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Abstract

:

For sustainable electrification of surface transportation, a viable charging infrastructure is necessary. Firstly, this paper focuses on emphasizing the viability of a free fuel-based photovoltaics and/or wind turbines and lithium-ion battery-based power network to enable sustainable electric power. The importance of power electronics for a DC-based power network and extremely fast charger based on DC power is presented. Finally, the core design concepts of intelligent charging infrastructure using an intelligent energy management system are discussed. The paper aims to cover all aspects associated with a clean, reliable, efficient, and cost-effective solution to the novel charging infrastructure.
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1. Introduction


Other than the COVID-19 pandemic, the increased risks to the world due to climate change have become one of the most dominant issues today. The world must incorporate major changes in sources that are responsible for contributing to climate change. The transportation industry has been one of the major contributors to the greenhouse gas (GHG) emissions, which lead to climate change [1]. Making green energy the default option has the potential to cut greenhouses gases emissions by millions of tons [2]. The most advanced ultra-low-cost sustainable solution must be pursued to fight climate challenges. The purpose of this paper is to provide sustainable solution for the electrification of transportation to meet the goals to curb climate change related challenges undertaken by various nations across the globe.



Electrification of transportation provides a sustainable solution to the emissions issue. Currently, the electric vehicle market comprises of a hybrid electric vehicle (HEV), plug-in hybrid electric vehicle (P-HEV), fuel cell electric vehicle (FCEV), and battery electric vehicle (BEV). Both HEVs and P-HEVs play a very small role in GHG emissions reduction, since a major source of energy is fossil fuel. FCEVs are based on hydrogen as their fuel source and are claimed to operate at zero GHG emissions as hydrogen combustion does not generate any emissions. However, the efficiency of operation of FCEVs is an overlooked fact. Reference [3] shows a comparative analysis of the efficiencies of BEVs, FCEVs, and conventional gasoline vehicles. BEVs dominate FCEVs in both well-to-tank and tank-to-wheel efficiencies by 43% and 51%, respectively, considering a 100% renewable energy source for power generation. As illustrated in the data in reference [3], the efficiency of conventional vehicles is much lower than the BEVs. Depending on the method utilized for generation of refueling hydrogen, the environmental impact can be calculated. Furthermore, 100% carbon neutral hydrogen production is not cost-effective and will be discussed in the following section of this paper. Thus, due to the complexities involved in hydrogen production and the cost of hydrogen generated from renewable sources, FCEV cars are not an economically viable and green replacement of conventional gasoline-based vehicles.



This paper focuses on establishing a relationship between the electricity generation and transportation infrastructure to deploy a sustainable and clean network for the future. Electrification of the transportation sector also comprises the electrification of railways, air, and water transportation other than surface transportation. However, this paper will emphasize electrification of surface transportation to discuss the effectiveness of BEVs and their impact to the electric grid. Henceforth in this paper, the term EV will be used for BEV due to the relevance and scope of the paper. The trend in the EV growth is going to continue in future and this will poise a new demand to the electricity grid. EV charging needs to be addressed to ensure a smooth transition from fossil-fuel-based transportation to electric transportation. Currently, the lack of charging infrastructure and the associated concern of running out of charge on the road are some of the main reasons for not purchasing EVs [4]. One other major concern is the lack of availability of the chargers [4]. EV manufacturers are making steady progress to address the range of EVs. As an example, Tesla recently announced the range of Model 3 to 635 km [5]. To address the second concern, it is important to implement a novel electrical power network that can address this increased demand from the EV industry. A number of studies have been conducted on the impact of EVs and their charging demand across the world [6,7,8,9,10,11,12,13]. The major inference from these studies is that the EV charging framework needs to be optimized to sustain the demand in the future. As shown in references [14] and [15], different optimization and control strategies have been researched to reduce the greenhouse emissions generation of EV charging and optimize the impact of EV charging on the grid requirements, respectively. Mainly there are three types of charging strategies [16]. The first charging strategy is based on charging after last trip which does not involve any smart charging (dumb strategy). The second strategy is based on a profit-maximization scenario to charge the EV when electricity rates are low due to reduced demand. The final strategy is based on a power factor control scenario wherein the power factor is regulated to maintain the node voltage by supplying reactive power. The power factor control scenario was concluded as the best charging scenario. However, little research attention has been directed towards isolating the charging network to minimize the impact on the electricity grid. The strain in the current grid infrastructure can be minimized by adopting a novel sustainable power network dedicated for the EV charging framework. In this scenario, the power factor control is not necessary as there will be no involvement of reactive power as discussed in the later sections of this paper.



To address the concern for charging times of EVs to enable greater adoption, fast charging is the way to move forward for complete electrification of the surface transportation sector. A grid connected fast charging infrastructure can pose various problems for the grid. The effect can be seen on the grid stability, supply, and demand balance of the grid, utility system assets, system voltage and phase regulation of the grid, current harmonics of the grid, and on the system losses [17]. Thus, it is important to realize that control and optimization strategies alone cannot curtail these impacts on the grid. Our proposed concept emphasizes on the elimination of grid impacts by realizing an off-grid concept to sustain the new electricity demand from EVs. Cost is another important factor to be considered while analyzing EV charging strategies to enable maximum adoption of EVs by the public at large. According to reference [18], even though the majority of residents in New South Wales in Australia are willing to pay an annual levy for the incorporation of smart charging infrastructure in the area, a substantial percentage of the residents were unwilling to pay any levy. Thus, it is critical that the proposed fast charging infrastructure should be available to individuals and various type of businesses and other entities at minimum costs. The components utilized in conversion from alternating current (AC) to direct current (DC) power is another factor which contributes to the overall cost of the charging infrastructure. By employing a DC network and eliminating power conversion needs, the network can achieve sustainability as well as reliability [19]. The energy source for such a network should focus on minimum energy costs and currently the only free fuel-based low-cost energy sources are solar and wind energy. The advantages of utilizing solar photovoltaics (PV) with complimentary wind energy are also discussed in this paper.



Apart from fast charging infrastructure, only charging EV at night schedules for residential customers has a significant impact on the grid. In developing countries such as South Africa, due to lack of renewable energy penetration in the grid, the EV charging nighttime demand can generate a greater carbon footprint compared to an internal combustion engine (ICE) vehicle [20]. This defeats the purpose of switching to electrification of the transportation sector. Reference [20] also showcases a solar energy-based model to charge EVs at workplaces during the day to minimize the grid impact and carbon footprint. Thus, a similar model must be incorporated to charge EVs even at fast charging stations to minimize the impact on the utility grid. Fast chargers require high power connections to the grid and can cause substantial loads with increasing number of EVs. The control, optimization, and Time-Of-Use (TOU) strategies alone cannot absorb the load demand from the increasing EV penetration in the current market. In the following section, we will discuss the viability of the novel and sustainable power network for EV charging. A photovoltaics (PV), wind, and lithium-ion battery-based DC power network for fast charging is described in Section 2 and Section 3. In Section 4, we have described the additional factors that must be considered to reinforce our proposed charging infrastructure. The last section deals with the conclusions of the paper.




2. What Is Sustainable Electric Power Network?


A sustainable power network must be based on renewable energy sources owing to the grave issue of climate change. In this section we have discussed the key characteristics of sustainable electric power network.



2.1. Free Fuel-Based Energy Conversion


The use of fossil fuels has been responsible for all economic and political events since the energy crisis of 1973 [21]. For sustainable global economic growth, a fossil fuel-based economy must be replaced by a free fuel-based economy. Although nuclear power has its positive aspect with respect to greenhouse emissions, nuclear power is not cost-effective. Providing cost-effective safety is one major challenge. A report released recently by the Union of Concerned Scientists (UCS) analyzed the designs of a number of so-called “advanced” non-light-water nuclear reactors currently at the development stage and found that they are no better—and in some respects significantly worse—than the currently used light-water reactors [22]. Nuclear disaster related final cost of Japan’s Fukushima reactor will approach one trillion dollars [23]. Waste management is another major issue. The costs associated with the waste management and construction of plants are enormous. Lastly, nuclear resources are not renewable. Ultimately, the world will run out of it. For economic and safety reasons, there is no need to build new nuclear reactors. Hydroelectric power stations are another major source of energy generation. However, due to increasing temperatures and weather temperaments such as heat waves across the globe due to climate change-related activities, the risk of losing water levels in reservoirs has increased in the past few years [24]. Major utility companies are conserving water utilization to satisfy peak summer loads that rely on hydroelectric power generation [24]. Thus, the utilization of a power source should be independent of factors that can majorly affect its efficiency of operation.



Thomas Edison in 1931 stressed the importance of free fuel energy sources specifically solar energy for generating electrical power by quoting “We are like tenant farmers chopping down the fence around our house for fuel when we should be using nature’s inexhaustible sources of energy—Sun, wind, and tide. I’d put my money on the sun and solar energy. What a source of power! I hope we don’t have to wait until oil and coal run out before we tackle that” [25]. Energy from free fuel renewable sources does not undergo the variability in cost as fossil fuel-based energy sources do, due to their abundancy. The sun is the most abundant source of energy known to mankind and hence the utilization of solar energy is extremely viable and necessary. The cost variation trend of various technologies for electrical power generation technologies are discussed in reference [26]. Photovoltaics have provided the lowest cost followed by onshore wind. Furthermore, in a recent publication [27], we have shown the availability of favorable power outputs from wind energy in locations where PV outputs are not in the greatest intensity. Therefore, it is most viable to adopt this free fuel-based energy conversion technique for generating sustainable electric power for EV charging infrastructure with PV at the center and complimentary wind energy systems to support it.




2.2. Ultra-Low Cost


As mentioned in the previous section, the variability in the cost of fossil fuel-based energy sources has made it extremely difficult to sustain the power network on these resources. Constantly falling prices of electrical power generated by PV have provided PV electrical power costs as low as 1.04 cents/kWh, which represents the lowest cost of electrical power generated by any other technique. [28]. However, if PV is to be considered as the most feasible of renewable energy generation techniques, the cost of storage also must be taken into consideration. Fortunately, the lithium-ion batteries cost also keep falling in line with the cost reduction of PV modules [29]. This reduction in battery cost is fueled by the increasing demand for EVs across the globe. Based on recent cost data published by Bloomberg New Energy finance [30], the average battery pack cost in year 2020 is USD 144/kWh and is expected to be USD 61/kWh in 2030. A number of innovative manufacturing steps are in progress that will further reduce the cost of lithium-ion batteries [31]. As an example, the cost of CATL’s cobalt-free lithium iron phosphate battery packs have fallen below USD 80/kWh [32]. In a recent patent, Tesla announced a new “tables” battery cell design that will further reduce the manufacturing cost [33]. Although no one has reported manufacturing cost and performance data, solid state lithium batteries have the potential for further cost reduction. Due to constantly falling prices of batteries, there are a number of power purchasing agreements (PPAs) in place with the cost of stored electric power is about 0.02 USD/kWh [34]. The Los Angeles Department of Water and Power has signed a groundbreaking 25-year PPA with 8Minute Solar [35]. The combined price for solar energy plus storage is just 0.03.3 USD per kWh, the lowest ever in the US and cheaper than electricity from a natural gas-powered generating plant [35].



In addition to the decreasing cost of battery packs, the employed duration for battery-based storage systems influences its economic feasibility. The employed duration for most battery storage projects is 4 to 6 h for different grid-tied applications such as wholesale arbitrage, load levelling, microgrid islanding, frequency regulations, and other ancillary services. The reported cost of energy storage is, therefore, based on 4 h of operation. As the operable duration of storage increases, the USD/kWh cost of Li-ion battery storage significantly reduces. This cost reduction for longer duration of operation can be mapped to lower power costs (USD/kW) and volume manufacturing of batteries. Based on the NREL’s study [36], 4 h battery costs account for more than 55% of the total installed system costs as compared to non-battery costs (labor and installation costs, land, sales tax, developer costs). For longer durations ranging from 16 to 18 h of battery operation, the non-battery costs become insignificant and the battery modules account for the majority of the total systems costs. The reduction in 60 MW battery system costs for 0.5-h of operation (USD 895/kWh, 2018) to 4 h of operation (USD 380/kWh, 2018) as calculated in [37] can be extrapolated for 16–18 h of operation as USD 226/kWh to USD 246/kWh in 2021 [37]. For charging stations that need on-demand power outflow, energy storage costs should be calculated as per extended duration costs of 16–18 h rather than using 4h leveled storage costs.



Thus, it is possible to create an ultra-low-cost sustainable power network using a combination of PV, complimentary wind, and lithium-ion battery packs. The ultra-low-cost requirement is a very important metric as it is important to sustain economic growth. As an example, due to higher electricity cost, several aluminum smelters in the US have closed or threatened to close due to power rates they deem too high [38]. It is important to provide cheap electricity to industries to sustain economic growth in any nation.




2.3. Water Utilization, Ecosystem Impact, and Health Impact


Water scarcity is one of the eminent threats faced by humanity. Access to clean and usable water is still a problem in many third world and developing countries till today. Any energy-based power infrastructure must incorporate water utilization as one of its performance metrics. It is an established fact that renewable energy sources (especially PV and wind energy systems), have the least utilization of water [39,40,41]. This is warranted as PV and wind energy systems do not require large scale cooling mechanisms such as coal, natural gas, or nuclear plants.



Along with water utilization, the impact of a power network on the ecosystem is also an important parameter. According to the Natural Resources Defense Council (NRDC), fossil fuel-based energy production techniques have been the major factor responsible for the pollution of land, water, and air [42]. Mining, fracking, and drilling have led to the degradation of land due to unearthing and exposing vast stretches of terrain including forests and mountains. Even after their completion, such activities destroy the qualities of the terrain and impact the wildlife habitat negatively. Similarly, water bodies, such as rivers, streams, and lakes, are also negatively impacted by these activities. Wastewater management and hazardous run-offs into these water bodies have been a major problem faced by environmentalists even today. Drilling and fracking activities for fossil fuels in oceans often lead to oil spills affecting various flora and fauna and their ecosystems altogether. Lastly, air pollution and its negative impacts can be seen by the entire world today in the form of GHG emissions leading to the issue of climate change.



Not only do these activities have a negative impact on plant and animal ecosystems, but they also have adverse health impacts for humans. According to World Health Organization (WHO) reports, approximately 1.7 million children die every year due to unclean environments [43]. Furthermore, according to [44], a strong association was found between childhood leukemia and oil and natural gas plants. In addition to this, we are all exposed to weather-related health risks due to the effects of climate change. Climate change also leads to an increase in the frequency of natural disaster, thus, posing great health risks as an aftereffect other than the loss of life and damage to society.



Free fuel energy sources such as solar and wind have a minimum adverse impact on ecosystems and human health [45]. Solar and wind are the safest clean sources of energy [26]. Hence, it is very important to adopt clean energy-based systems as the power network for EV charging to sustain the ecosystems, minimize health risks, and ensure conservation of water resources.




2.4. Resiliency against Natural and Manmade Disasters


There has been an increased frequency of natural disasters in recent times due to climate change. The power network of the future must be able to sustain itself against these natural disasters. PV and battery-based networks are resilient against natural disasters such as geomagnetic storms caused due to coronal mass ejections from the sun [46]. Although the event of the coronal mass ejections entering the earth’s atmosphere and causing a geomagnetic storm is not a frequent event, it causes significant damage to the alternating current (AC) centralized electricity network. The ability of PV, complimentary wind energy and battery-based networks to work in a decentralized system also provides the necessary security and resiliency from such events. This decentralized power network enables the electricity network in a certain region to operate without disruption due to failures in other regions. In a centralized AC-based network, the failure in one region disrupts power throughout the entire network. The resilience of PV systems against different natural disasters is discussed in reference [47]. PV systems are reliable during the majority of the natural disasters and have performed excellently when other fossil fuel-based power systems have failed [47]. Apart from natural disasters, the man-made electromagnetic pulse (EMP) in the atmosphere also possesses a serious risk to the electricity grid. An EMP generated through such an attack would impose severe hazards on the electrical systems in most of the nation’s area [48]. The EMP burst, similar to a geomagnetic storm, can cause considerable damage to the existing AC power grid and cause long-term national power outages. The resilience of PV-based systems combined with battery storage has already been discussed and hence, these systems have greater immunity of the electrical power grid from such man-made threats as well [46].




2.5. Access to All


Figure 1 [49] shows the proportion of the global population that still do not have access to electricity as of 2018. Accessibility issues are mostly due to the inability of the centralized infrastructure to reach remote rural areas. The decentralized, local DC power network encompassing PV and batteries can address the accessibility even in remote rural regions. To demonstrate the effectiveness of PV systems, we combined the population density data with the availability of PV output across the world. The population density data was obtained from reference [50]. Incident solar intensity data was obtained from reference [51]. The color-coded population density map was combined with the incident solar intensity data and assigned different colors accordingly to generate the new combined data map. This is demonstrated in Figure 2. The data clearly indicate that majority of the world population can produce a substantial amount of PV power per day. Another important observation from Figure 1 [49] and Figure 2 is that in regions where there is a larger proportion of the population without access to electricity, the PV power trends are the opposite. For example, in India where the proportion of the population without access to electricity is higher, there is considerable amount of PV power according to the population density. In regions with lower population and lower PV output power intensity, such as the Scandinavian and Northern Russian territories, wind energy power output intensities are substantially greater [27]. This natural complement enables the design of a power network that can be sustained 100% on free-fuel-based sources of energy with maximum accessibility.




2.6. Energy Storage


With increasing electricity demand round-the-clock, it is important to consider storage systems for the power infrastructure. In our scope, EV charging is a dynamic load and therefore must incorporate storage systems to fulfill load demand. Natural gas-based storage systems are not considered a viable option due to its carbon emissions. Even with the novel carbon capture technologies, 100% carbon capture and storage cannot be achieved. The major storage options that are being researched by the industry are pumped hydroelectric storage, lithium-ion battery banks, and hydrogen fuel cells.



Even though pumped hydro systems dominate approximately 93% of the energy storage market, their viability as a storage alternative for EV charging is questionable [52]. Although pumped hydro systems can achieve greater life cycle values, in terms of response time, power density, energy density, and roundtrip efficiency, a lithium-ion battery system is the superior technology [52]. Pumped hydro systems have a geographical dependence for their operation, whereas lithium-ion systems are not affected by location to a major extent due to higher energy and power densities. These parameters hold greater value in an electric vehicle charging infrastructure as compared to life cycle. As discussed in Section 2.1, due to increasing temperatures and weather temperaments, such as heat waves across the globe due to climate change related activities, the risk of losing water levels in reservoirs has increased in the past few years. Therefore, we have chosen lithium-ion battery systems over pumped hydro systems for sustainable electric power networks.



Apart from pumped hydro systems, hydrogen fuel cell technologies are also being considered as an energy storage alternative by the industry. Hydrogen fuel generation techniques determine the environmental feasibility of the utilized hydrogen. There are three power sources to generate the hydrogen for fuel cells. Grey hydrogen or “dirty” hydrogen is generated through the combustion of coal and hence will not be considered as a storage option in our scope due to its GHG emissions. Blue hydrogen relies on capturing and storing 90% of the carbon emission generated during the hydrogen generation process. However, it cannot completely get rid of the carbon emissions. Blue hydrogen is usually generated through natural gas-based techniques. The larger goal to tackle the climate change related challenges through increased EV adoption, remains in question by the utilization of grey and blue hydrogen. Green hydrogen is the only viable hydrogen generation technique that can be utilized to achieve minimum/zero GHG emissions. Green hydrogen is generated via an electrolysis process which consumes electric power. The electric power required for electrolysis is provided by renewable energy sources to ensure minimum emissions. However, the electrolysis process makes the generation of green hydrogen significantly more expensive than blue hydrogen [53]. The recent claims of the hydrogen fuel economy as an alternative can only be based on blue hydrogen with economic competitiveness. Blue hydrogen is being considered as a bridge or pathway to achieve a green hydrogen economy. However, issues related to green hydrogen are not being considered. The challenges associated with generation, storage, and distribution of green hydrogen are discussed in reference [54]. Therefore, it is important to realize that the hydrogen fuel economy for transportation and storage is just to ensure continued utilization of natural gas reserves by the fracking-related conglomerates. Lithium-ion battery systems are the only way forward to effectively electrify the surface transportation sector through efficient DC-to-DC charging systems.





3. PV, Complimentary Wind, and Lithium-ion Battery-Based Power Network for DC Fast Charging


Different type of chargers and their capabilities can be seen in Table 1 [55]. Both for Level 1 and Level 2, global standards have been developed. Extremely fast charging (XFC) is the ultimate fast charging system that covers from light duty to heavy duty vehicles and is being pursued by commercial vendors as well as by researchers. Both from energy efficiency of power network as well as cost, DC Fast charging would be the preferred charging mechanism. Passenger vehicles can survive with Level 1 and Level 2 charging mechanisms as they are charged at home and commercial places where one does not need faster charging time all the time. However, many companies such as UPS, Amazon, FedEx, etc. are also looking forward to electrifying their medium and heavy-duty trucks soon. These vehicles, unlike passenger vehicles, are designed for long-distance routes and have an increased battery capacity according to their load carrying requirements. Owing to the range and battery capacity of these medium and heavy-duty vehicles DC fast charging is an absolute necessity for them.



Currently, the US vehicle energy charging demand is estimated to be approximately 4.68 TWh [56]. According to a report published by Grid Integration Tech Team and Integrated Systems Analysis Tech Team in the US [57], if the high-end EV sales are to be considered by the year 2030, the energy generation capacity for US alone will be approximately 26 TWh. Furthermore, the Global EV Outlook 2020 by International Energy Agency [58] estimates the global EV charging requirement to be increasing from 79 TWh to 550 TWh by 2030 considering the existing charging policies. If an aggressive sustainable development scenario is to be considered, the charging energy requirement can even increase up to approximately 1000 TWh by the year 2030. In the first quarter of 2021, 99.7% of the new power capacity in the United States was provided by PV and wind turbines [59]. This amounts to 4.5 GW (2.9 GW for solar and 1.6 GW for wind energy) of installed energy generation capacity. If the same growth rate is to be considered, the PV and wind capacity can be multiplied by a factor of 4 for the whole year. This translates to 18 GW of generation capacity (11.6 GW for solar and 6.4 GW for wind energy). Globally, solar and wind energy account for 270 GW (127 GW for solar and 111 GW for wind energy) of newer power generation capacity added by the end of the year 2020 according to the report by IRENA [60].



Considering an average 5 h of daily sunlight, in the US solar energy capacity can be estimated to be approximately 58 GWh in the year 2021. The 5-h multiplicative factor is considered at the lower end considering variability of solar energy. This also correlates to an approximate 25% capacity factor for solar output. If the solar PV output is considered operating for 24 h, the power output must be (11.6 × 24) 278.4 GWh. However, with a 25% capacity factor for solar PV it relates to approximately 70 GWh of generated PV energy. In the case of wind energy also, if the capacity factor of 35% is to be considered to account for the variability, the total energy generation capacity amounts to approximately (6.4 × 24 × 0.35) 54 GWh of energy in the US. The increased utilization of PV power by coupling PV with battery-based storage systems can be seen in reference [61]. Thus, a combination of PV and battery systems for storage can enable PV systems to be utilized at a much higher efficiency than the 5-h multiplicative factor. An approximate 124 GWh energy capacity for solar and wind energy is far from the energy requirement of 4.6 TWh energy requirement of EV charging demand in 2021. Globally, the solar PV and wind energy generation capacity with aforementioned capacity factor considerations can be estimated to be 762 GWh and 932 GWh, respectively. The combined global PV and wind generation capacity of 1.7 TWh is also far from the required 79 TWh energy for EV charging. Thus, there is an immense need to realize the gap between the generation capacity for these renewable sources to meet the EV charging demands of the 2030 projected requirements. In addition to the increased installed capacity requirement, it is essential to utilize the maximum efficiency of these systems in the most reliable solution. This section focusses on the need of a dedicated power network for the increased EV charging demands that emphasizes on the important metrics of efficiency and reliability. In this regard, the viability of a DC Fast Charging power network in terms of reliability, standardization, siting, adoption, availability of resources, and maximum efficiency is discussed in this section.



3.1. System Reliability and Standardization


Future charging stations of EVs will be the equivalent of what gas stations are to gasoline vehicles. Therefore, it is necessary to create a reliable fast charging power network while incurring minimum power losses. The existing electricity grid is based on an AC power network. DC Fast charging requires high voltage DC (around 480 V) for DC charging. Therefore, the AC power from the grid is first converted to DC power in the charger and then utilized for charging. This can be seen in the block diagram in Figure 3. The AC components marked in Figure 3 are required for AC to DC conversion. In an earlier publication [19], we have already shown that typically 30% power is lost in AC to DC conversions. PV systems generate DC power and store DC power in batteries. Thus, if we utilize a PV and battery-based power network for DC fast charging, the need for conversion can be eliminated altogether. The unavailability of PV power during the night can cause this power network design to rely on battery-based storage systems heavily. The wind energy systems utilize DC conditioning to mitigate the variability in the generated alternating wind power. The DC-conditioned power is converted back to AC power and fed into the grid. Our system focusses on bypassing the AC grid to establish a novel and separate power network dedicated to DC fast charging. Thus, the DC conditioning stage for wind energy systems can be utilized for our proposed power network design. Apart from the power savings, there will be component cost saving involving AC to DC conversion components as shown in Figure 3. From a system’s cost, energy efficiency and reliability point of view the components shown in red blocks of Figure 3 have adverse impact on all types of DC fast chargers. The elimination of the AC components from a charger can lead to reduced system area, decreased system costs, and increased efficiency and reliability. An example of increased reliability of employing DC power networks can be seen in reference [62]. The Onboard DC distribution system displays key benefits in terms of weight, electrical efficiency, component requirement, and reduced maintenance.



Another issue with AC grid connected charging systems is synchronization. AC systems have frequency and phase components that need to be synchronized with that of the electricity grid. These synchronization characteristics vary from region to region and therefore, it is difficult to standardize the chargers across the globe. According to reference [63], standardization of charging infrastructure is one of the most dominant issues with EV charging. DC power networks do not have any such synchronization issue and can completely operate as a universal network without the need for conversion. Implementation of a uniform DC network can ultimately lead to standardization and incentivize the residential owners to motivate purchase of EVs.




3.2. Factors Impacting the Fast Charging Network


The EV fast charging infrastructure is still in its nascent stage. The focus should be on deploying these chargers with maximum energy efficiency. The major decision criteria for EV charger deployment for highways are siting, enabling factor, and available power infrastructure [64]. The siting factor considers availability of EV chargers in public places. The enabling factor considers incentivizing EV charger in remote areas (highways). Finally, the availability of power infrastructure considers the availability of resources required for DC fast charging capability. Since our proposed charging network is dedicated to EV charging only, incentivizing charging is not a problem. Highways in the US and most of the world have plenty of nearby land. These land areas can be used to install a PV farm combined with battery banks for storage. Depending on the geographical terrain, the viability of complimentary wind energy systems can be considered. Availability of PV and wind power as energy resources is already discussed in the previous section.



The concern for our proposed power network is in commercial and residential places where there might not be enough area to deploy a PV/wind farm. The size of the PV/wind farm must be oversized to ensure stability during nighttime, wind variability, and for cloudy days. Sometimes, it is not practical to deploy a PV/wind farm of this size in a residential or commercial area. However, today high voltage DC transmission systems are cost-effective if a complete DC architecture is to be employed. Currently it is considered that for shorter distances AC lines are more cost-effective, after a certain distance (breakeven distance), HVDC lines are more economical. For overhead transmission, this distance is calculated to be approximately 600 km and 50 km for underground cables [65]. However, the cause of this distance-based economic analysis needs to be analyzed. An example for cost-estimation can be taken from the “Trans Australian HVDC Interconnector” [66]. The project employs a long-distance transmission line using HVDC to reduce congestion in the existing grid and neighboring states. Out of the total cost 1450 million Australian dollars (AUD 1.10 USD), the converter station accounts for 450 million Australian dollars (AUD 343 USD). The transmission lines itself amount to a cost estimation of AUD 617 million for a direct route of 870 miles. Thus, the transmission cost accounts for only AUD 0.7 million/mile. These financials are calculated based on cost factors from 2016. Today, these costs can be further reduced owing to large scale incorporation of HVDC projects across the globe. An important observation here is that the cost for converter stations for HVDC is more than HVAC terminal stations due to the conversion requirement from AC to DC and back from DC to AC to support the existing conventional grid system. In our case, if the conventional AC grid is to be taken out of the equation, then the terminal station costs for HVDC transmission can be further reduced. The elimination of AC conversion costs can enable the deployment of an economically viable DC infrastructure for charging stations in commercially crowded places where there is insufficient area for the installation of a PV/wind farm. This addresses the siting factor mentioned in reference [65]. Thus, all three decision criteria can be addressed using the proposed power network. A concept for this proposed network is shown in Figure 4, in which, EV charging stations are placed near solar/wind farms. It is possible to expand existing gas stations in some locations with solar/wind farms and fast DC chargers, where eventually gas stations will become obsolete. These stations can be accommodated even in commercially crowded places through HVDC transmission as shown in Figure 4.




3.3. Efficiency of Fast Charging Power Network through Loss Minimization


The proposed power network is also modelled to minimize conversion losses by employing DC-to-DC voltage conversions. As shown in Figure 5, the conventional AC grid-tied network deploys a total loss of 19% in the process of delivering PV generated power to the charging station. If the grid tied HVDC systems employed by the industry is to be deployed, the loss is comparable to the AC grid. Even though HVDC systems are deployed with the goal of reducing losses, this loss amounts to 19% due to multiple AC-to-DC and DC-to-AC conversion stages as illustrated in Figure 6. Our proposed HVDC model, however, deploys the same power at a 15% loss for transmission via the existing AC infrastructure and at a 11% loss for a novel complete DC infrastructure. Moreover, a local network consisting of PV within the charger radius can implement the system at only a 3% DC-DC converter loss. The loss considerations can be found in Appendix A.



In order to further reinforce our standpoint about conversion losses, an example of the recent Tesla V3 supercharger station was considered [67]. The station consists of 56 charging stalls at 250 kW rated power capacity. Assuming the entire power requirement is met through PV generation, the increase in conversion loss with increase in number of charging stalls is illustrated in Figure 6. At a smaller number of stalls, the power loss for generated PV power seems insignificant but at 56 stations the power loss is quite significant.





4. Additional Factors to Reinforce the Proposed Charging Network


Growth trends of electrification of transportation indicate that the sales of electric vehicles are growing than faster than expected [68]. This poses a major challenge for the power grid since the architectures of transmission and distribution grids are still focused on traditional design and operational rules [69]. Utilities need to invest in upgrading the power grid without triggering excessive upward pressure on consumer electric rates. In a recent study it was shown that the representative utility will need to make cumulative transmission and distribution investments of USD 2.8 billion through 2030, which translate to an estimated grid capacity upgrade cost of USD 2600 per EV [70]. Thus, without substantial increase in the cost of electrical power, utilities cannot provide low-rate electric power for charging of EVs. It is imperative to push for a novel design and architecture to sustain the load demand from EV charging. Thus, as proposed in the previous section, the DC power network can be an effective solution for this new demand. In this section, we discuss further advantages and innovations that will assist the proposed model.



4.1. Role of Power Electronics


As EV adoption increases exponentially, the supporting infrastructure must also grow to keep up with the increased utilization. The role of power electronics has always been crucial to any change in the power industry. Wide Bandgap (WBG) power transistors such as Silicon Carbide (SiC) and Gallium Nitride (GaN) transistors have been around for quite some time. However, the major cost advantage of Silicon-based transistors has always kept them at bay with respect to consumer applications. WBG transistors have superior operating characteristics as compared to Si MOSFETs. Depending on the operating requirements, their competition with Si MOSFETs is subjected to different WBG transistors. In this section, we will be discussing the viability of WBG transistors in the EV charging scenario.



Thermal conductivity is an important operating parameter when it comes to high voltage/high power applications. In a previous publication [71], we had illustrated a diagram for the ideal operating voltage ranges for different transistors. As seen in Figure 7, there is immense competition for the 400–800 V operating range. Si Power MOSFETs, GaN transistors, SiC transistors, and Si IGBTs are eligible to be utilized in that operating voltage range. This is the ideal voltage range that will be required to operate the DC-DC fast charging from the charger to the EV. Thus, the DC-DC conversion from the charger to EV requires power transistors that will provide the best operating characteristics. The GaN transistors provide a superior breakdown voltage and power dissipation for high frequency switching operation employed in DC-DC conversion. The SiC transistors have the best thermal conductivity but lack in high frequency operation. Despite these superior characteristics due to the larger bandgap in WBG power transistors, a new technology for Si transistors will be competing with these devices. These transistors, called Si Super-Junction transistors, have excellent power dissipation in the same operating voltage range. The most important factor in any technological battle is the operating cost in which the Si SJ transistors have a clear edge over the WBG devices. Thus, unless significant demand and manufacturing overhauls lead to a sharp decrease in the cost of WBG devices, the Si MOSFETs will continue to reign in this voltage range of operation.



Although the existing market for EV charging seems to be dominated by Si MOSFETs owing to their cost advantage, in our proposed model there is a wider scope of application for WBG devices. In an entirely DC network, a DC-DC conversion stage will be required in the order of hundreds/few kVs to the order of hundreds of kVs. This conversion will be in the HVDC-to-distribution and vice versa. The choice to be made will be between SiC transistors which show excellent power dissipation at high voltage operation and Si IGBTs that can match such characteristics. However, Si IGBTs are not capable of high frequency operation that will be required in the HVDC-DC conversion. Thus, this will open a new gateway for SiC-based power electronics.




4.2. Intelligent Charging Technologies and Related Opportunities


The charging-discharging EV profiles and their impact on the grid are the next issues to be tackled by the new electrified transportation sector. The proposed smart charging mechanism involves several charging techniques to cope with the increased demand. These techniques are illustrated in Figure 8 [72]. As seen in Figure 8 [72], smart charging capabilities can range from basic on/off controlled charging to highly sophisticate automated control with dynamic pricing. The basic and V1G technologies are straightforward and need not be considered in this discussion. The V2G, V2H, and V2B are mechanisms that are going to impact the grid and the EV battery. There are several public policies incentivizing EV ownership and V2G opportunities, but at present there is no business case. The major highlight for V2G adoption policy is frequency regulation [73]. Storage systems enable efficient frequency regulation by increasing/decreasing generation or increasing/decreasing load demands [73]. Battery reserves through EV discharge are another benefit favoring V2G adoption to adhere to congestion in the grid during peak-demand hours. Lastly, V2G enables renewable energy integration by power quality conditioning, especially for wind energy [74]. Wind energy is more variable than sun, and EV battery systems can provide the necessary power quality conditioning for this variable power generation. Thus, the objective of policies favoring V2G applications is to successfully integrate EVs into the existing electricity grid. The real concern is whether the incentives for V2G outweigh the challenges associated with it.



The challenges associated with V2G are in the form of battery degradation, distribution equipment overload, and investment and energy losses [75]. Of these, the major challenge with V2G is the degradation of the EV battery. Continuous charging and discharging of the battery will have its adverse effect on the battery. Intricate control mechanisms will be required to maintain the battery State-of-Charge (SoC) at required levels to avoid degradation. Furthermore, increased charging cycles will ultimately affect the battery lifetime. Apart from the technical challenges to the battery, several network security and privacy issues are also summarized in reference [75]. It is understandable that exposing the vehicle battery to a central grid can open more possibilities of cyber-attacks. Monetary transactions associated with V2G incentives are another concern to adhere to with respect to their intricacies. Therefore, the viability of V2G application is questionable. In the proposed PV/wind and battery-based network for the charging infrastructure all these challenges can be eliminated. The need for V2G can be replaced by a V1G architecture to incentivize charging during minimum load and peak PV generating hours of the day. Further technical and policy work is required to make a V2G, V2H, and V2B business case.




4.3. Intelligent Energy Management Systems


The domain of artificial and computational intelligence has paved way for predictive control and intelligent energy management system (I-EMS) for EV charging. A sophisticated EMS is a hardware and software solution that implements multi-objective optimal control. The design of EMS can be categorized as either rule-based or model-based/optimization-based techniques as explained in reference [76]. Rule-based algorithms are a set of constraints, either deterministic or fuzzy, that depend on the desired mode of operation. On the other hand, model-based or optimization-based algorithms define a single or multi-variate objective function or a model that is minimized or maximized as desired. Model-based optimization algorithms outperform traditional rule-based ones in terms of energy consumption reduction [77]. Computational intelligence paradigms, such as dynamic programming, neural networks, artificial immune systems, evolutionary computing, and swarm intelligence, are some model-based optimization algorithms that can be applied to design efficient real-time I-EMS for EV charging.



For the proposed charging infrastructure, the integration of I-EMS focuses on optimal dispatch of solar power and available co-located Lithium-ion battery storage to reduce conversion losses and provide charging on-demand. The main goal of the I-EMS is thus ensuring maximum utilization of the available solar irradiation for EV charging. Some secondary goals of the system can be increasing the co-located battery storage lifetime, ensuring optimal bi-directional power flow within a local community, minimizing transmission, and conversion losses etc. while performing desired EV charging. The I-EMS is responsible for providing a real-time estimate of the SoC and State-of-Health (SoH) of the co-located battery storage. Since, SoC and SoH are not directly measurable, a reliable and accurate estimation strategy is needed in order to improve battery life. Furthermore, mitigating thermal degradation of batteries is another crucial function of the I-EMS. Furthermore, charge equalization among individual cells is vital to increase the overall battery performance. The I-EMS is also responsible for data acquisition, maintaining charge-discharge profiles, and safety protection of storage systems. The critical functions of I-EMS necessary for smooth EV operation are summarized in reference [78].



Integration of PV, wind-based, or grid-tied charging schemes has led to additional parameters that need to be included in the EMS optimization strategy. Grid tied EV charging creates additional optimization parameters that are totally unnecessary for independent DC charging infrastructure. Active (P) and Reactive (Q) power balancing, energy scheduling for charging/discharging during peak load, reducing Rate of Change of Frequency (ROCOF) effects, single/three phase conversions, grid pricing, and demand-response incentives with off-peak and on- peak charging hours, line loading, over-voltage, and under voltage protection, are few of the many problems associated with grid-tied charging stations. These additional control parameters can be eliminated in a complete PV/wind-DC-based charging infrastructure with I-EMS. The power flow management between PV-DC generation and local charging can easily be optimized while ensuring SoC and SoH of the batteries with I-EMS. The intermittency of PV/wind charging is improved by oversizing and EMS controlled local battery storage at charging stations. This significantly reduces the computations and improves execution time for intelligent control.



A block-level representation of the proposed PV/wind-DC EMS is shown in Figure 9. The proposed EMS is a computational, information, and action engine that receives operational data from IoT sensors and prediction models, processes, and computes available information, and generates actionable commands for optimal power flow dispatch.




4.4. Communication and Internet of Things (IoT)


The advent of IoT sensing and communication has transformed traditional power networks by providing an intelligent and cyber-enabled energy management system that provides access to affordable, clean, and sustainable energy for all. The charging infrastructure of EVs will be equipped with IoT sensors to monitor parameters, such as voltage, current, temperature etc. This will impart real-time feedback capabilities to the EV users for prompt charging decisions regarding battery life cycle and degradation profile. IoT sensing and control with improved communication techniques will enhance resiliency of PV-DC charging infrastructure for EVs. Various IoT-based sensor techniques are available for monitoring solar energy grids for maximum power efficiency. An elaborate review of integrating IoT with electric power and energy systems is given in reference [79].



Improved IoT sensing is critical for accurate calculation of the battery SoC. Different methods proposed to calculate the battery SoC, such as Coulomb counting (CC), impedance measurement, fuzzy logic, artificial neural network, and model-based estimation methods (such as Kalman Filtering (KF), Extended KF, Particle Filtering Etc.), require IoT monitoring. Predictive and preventive maintenance of batteries is also made possible with IoT techniques. Thus, IoT is a crucial component of Energy Management System for EVs. Advances in communication and IoT strategies will continue to improve the DC charging infrastructure for the EVs.





5. Conclusions


The proposed PV and or wind turbines and battery-based power network is the most cost-effective solution for creating a sustainable infrastructure for the electrification of transportation. A complete DC-based system is the most efficient implementation strategy taking into consideration the technical and economic requirements of the charging infrastructure. If the local generation of DC power is not practical, then the long-haul power transmission mechanism must also be DC-based. With a complete end-to-end DC network, we can eliminate the power losses incurred in the existing infrastructure and reduce the ultimate charging cost of EVs. Grid synchronization concerns can be eliminated and the impact on the grid, due to the large scale of EV incorporation, can also be avoided. The increased energy efficiency of the proposed DC power network compared to the current AC infrastructure implies that there will be immense reductions in the components and materials required for power generation, transmission, and distribution. This further reinforces the utilization of the proposed network to enable sustainability of the power network. The future adoption of WBG electronics and intelligent energy management systems in our proposed network will be the key to various technical and economic benefits. Thus, it is important to realize that rather than implementing strategies and policies to incorporate a DC-based charging system to an existing AC grid, it is more feasible to implement a novel sustainable DC power network. A PV, wind, and battery-based network can not only meet the changing demands with greatest efficiency, but also ensure clean generation of power towards a clean and sustainable future. It is important to realize the importance of innovative implementation strategies at the nascent stages rather than incorporating the global electrification of transportation sector in the current aging infrastructure. Existing infrastructures might contain the new demand for the near future but will ultimately succumb to the increasing strain of the new energy demand. Moreover, under-developed and developing countries, which aspire to achieve climate goals through electrification of transportation, must realize the advantages outlined in this paper. The existing infrastructure is already strained in such nations and cannot handle increased power demands of such magnitude. Instead, it will be immensely beneficial to establish low-cost novel infrastructures rather than trying to bolster the existing unreliable infrastructure.
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Appendix A


The loss percentages for the calculations are as follows:




	
LVDC—LVDC converter losses: The efficiency ratings for low voltage DC-DC converters are cited up to 98% in recent times [80]. Furthermore, voltage ranges from 9 to 420 V are achieved at 93% efficiency [80]. In our case, we are considering dedicated state of the art DC-DC converters (possible WBG implementation). Hence, the efficiency is considered up to 97% as seen in reference [81].



	
PV inverter MVDC—MVAC loss: The efficiency rating of 96% is considered as per current industry standards [82].



	
Transformer MVAC—HVAC—MVAC converter loss: A 1% loss value is considered for non-ideal practical scenario.



	
HVAC—HVDC—HVAC converter and HVDC transmission loss: The comparable losses for a 400 kV overhead AC transmission line to a 500 kV HVDC transmission line are 9.4% to 6%, respectively [83]. Hence, in our case, they are considered as 9% for AC transmission lines and 5% for HVDC transmission lines considering the HVDC lines can go up to 800 kV for 2.3% losses [83]. The HVDC converter station losses are outlined for Voltage Source Converter (VSC up to 350kV) and Current Source Converter (CSC up to 800 kV) as 1% and 0.7–0.8% per converter end, respectively [84]. Thus, to gain the independent power control advantage associated with VSCs, state-of-the-art WBG-enabled version of this technology is utilized. The loss per converter end is assumed to be 2% for up to 500kV.



	
LVDC—HVDC -HVDC converter losses: In this conversion topology, a 1% intermediate DC-to-DC conversion stage loss and 2% intermediate stage-to-HVDC conversion loss is considered as per reference [85]. These losses can be further reduced considering state-of-art (possible WBG) incorporation. However, for the purpose of industrial practicality, a 3% value is finalized.



	
Charger-based MVAC—LVDC inverter losses: A 250 kW Tesla supercharger is claimed to deploy an efficiency of 96%, thus rendering a loss of 4% [86].
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Figure 1. Population in the world without access to electricity (in millions) [49]. Source: IEA (2019) SDG7: Data and Projections. All rights reserved. 






Figure 1. Population in the world without access to electricity (in millions) [49]. Source: IEA (2019) SDG7: Data and Projections. All rights reserved.



[image: Energies 14 05258 g001]







[image: Energies 14 05258 g002 550] 





Figure 2. PV output combined with population density. The colors represent the data as indicated in the legend. 
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Figure 3. Functional block diagram of a DC Fast Charger. 
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Figure 4. Concept of complete DC EV charging infrastructure. 
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Figure 5. Power loss comparison for grid-tied DC fast chargers, in-practice HVDC systems, and proposed DC network. 
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Figure 6. Increase in power loss with number of charging stalls. 






Figure 6. Increase in power loss with number of charging stalls.



[image: Energies 14 05258 g006]







[image: Energies 14 05258 g007 550] 





Figure 7. Approximate transistor operating voltage range vs. frequency of operation. 
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Figure 8. Smart charging as an enabler for EVs to provide flexibility to the grid. Reproduced from [72], IRENA: 2019. 
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Figure 9. Block-level representation of PV-DC Intelligent EMS. 
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Table 1. Comparison of Extremely Fast Charging (XFC) of EVs with Currently Available Charging Infrastructures. Reproduced from [55], U.S. Department of Energy: 2017.
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	Units
	Level 1

110V, 1.4 kW
	Level 2

220V, 7.2 kW
	DC Fast Charger

480V, 50 kW
	Tesla Supercharger

480 V, 140 kW
	XFC

800+V, 400 kW





	Range per minute of charge (miles)
	0.082
	0.42
	2.92
	8.17
	23.3



	Time to charge for 200 miles (minutes)
	2143
	417
	60
	21
	7.5
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