. These features are essential for energy applications regarding electric vehicles (EVs). As it relates to electric vehicle (EV) charging, vehicle-to-grid (V2G) services, and vehicle-to-home (V2H) applications, this study examines the different facets of AMI adoption. As a practical first step toward allowing ubiquitous capabilities like measurement and communication to enable advanced energy management [61], AMI solutions provide a useful entry point in the context of vehicle-to-grid (V2G) connectivity.




3.3. The Integration of Electric Vehicles into an Advanced Network of Communication and Control


The two-way communication network of the smart grid governs multiple decentralized energy resources across huge, distant regions, enabling many different types of demand response. In this case, wireless communication is the ideal answer for V2G applications. It is cheap and covers a lot of ground. There will likely be a significant role for request and acknowledgement forms of communication with various system components like SMs in the exchange of information between EVs and the smart grid [62,63]. Two scenarios for communication solutions exist, each of which is contingent on the smart grid’s strategy for including electric vehicles. First, we will discuss the cable that carries information between the high-tech sensors and the EVMS and SMs. Connectivity between SM data centers and grid operators/aggregators is the second type. PLC and wireless communication technologies are good examples of the former, while 3G, WiMAX, and 4G LTE are state-of-the-art mobile network solutions [64,65].



However, the dynamic mobility of EVs presents new issues for the power industry’s monitoring, communication, and control architecture. When the EV is not in range of its HAN or LAN, in theory, an advanced SM should enable it to connect to a different aggregator, energy supplier, or visiting network. A dependable communication system with global reach is necessary to manage these tasks effectively. According to the authors of [66,67], it appears that smart metering infrastructure benefits from the development of wireless communication technology. Given the widespread dispersion of EVs in the real world, this is an ideal scenario for EV applications. To function properly, EVs need to be able to be plugged in whenever and wherever a charging station is available in order to recharge their batteries or feed energy back into the grid (V2G) [68,69]. The GO or EV aggregator needs a way to reliably identify each EV in near-real time so that the correct quantity of electricity can be invoiced. To be able to contribute to the grid, electric vehicles (EVs) will need to acquire knowledge about either peak demand periods or real-time energy price trends. In addition, wireless sensor networks (WSN) are gaining traction in the smart grid as a promising new control network. Some studies conducted recently have demonstrated the WSN’s potential in the DG and MG operations [70].



A similar technique can be applied to the wireless sensor network in order to boost EV uptake. Significant challenges remain in the widespread use of WNSs for EV applications, especially V2G services. Its range is shorter than that of competing wireless technologies, leading to packet delays and a decreasing success rate with increasing hop counts. In [71,72], a wireless sensor network (WSN) based data system is presented for vehicle-to-grid use cases. The wireless vehicle-grid operator communication is communicated with the fewest possible messages in order to maximize the grid’s capacity, EV reliability, and data delivery. Many studies, like this one, have attempted to merge the WSN architecture for V2G transactions with a cutting-edge EV system. Moreover, several academics have examined and tested ZigBee technology, particularly for EV applications [73]. ZigBee is a low-bandwidth protocol that is simple to implement. ZigBee technology could revolutionize vehicle-to-grid (V2G) applications if a few obstacles are overcome. This includes things like communication delays, insufficient memory, and interference from other devices sharing the same transmission line. Several potential wireless technologies for use in EV applications, such as vehicle-to-ground (V2G) services, are summarized in Table 1.



Protecting the smart grid from cyberattacks, such price tampering and system congestion produced by malicious software, requires a resolute and cyber-secure communication network between EVs and the utility or power market. Cyber security concerns are legitimate since hackers can easily attack an electric vehicle (EV) that is connected to the grid network [74,75]. Protected EV services for visitors using the network are a significant amenity that host networks should provide. If these issues are not fixed, EVs will not be as useful and reliable in the energy sector as they could be. EV interactions with the smart grid are represented in Figure 6 together with the communication network architecture and features that make them possible. The wireless communication technique used is determined by the transmission distance and data load between communicating hot spots [76,77]. Using its built-in GPS and/or Bluetooth capabilities, the smart phone in this diagram acts as a bridge between the electric vehicle management system (EVMS), charging station, and aggregator. The CAN gateway relays all EV status information to the outside world. Long-distance communications involving aggregators, energy markets, and utilities (TSO/DSO) are what the WiMAX protocol is all about. Through using the Near Field Communication (NFC) protocol, Bluetooth pairing can occur automatically, reducing the need for more than eight user interactions, which can help improve smart grid reliability [78].





4. EVs Incorporation into Electric Grid


Even under ideal conditions, connecting a large number of electric vehicles (EVs) to the electric power grid is a complex process that requires the close monitoring and evaluation of its potential financial, operational, and control benefits. Many different models of electric vehicle (EV) integration into the power grid have been studied, while other research has focused on the effects of EVs on the distribution system [79,80]. According to recent studies, the majority of electric vehicle (EV) charging infrastructure is expected to be installed in private residences [81]. It is also anticipated that public, commercial, and workplace charging stations will be used frequently to recharge EVs. Thus, the ramifications of EV charging are expected to instantly affect the electric power distribution system. The outcomes may range from a simple rise in power transformer temperatures to the absolute necessity of constructing brand new power distribution facilities [82,83].



Several strategies for bringing big EV fleets online with the power grid to fulfil their potential benefits have been described in the literature. The EV driver and the utility company are the two main players here. In addition, the merits of high-level management, information and communication technologies, and operations outweigh the expenses [84,85]. The EV aggregator has garnered increasing attention from academics in recent years. The aggregator coordinates all operational responsibilities between the DSO, TSO, and various energy service providers. The major role of an aggregator is to facilitate interaction between EV owners and the various stakeholders in the energy market. The core notion of the virtual power plant (VPP) is the clustering and control of electric vehicles as a single distributed energy source; this is crucial to the prospect of EV incorporation. The VPP aggregator makes electric vehicles available to the DSO, TSO, or GO so that they can take part in the energy market [86].



However, if several EVs were networked together, each driver would become a power broker in the energy industry. Using two-way communication and control systems, the EV owner will respond to questions from the DSO, TSO, and/or energy market participants. To assist EV owners in minimizing charging costs while reducing grid stress, a new model of EV inclusion has recently been proposed [87,88]. Even though the aggregator is theoretically a third party, they are not completely removed from the action due to this type of incorporation. One example of this phenomena is price-sensitive offerings in the energy sector. Dealing with each EV owner raises the bar for energy planning, security, and control, raising questions about the viability of the incorporation model. Optimal solution selection becomes more challenging as the number of variables increases [89,90].



It is important to remember that the battery industry is the deciding factor in the EV’s ability to enter the energy market. Lithium-ion (Li-ion), lead acid (Ha), and nickel metal hydride (NiMH) are just a few examples of the many chemistries used in battery technology. Extensive research into battery technology is at the heart of plans to significantly increase the number of electric vehicles (EVs) in use worldwide [91]. It is common knowledge that this creates extra obstacles in the way of lowering startup costs, improving vehicle performance (like range), and generating a large profit margin in the energy market. Regular charging and draining significantly reduce battery life in V2G applications. In recent years, the attention of researchers has been drawn to this phenomenon because of its prominence. In an intriguing study, Peterson et al. [92,93] looked into how lithium-iron-phosphate (LiFePO4) battery cells lost their charge over time when used in both V2G and conventional driving modes. As a function of the number of days of driving, the total amount of energy used, and the battery capacity, the battery loss capacity was calculated. According to their research, this sort of battery can withstand repeated charging and draining with almost no capacity loss. The Li-ion battery aging model-based battery deterioration characteristics were investigated by Guenther et al. [94].



The loading pattern incorporated a wide range of permutations of driving conditions, charging strategies, and peak shaving (V2G transaction). Battery life is cut by roughly 3 years when V2G transactions are involved, as the number of discharge cycles and depth of discharge are both increased. However, by using smart charging methods, battery life can be prolonged [95,96]. Even though these potential EV application scenarios, notably the V2G transactions, are exciting, more research is needed to reveal the other battery life span characteristics. When creating a realistic battery model for these analyses, it is important to take into account calendar aging, self-discharging, and aging cycles. It is hoped that, in the near future, compact-sized and low-cost batteries with great energy and power capacities will be available. A variety of battery technologies currently in use by the auto industry are summarized in Table 2 [97,98,99,100]. Thus, state-of-the-art real-time communication is crucial for the interchange of data, including pricing, energy projection, and EV-driving traits, between the involved parties. This means the smart grid platform is crucial to the smooth operation of this set-up. As the smart grid evolves, it may become a more attractive entry point for electric vehicles (EVs) into the energy market due to its accessible advanced communication infrastructure. The following sections will provide an in-depth analysis of the aforementioned interaction situations involving electric vehicles and smart grids [101].



Lithium has facilitated a recent breakthrough in battery technology. The energy supply, light weight, low-cost, non-toxicity, and rapid-charging features of lithium-ion batteries make them the most promising batteries. These batteries have a gravimetric energy density ranging from 118 to 250 Wh/kg; however, their specific energy capacity is now being improved so that it can be increased even further [102]. Anode electrodes in lithium-ion batteries are typically made of silicon nanoparticles (SiNPs) due to the high energy density of this material. Lithium batteries have the lowest equivalent mass and maximum electrochemical potential. They are also efficient and durable. However, they cost over 700 USD per kWh and can cause fires and property damage if overheated. Mass transport constraints in the electrolyte and electrodes will cause severe polarization in lithium batteries with improved performance. Polarization is affected differently by each activity due to the dynamic and kinetic properties of the material, as well as the design of the battery and the mechanism for charging and discharging it. To reduce solid-phase diffusion polarization, Chen and colleagues reduced the active material’s particles. If half of the active material particles were present, LIB concentration was determined to be significantly reduced [103,104]. When the active material particles were twice as large, the Li-ion concentration difference was much greater



4.1. EV Charging and Electric Grid Interaction


One of the most essential uses for EV charging methods is in electric automobiles. Multiple tiers of recharging power and times are available for electric vehicles. These benchmarks indicate whether an electric vehicle is being charged slowly or quickly. In terms of charging time, home and workplace charging facilities normally take 8 h for PHEVs and 20 h for BEVs, whereas public and commercial charging stations take 15 min to an hour. Table 3 [105,106,107] shows that AC Level 1 can be achieved in a typical household setting, while AC Level 2 is more suitable for workplaces, movie theaters, shopping malls, and other public and commercial settings. However, it is expected that public, private, and commercial charging stations will have access to DC rapid charging (DC Level 1–3). The amount of charging power provided is often determined by the DC bus voltage, which is typically less than or equal to 400 VDC, according to recent studies on EV batteries. In addition to the charging level parameters (voltage and current ratings), the amount of time it takes to fully charge an EV’s battery pack is also affected by the battery’s storage capacity. There is some level of controversy surrounding the optimal strategy for standardizing the fast charging portfolio [108].



However, fast charging is required to completely recharge the EV battery in a short amount of time. To facilitate both standard AC charging and DC fast charging, automakers around the world collaborated with the Society of Automotive Engineers (SAE) to develop a single charging station. AC single-phase, AC three-phase (AC fast charging), and ultra-fast DC charging are all supported by a single unit connector (SAE combo standard). Similarly, the CHAdeMO fast-charging standard is gaining major support in the EV market [109]. This standard was developed by the Tokyo Electric Power Company (TEPCO). Since this phenomenon is analogous to the rapid refueling of internal combustion engine vehicles, it will boost public confidence in the safety and viability of EVs. Up to 36 kW, up to 90 kW by Level 2 DC fast charging, and up to 62.5 kW by the CHAdeMo standard, as shown in a recent study [110] by Chaundhry and Bohn, who attempted to prove that DC quick charging can be used for V2G. Research available in the literature delves into both AC Level 1 and AC Level 2 techniques.



Although the current power grid is being used to supply AC voltages to loads, this is not ideal. An electric vehicle’s battery pack cannot charge without a rectifier power circuit. However, cost and thermal limitations limit the power capability of the rectifier circuit [111]. Table 3 shows that a considerable electrical capacity (in terms of current and voltage ratings) is needed to support the DC fast charging system. The size and volume of the rectifier circuit directly reflect the circuit dimensions that will be employed in EV applications; therefore, they have a significant impact on DC fast charging infrastructure. DC quick charging is an alternative, but its viability, consequences, and economics are rarely discussed in the literature [112]. In the next decade, this will be the most feasible way to charge electric vehicles, and charging stations will be viewed in the same way petrol stations are today. The high power consumption resulting from these stations remains a difficulty because it calls for a separate power source, modeling of the power conversion interface, and a long lifespan for the batteries used. This is a significant obstacle for the expansion of V2G services. DC rapid charging infrastructures for V2G services should be subjected to feasibility studies in order to fully elucidate their features and performance.



In the context of smart grids, the SAE standard J1772 was updated in October 2012 to make V2G and charging solutions for electric vehicles more flexible. Included in this category are the communication portfolios for reversible energy flows, DC rapid charging standards, and EVSE (electric vehicle supply equipment), all of which needed for PHEVs. Article 625 of the NEC and the standard IEC 62196 from the International Electro-Technical Commission are excellent resources for anyone thinking about building a charging station for an electric vehicle. In the near future, new low-EMI bidirectional power converters for electric chargers may make V2G compatibility in EVs the norm. The AC Level 1 and 2 charging setups (electric vehicle with on-board charger) are depicted in Figure 7. Figure 8 illustrates EVSE with an off-board charger. The AC and DC charging infrastructure and embedded EV kits needed to reach the levels specified in Table 3 are depicted in the two images below. In both the AC Level 1 and 2 setups shown in Figure 7, an on-board charger is supplied with AC power to charge the EV. The charging station and EV battery pack are shown in close proximity to one another in both the DC Level 1 and 2 versions shown in Figure 8 [113].



It takes almost as much energy to recharge an electric vehicle with current EV battery technology as it does to power a single European or American household for a day. Adding additional electric vehicles to a charging circuit increases energy usage proportionally. This symbolizes the strain that modern electricity infrastructure is under. This includes the establishment of norms and price systems, in addition to making suggestions for legislation. Their study found that using a 3.3 kW charger at 220 V/15 A will raise a home’s current usage by 17–25%. Different potential charging techniques have recently been discussed in the literature, with special emphasis being placed on how they would be affected by factors such as the owner’s driving behavior and the present grid model [114]. Such schemes include but are not limited to the following: uncontrolled (dumb) charging, dual-tariff charging, and smart or intelligent charging. When an electric vehicle is plugged into an unmonitored power source, the charging process begins instantly. The effects of this pricing strategy on electrical grids have been the subject of numerous research studies. Almost all of the research on this available in the literature indicates that this type of charging further overloads the power distribution system and raises the cost of investments [115].



The impact of EV loading on the power distribution network is significant, as noted previously. Additional stress on the electrical grid is caused by the charging of electric vehicles. Insufficient control over this additional load might exacerbate the depreciation of power system components and trigger relay tripping in the event of extreme overload. According to the authors of [116], the incremental investment costs in power distribution system facilities can be reduced by as much as 60–70% when EV smart charging schemes are used. Mitigations, such as moving this increased demand to a valley time or optimizing the available power via coordinated charging schemes, are used to keep the distribution system running smoothly and safely while accommodating for the widespread adoption of EVs. Although load shifting can save anywhere from 5 to 35% of the required investment cost, energy losses can approach 40% of the true values. Researchers have extensively studied how charging electric vehicles will affect power grid loading while taking into account large distribution networks [117].




4.2. Electric Vehicles Using the V2G System Architecture


Electric vehicles can function as dynamic loads, pulling electricity from the grid (during charging) or dynamic ESS and supplying power back into the grid depending on their charging and operational demands. The latter is sometimes referred to as the “vehicle-to-grid” (V2G) concept. As a resource for V2G services, electric vehicles (EVs) are impractical due to their low storage capacity and the fact that they are few in number and dispersed in terms of location [118]. In order to implement the V2G concept, vast numbers of EVs are aggregated in diverse ways, each of which is optimized for a distinct group of control strategies and objectives. When electric vehicles are combined into a single, manageable distributed energy source, the electric grid is better able to regulate and control the system. When electric vehicles (EVs) interact with the smart grid, either unidirectionally or bidirectionally, vehicle-to-grid (V2G) services can be realized. Assuming the former, V2G (power transmission to the grid) and V2G (power reception from the grid) are both feasible when charging an EV. The usefulness and efficiency of this collective EV-grid connection has been the subject of extensive research [119].



One of the key drawbacks of this system is the high cost and lengthy time commitment required to install anti-islanding and other complete safety protection measures. However, the EV can only draw power from the grid in one direction (to charge the battery); therefore, it cannot contribute to the system in any way [120]. One study in particular used a 20 kWh battery with the BC to provide 6.6 kW of regulating capacity, whereas a 20 kWh battery with the UC was able to meet energy demands of up to 3 kW [121]. The bidirectional charger increases annual revenue by 12.3% compared to the unidirectional charger while considering battery capacity fading. The monetary benefits of bidirectional power flow architecture may be dampened by protection and metering systems. Using bidirectional power flow to benefit from V2G is proven to be nearly as beneficial as using unidirectional power flow. One-way power flow may be superior to two-way power flow in some cases, such as when the power capacity for V2G transactions needs to be lowered.



On the other hand, the VPP’s conceptual architecture offers a scenario for aggregation that makes V2G a reality by facilitating communication and control between the utility entity (control center) and the EV fleet. Depending on the underlying control philosophy and aggregation technique, different VPP frameworks in the V2G environment can be modeled to address grid and EV inclusion challenges. The VPP supports both a centralized and decentralized organizational structure [122]. An overarching management structure in a VPP, decisions, and data flow are facilitated at the VPPC, but in a distributed control system, these tasks are performed independently of one another [123]. On the other hand, the spatial VPP model is hierarchical in nature, facilitating communication and decision making at multiple levels. Based on the information it receives from the smart meters and the energy market, the VPPC makes choices and offers certain updated requests to the VPP resources in real-time. The VPP design and the shared EV batteries can help the electric power system decrease mistakes in demand and consumption estimates [124,125].





5. Practicability of Smart V2G System


The impact of EVs on the power grid is being studied by numerous institutions, including universities, corporations, government labs, and think tanks. This article presents several approaches for incorporating electric vehicle (EV) technology into the power sector’s smart grid architecture. However, the prospect of V2G schemes being ran successfully through interaction between electric vehicles and the smart grid has not been thoroughly explored in practice. Improvements still need to be made to smart grid and vehicle-to-grid (V2G) technology before electric vehicles can be integrated without a hitch. Some examples of areas for improvement include battery technology and interfaces for supplying energy and information [126]. In addition, significant research and development is needed to improve the efficiency and reduce the price of a wide range of technologies, including EV charging infrastructures. Research and tests are already underway to bring the V2G concept to life. Kempton et al. conducted the first experimental project to assess whether electric vehicles (EVs) can feed the grid (V2G) to provide real-time frequency regulation. The project showcased a wide range of realistic V2G deployment techniques for grid support. There is only one electric vehicle in the sample; therefore, generalizing the results to a large fleet of EVs presents challenges [127].



5.1. Intelligent EV Scheduling


Charging the batteries of EVs provides a substantial new challenge to the grid because of the impact EVs have on load demand. In conclusion, if the charging of EVs is coordinated in an intelligent fashion, a significant shift in load can be distributed. However, this objective calls for the coordinated efforts of complex grid side management, market operators, and EV management systems [128]. Implementing smart charging methods has been recommended as a means to reduce distribution system overload caused by EV charging, as covered in earlier sections. The realization of this idea is closer than it has ever been thanks to recent rollouts of smart grid test-beds and the continued integration of smart grid technology into the existing electrical infrastructure. Wireless communication, GPS infrastructure, and smart metering are all becoming more visible parts of the smart grid system. The percentage of drivers who use the internet through mobile devices is rapidly increasing. A conduit for enhancing V2I communication could be the European Union’s 2015 enforcement law on automated accident notification (CAN) for road safety and speedy emergency responses. Smart charging infrastructure and communication hubs could be envisioned as an added service to an already established wireless network [129,130].



The smart meter can be configured as firmware rather than hardware while encapsulating roaming services to meet the transient nature of EVs and facilitate dynamic pricing and other data interchange for intelligent EV scheduling. Several organizations are looking to hire programmers to ensure that their electric vehicles can communicate with the smart grid. Better Place is a multinational company that is demonstrating the feasibility of transportation electrification through a number of projects, such as battery switching stations (BSS) [131]. Whenever an EV’s battery begins to deplete, one may swap it out for a fully charged one from the BSS and resume working. Improved EV dependability comes as a direct result of this method being implemented in battery switching facilities. According to reports, changing batteries takes about five minutes. Similar stations have recently launched in thriving locations, such as Tokyo, Israel, China, the Netherlands, and Denmark. Daimier and Enel are spearheading a trial project called e-mobility in three cities in Italy: Pisa, Rome, and Milan. The Enel Company’s smart meters and RFID/GPRS communication technology are part of the intelligent charging system employed in this project, which also interfaces the electric car with a central control center. These pilot projects showcase the possibilities and lessons learned from smart electrification in the transportation sector [132,133].




5.2. Renewable Energy Distributed Generation Incorporation Using EVs


The potential of electric vehicles to accelerate the general adoption of REDG, especially wind and PV solar energies, is a popular subject to investigate among academic researchers. Including electric vehicles in this process will substantially ease the REDG’s integration into the grid. However, further technical research and cost–benefit reasoning is required because this concept spans multiple fields [134,135]. Ongoing demonstration projects are investigating the consequences and viability of EV contact with the REDG. The vehicle has 23 CHAdeMO DC quick-charging connections, 6 of which are bidirectional and facilitate vehicle-to-grid (V2G) charging. Two hundred CHAdeMO DC-fast charging-compatible electric vehicles (Nissan Leafs and Mitsubishi iMiEVs) will be installed as part of the project. Overall, 229 charging points for electric vehicles will be established. Electric vehicles will contribute in the integration of intermittent renewable sources by utilizing the surplus power generated by the RES and feeding it back to the grid during times of high demand (i.e., V2G). Hopefully, fast-charging V2G services involving electric vehicles and REDG will be evidenced [136].




5.3. Effects, Possibilities, and Constraints of V2G


Electric vehicles are often aggregated in vehicle-to-grid (V2G) schemes and treated as variable distributed energy sources that contribute to the electric grid in the form of grid ancillary services. As previously noted, a great deal of research has proven the concept to be effective and shown that it is the most promising prospect for the model of the future power grid. Dedicated battery storage systems, pumped hydroelectric storage, fly wheels, and concentrated solar power (CSP) are just a few examples of the energy sources that can be used in the deployment of ESSs to keep the electric grid stable. The widespread use of V2G in the energy business stands in sharp contrast to this. Some alternatives, including pumped hydroelectric storage [137], may be more cost-effective than V2G. Compared to the battery pack typically found in electric vehicles, the CPS is far superior because to its 99% efficiency and extended storage life. The use of a CPS plant as an energy storage device to help with peak demand and regulation will become increasingly more appealing as the technology improves. United Arab Emirates’ Abu Dhabi is home to the world’s largest concentrated solar power (CSP) plant. The International Energy Agency (IEA) predicts a rise in the proportion of clean power systems (CPSs) and other energy sources feeding into the power system grid. Further research is necessary to demonstrate that EVs can be economically competitive with these future energy storage units in V2G transactions [138].



V2G schemes have also been shown to be a viable solution to the issues plaguing the energy industry. The broad adoption of EVs can largely be attributed to the efforts being made to wean the transportation industry off of fossil fuels. If V2G transactions are implemented, EV infrastructure will need to be upgraded in order to facilitate more EV participation in the electricity market. Smart meters, high-speed connectivity, bidirectional power converters, and new competitors are all examples of technical developments. EV manufacturers have been slow to deploy a large number of EVs capable of providing V2G services, partially [139,140] due to EV customers’ reluctance to enter into such contracts. There is some debate over whether or not manufacturers should provide two EV models: a conventional EV and an EV enabled for V2G, with the latter option obviously costing more (i.e., the technology remains redundant to the owner, who will be hesitant to enter the energy market). Sales could potentially plummet if this is implemented. For manufacturers and/or customers to have a viable option before actors in the energy market, this knowledge gap must be closed through studies and research [141].



The most recent analyses of V2G deployment have assumed the existence of a deregulated electric market in which electricity generators (such as Generation Companies) and market participants (such as energy brokers) determine their own rates for serving customers’ electricity demands. The process of optimizing these price changes (bidding) has been carried out in the literature to lessen the fees, prices, or investment costs associated with V2G or power distribution networks. From a technological and financial standpoint, this article proves that V2G transactions are viable options for EV scheduling. Research into various energy fields is becoming increasingly vital as electric vehicles (EVs) become more widely adopted and their full potential is realized. Foley et al. [142] investigated how recharging electric vehicles affects the Republic of Ireland’s unified wholesale power market. When considering the impact of EVs on regulated (monopoly) versus deregulated (competitive) energy markets, it is vital to keep in mind that the two types of markets will react differently to trends.



We anticipate that, by 2035, electric vehicles will have made significant inroads into the automotive market. Likewise, the future of V2G technologies is bright. The electrical markets in different countries may make it difficult for some to adopt this technology. Unlike the United States, where a growing number of states are moving toward a more deregulated energy market, the electrical industry in the Republic of Korea is highly regulated. There has not been enough focus in recent years on the comparative study needed to establish the impact and viability of EVs’ interaction with the grid in different energy markets. Just as the VPP has shown how dynamic dispersed energy sources are, so too will the introduction of EVs will unveil the benefits of the smart grid. In addition, a digital STATCOM and other functionalities are feasible. In the future, we will likely see more investment into distributable renewable energy sources like wind and PV solar. The benefits of the smart grid and the efficiency of the connection between the two systems can be greatly improved through research into the aforementioned areas. Incorporating more of the power system into the more efficient virtual power grid can be made possible by the grid’s pre-existing V2G services.





6. Discussion and Conclusions


The full scope of EV–smart grid interactions has been explored in this study. Additionally, discussions regarding strategies for combining electric vehicles (EVs) with decentralized renewable energy generation are ongoing. The ancillary services provided by electric vehicles can enhance operational efficiency, fortify electric grid security, and reduce operating costs through voltage and frequency regulation, peak power leveraging, and reactive power support. One particular study found that advanced metering, communication, and control systems could pave the way for the widespread use of electric vehicles inside the smart grid infrastructure. The smart grid will facilitate communication between EVs for grid maintenance. Accordingly, this review article elaborates the possible benefits of a smart grid for electric vehicles. V2G has shown some encouraging outcomes, but more research is required before it can be recommended over renewable energy sources. Modern methods of communication and power monitoring are required to overcome challenges and realize the benefits of such systems. Few studies have addressed the issues of reliability and efficiency in the implementation of the V2G transactions in the smart grid environment. These issues include communication delays, routing protocols, and concerns regarding cyber security.



Researchers have also assessed how well the smart grid may function using V2G. The low penetration of electric vehicles with V2G characteristics is one of the challenges that significantly slows down EV adoption in the energy sector. The collateral damage generated by EV technology, such as low-cost and highly efficient power converters (for EV charger), is another factor to consider from the perspective of vehicle manufacturers. Despite improvements in battery technology, reliable V2G operation is still impossible due to battery wear from frequent charging and discharging. Studies on lithium-ion (LFP) batteries have produced promising findings. However, to ensure high penetration with respect to EVs, more in-depth studies that take into account a wide range of study concerns and include strategies to improve battery lifespans and cost–benefit analyses for their (batteries) use in V2G services are required. Comparative studies between lithium-ion and other battery chemistries, such as nickel metal hydride (NiMH), are also scarcely available to the general public. Technology enabling electric vehicle applications is at the heart of this topic, particularly with respect to vehicle-to-grid (V2G) links. Voltage fluctuations and other power supply dynamics are an inevitable part of V2G applications. By incorporating REDG into the power system through EVs, good representation models can adjust for poor grid circumstances. Power from the sun and the wind are two types of REDG. A comprehensive understanding of the grid’s dynamic dynamics is necessary for the V2G concept to aid the electric grid effectively and reliably.
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Figure 1. Wind and solar photovoltaic panels connecting electric vehicles to the grid. 
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Figure 2. PV solar charging station at the parking lot. 
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Figure 3. PV solar charging station connected to the grid. 
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Figure 4. VPP realization and control in a vehicle-to-grid context. 
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Figure 5. A review of the vehicle-to-grid framework’s AMI design. 
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Figure 6. Smart grid and electric vehicle communication network architecture. 
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Figure 7. Onboard EV charging configuration at AC level 1 and 2 setups. 
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Figure 8. Off-board EV charging configuration at DC level 1 and 2 frameworks. 
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Table 1. Technologies for vehicle-to-grid wireless communication.
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	S/N
	Frequency of Operation
	Type of Technology
	Operation Distance





	1
	2.40 GHz
	Bluetooth
	1–100 m



	2
	13.560 MHz
	Near Field Communication (NFC)
	5–10 cm



	3
	5.85–5.925 GHz
	IEEE 802.11p
	500–1000 m



	4
	2–6 GHz
	WiMAX
	2–5 km



	5
	2.40 GHz (Worldwide)

868 MHz (Europe)

915 MHz (North America)
	ZigBee
	10–100 m
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Table 2. Battery type and size by EV Companies.
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	S/N
	Company
	Electric Vehicle Model
	Types of Battery
	Battery Size [kWh]





	1
	BYD
	E6/BEV
	Lithium iron phosphate (LIP)
	78



	2
	Chrysler
	Fiat 500e/BEV
	Lithium iron phosphate (LIP)
	25



	3
	GM
	Chev spark/BEV
	Nano lithium iron phosphate (NLIP)
	21.5



	4
	GM
	Chev Volt/PHEV
	Lithium manganese oxide spinel Polymer (LMO spinel)
	17



	5
	Mitsubishi
	iMiEV/BEV
	Lithium manganese oxide (LMO)
	16.5



	6
	Nissan
	Leaf/BEV
	Lithium manganese oxide (LMO)
	25



	7
	Honda
	H. Accord/PHEV
	Lithium manganese oxide (LMO-NMC)
	6.5



	8
	Tesla
	Tesla model S/BEV
	Lithium manganese oxide (LMO)
	80



	9
	Toyota
	Prius Alpha/PHEV
	NiMH
	1.5



	10
	Toyota
	Prius (ZVW35)/PHEV
	Lithium nickel cobalt aluminum oxide (NCA)
	4.5



	11
	MiniCoope
	MiniCoope SE
	Lithium manganese oxide (LMO)
	70



	12
	Volvo
	XC40 P6 Rechargable
	Nano lithium iron phosphate (NLIP)
	60



	13
	Mercedes-Benz
	EQA 250 Progressive
	Lithium manganese oxide (LMO)
	30



	14
	BMW
	IX3 M Sport
	Lithium manganese oxide (LMO-NMC)
	5



	15
	Audi
	e-tron 55 Quattro
	Lithium manganese oxide (LMO-NMC)
	85



	16
	Jaguar
	I-Pace EV400 AWD SBlock
	NiMH
	70



	17
	Porsche
	Taycan
	Lithium manganese oxide (LMO-NMC)
	65
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Table 3. SAE J1772 compliant AC/DC charging characteristics.
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	Power Capacity [kW]
	Voltage Level [V]
	Current Capacity [A]
	Power Level Type
	Remark(s)





	1.4
	120 VAC
	12
	AC Level 1
	Single phase supply (EV with on-board charger)

Charging time    PHEV: 7.30 h

BEV: 16.30 h



	Up to 40
	200–500 VDC
	Less than 80
	DC Level 1
	3-phase supply (EVSE with off-board charger)

20 kW charger    PHEV: 25 min

BEV: 1.30 h



	19.2
	240 VAC
	Up to 80
	AC Level 2
	Single/Three -phase supply (EV with on-board charger)

3.3 kW charger    PHEV: 3.00 h

BEV: 7.30 h

7 kW charger     PHEV: 1.30 h

BEV: 3.30 h



	Up to 100
	200–500 VDC
	Less than 200
	DC Level 2
	Three -phase supply (EVSE with an off-board charger)

45 kW charger    PHEV: 10 min

BEV: 20 min



	420
	–
	–
	AC Level 3
	Under development



	Up to 240
	200–600 VDC
	Less than 400
	DC Level 3
	Under development
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