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Abstract

:

Today, there are many recent developments that focus on improving the electric vehicles and their components, particularly regarding advances in batteries, energy management systems, autonomous features and charging infrastructure. This plays an important role in developing next electric vehicle generations, and encourages more efficient and sustainable eco-system. This paper not only provides insights in the latest knowledge and developments of electric vehicles (EVs), but also the new promising and novel EV technologies based on scientific facts and figures—which could be from a technological point of view feasible by 2030. In this paper, potential design and modelling tools, such as digital twin with connected Internet-of-Things (IoT), are addressed. Furthermore, the potential technological challenges and research gaps in all EV aspects from hard-core battery material sciences, power electronics and powertrain engineering up to environmental assessments and market considerations are addressed. The paper is based on the knowledge of the 140+ FTE counting multidisciplinary research centre MOBI-VUB, that has a 40-year track record in the field of electric vehicles and e-mobility.
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1. Introduction


Within the current electric vehicle (EV) evolution and electrification strategy towards more and more green and sustainable transport, there are key technological barriers and challenges, which are frequently changing from stakeholders’ perspectives [1]. A decade ago, surveys [2] have pointed out that the three main barriers for the market introduction of electric vehicles (EV) were purchase price, driving range and availability of charging infrastructure. However, these key barriers have changed drastically. The cost of the battery—the most expensive component of the EV propulsion system—has dropped down nearly 90% [3,4]. Purchase price parity is expected by 2025 at the latest. From then onwards electric vehicles will be cheaper to buy compared to conventional vehicles. Knowing that the running cost and maintenance cost are already cheaper today, this means that the total cost of ownership (TCO) will be cheaper in the coming years. The driving range increased from between 100–150 km up to 400+ km [5,6,7]. In most countries, the availability of charging infrastructure is still an issue, especially for people living in urban areas and who often have no private parking place. EVs have proven to be better for the environment [8,9] and allow a higher penetration of renewable energy sources in the electricity grid [10].



Which developments have made it possible to reach such impressive improvements? Was it only due to mass market production—upscaling the production capacity or also due to technological improvements—or choices of materials and designs? And what is needed for further improvements in driving range and cost reduction or grid integrations?



This paper will tackle these questions and more. This with a focus on innovative technological developments [11,12,13].



The specific energy of the battery has been improved from 110 Wh/kg in 2010 to 250 Wh/kg in 2020. This can further be improved up to 450 Wh/kg by 2030. In the same time the battery energy density will increase from 310 Wh/L in 2010 and 580 Wh/L today up to 1100 Wh/L by 2030. The battery cost has reduced from 1000 €/kWh to 130 €/kWh and is expected to further decrease below 80 €/kWh. How all this can be achieved is explained in Section 3 about the battery technology. It is mainly based on finding suitable electrolytes for high voltage cathodes. A higher specific energy will lead to an increased driving range or a lower vehicle weight and this at a lower battery cost. The size of the battery in 2010 was typically 30 kWh; today 60 kWh is not an exception anymore and by 2030 the battery capacity will be over 80kWh.



The traction inverter power density is improved from 10 kW/L in 2010 to 30 kW/L in 2020 and can further be improved up to 65 kW/L in 2030 depending on the DC-link voltage, which results in a volume reduction up to 40%. In the same time the peak inverter efficiency has increased from 92% (2010) to 96% (2020) and can be further improved up to 98% by introducing the wide bandgap technology in the drive system. This will enhance the driving range up to 8%. More info can be found in Section 2. A similar trend can be observed for the battery charger and DC/DC converters, where efficiencies up to 99% could be achieved by 2030, leading to a reduction of the charging cost by 20%. The progress of charging infrastructure is explained in Section 4. Improved efficiencies will result in a reduction in the vehicle energy consumption up to 32% (from 0,22 kWh/km down to 0.15 kWh/km).



The environmental impact of electric vehicles mainly depends on how electricity is produced. Based on the EU energy mix the CO2 emissions were around 300 CO2 g/kWh in 2010. It is expected, by an increased share of renewable energy sources and even considering phasing out nuclear power plants, that by 2030 the CO2 emissions would reduce below at least 200 CO2 g/kWh, as explained in Section 5. Considering the electric vehicle consumption and emissions to produce the electricity, the CO2 emissions per vehicle will decrease from 66 CO2 g/km in 2010 to below 30 CO2 g/km in 2030.



By 2030 autonomous vehicles (AV) are expected to come into play. Most likely they will be electric and shared. While Level 1 automation (SAE) had already been introduced in some commercial vehicles by 2010, current state-of-the art in commercial vehicles is at level 3 for and at level 4 for specific pilot projects. With advances in artificial intelligence and communication technology, the level of automation is expected to have evolved to widespread level 4 automation by 2030, which will open the way to new and shared mobility services. This progress is described in Section 6.



As such the paper is structured as follows: It starts from the overall vehicle propulsion design based on a digital twin (DT) approach. Next, the advantages of the novel wide bandgap (WBG) technology used as semiconductors in power converters are described. Then, the battery technologies and their advances, as EV key component, mainly based on solid-state batteries are tackled. Furthermore, the advances in ultra-high fast battery chargers are elaborated. More and more these battery chargers will become bidirectional systems allowing vehicle-to-grid (V2G) or V2X features (such as vehicle-to-home (V2H), vehicle-to-building (V2B) and vehicle-to-device (V2D)). This will open a smart interaction and management with the grid network towards Sustainable Energy Communities, where renewable energy sources are seamlessly integrated with EVs. The way electricity is produced defines the environmental performance of EVs. The last part of this paper tackles the current developments in autonomous electric vehicles (AEVs), with a focus on shared autonomous electric vehicles (SAEV) and its robust optical vehicle wireless communications in vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I), which have an impact on the developed management strategies and their interactions with the available charging infrastructure [14,15,16].




2. The Next Generation EV Propulsion Systems


EV propulsion systems are very simple from a concept point of view [17]: A battery, power converter, an electric motor and a fixed transmission. No clutch, no gearbox, no oil filters, etc. are needed. However, to reduce cost and improve driving range and driving comfort, even more, novel approaches are required. They are often based on top-notch simulation models [18,19,20,21]. This section gives insights into the next generation of the EV systems and future trends and new directions.



2.1. Digital Twin Development for EVs and Its Associated Benefits


For many years, automotive researchers and engineers have prepared analytical and simulation models of EV’s components and entire EVs, and over time, these models have become increasingly sophisticated and accurate. With the advancement of sensors, the Internet of Things (IoT) devices and network technologies, these offline physical assets convert into the digital models, are enabling smart system monitoring, prediction and re-scheduling of upcoming maintenance events, fault locations, fault endurance and remaining useful lifetime. The future EVs can provide a cost and effort reduction in the system design, verification, testing and time-to-market thanks to the EV digital twin. Five technology trends are developing in a complementary way to enable digital twins, namely, the IoT, cloud computing, APIs and open standards, artificial intelligence (AI) and digital reality technologies [22,23].



Figure 1 depicts the digital twin concept containing the real space’s physical device, which is a commercial EV drivetrain (e.g., battery, power electronics converters and motor) with sensors and control units. The virtual space contains the representative model in the simulation platform. It is a Multiphysics based high-fidelity model of the EV drivetrain. The transfer of data and information connects the real space with the virtual space. This reference model allows the vehicle designer to create a virtual process parallel to the physical one—this virtual process offers a tool for both static and dynamic analysis of the physical EV.



The digital twin model/tool of the EV can offer several benefits:




	
Ensuring a leap forward in user’s confidence, functionalities and energy efficiency of future EVs: These characteristics can estimate vehicle characteristics and usability. For example, affordability, driving range, range prediction, overall trip time and especially suitability of a long-range trip and comfort under all ambient conditions and traffic situations.



	
Multi-Physics Modelling for stress analysis: This analysis can prevent failures by predicting them in advance, which, in turn, will help to reduce the downtime.



	
Mission-profile-based reliability analysis for predictive maintenance: From the mission-profile-oriented accelerated lifetime testing, the degradation of the battery electric vehicle (BEV) drivetrain can be identified of the components critical to system reliability. Therefore, product developers will have more knowledge to be innovative in a fast and reliable way, testing many numbers and combinations of different variants of drivetrain components and experimenting with unorthodox approaches. Furthermore, using the data gathered from the vehicles’ digital twin can develop maintenance protocols/schedules to ensure that the components are available prior to their estimated failure in the EV and minimise inventory stockpiles.








Furthermore, one of the key future trends is to use the DT in the powertrain design, control design and reliability of advanced new powertrains. Thus, digital twin for design (DT4D), digital twin for control design (DT4CD) and digital twin for reliability (DT4R) are key new directions towards a more cost-effective and reliable future vehicle generations.




2.2. Power Electronics Interfaces Based on WBG Technologies


A key component in the EV propulsion systems is the power electronics converter [11]. The most important components of the power electronic converter (PEC) are the switches. It is self-evident that a lot of research is going on to the semiconductor materials, which are at the core of these switches. Nowadays, the switches inside the PECs are based on silicon (Si) semiconductor technology. However, new insights in switching technology have stimulated the development of wide bandgap (WBG) semiconductor materials, such as silicon carbide (SiC) and gallium nitride (GaN) [24,25,26,27].



The Si-based power electronics converters have a limitation in the switching frequency. In particular, the Si-based IGBT traction inverter has limited switching frequency up to 20 kHz and has been used typically under 10 kHz [28] in real implementations according to the user applications. Meanwhile, the Si-based on-board charger (OBC) has a restriction on the switching frequency to be less than 100 kHz for MOSFET-based OBCs [29].



However, the WBG semiconductors provide interesting characteristics and advanced material properties compared with traditional Si semiconductors, i.e., operating at higher voltages and lower leakage current, higher electron mobility, electron saturation velocity, higher switching frequency and higher thermal conductivity. The WBG materials require energy larger than 1 eV or 2 eV to transfer an electron from the highest energy level of the valence band to lowest energy level of the conduction band within the semiconductor [24,25,26,27,28,29,30]. A comparison of material properties between Si, SiC and GaN is shown in Figure 2.



Furthermore, the WBG semiconductors have high switching frequency capabilities, especially for low voltage applications enabling high efficiency and power density, as well as a weight reduction for power electronics interfaces and improving the whole energy efficiency of the electric powertrain.



However, there is a lack of technology maturity, design optimisation for fast development and control algorithms for the GaN-based power electronics converters when taking into account high switching frequencies (i.e., 40 kHz–100 kHz for inverter or active front-end systems and 200 kHz–500 kHz for the OBC systems) and allowing the operation at high temperature levels, as well as the expected cost. In addition, the multiphysics modelling and thermal management of these emerging GaN semiconductor devices have not been fully addressed in the literature. Thus, there is a strong need to develop such design optimisation and accurate models for the GaN-based power electronics converters with considering their parametric and non-parametric representations and to be used in the future as a digital twin.



Furthermore, in power electronic converters, semiconductor modules are the most failure-prone devices, due to high thermal stress. Most common failures of intrinsic types are time-dependent dielectric breakdown and electromigration [31].



Although technically the WBG-based power converter should be more reliable, due to their higher activation of energy, practically due to continuous improvement of cost-effective device packaging, the reliable operation of these compound semiconductors is not fully addressed. There are some research papers and industrial reports dealing with the reliability analysis of Si devices and recently, the SiC devices, whereas there are a few reports on the GaN power devices. Moreover, the GaN-based inverter is also a very new concept for the EV power electronics, but the voltage range is one of the key challenges in the next years. For the predictive maintenance and reliability study, the required stress-factor is also unavailable for the GaN technology, and there is a need for further investigation and focus on this research part in the near future.



In line with these WBG technologies, integrating the WBG power electronics interfaces either with electric motors or with the battery systems is one of the key future trends towards more efficient and smart cooling systems and thermal management concepts in vehicle powertrains.



More advantages of WBG technology are described in Section 4 about the charging infrastructure.





3. The Next Generation Solid-State Battery


Lithium batteries are the dominant type of battery technology in EVs. There exist many different types of lithium batteries with different characteristics [32,33,34,35]. The battery characteristics define their specific energy (hence, driving range), cycle life, power performance, safety, etc. Novel battery chemistries, composition and production steps can further improve vehicle’s driving range, environmental performance and cost [36].



3.1. Recent Lithium Battery Technology Developments


Li-ion batteries are often classified according to the cathode material used [37,38]. Among them, LCO (lithium cobalt oxide) is the most mature technology, with the highest volumetric energy density, but low power density and service life. While this remains the technology of choice for consumer electronics, much of the market is moving away from this technology, due to its reliance on cobalt, a scarce resource commonly mined in developing countries.



On the other hand, LFP (lithium iron phosphate) batteries are made from the ubiquitous iron and phosphate. They have a very long life and can deliver very high power thanks to the rigid olivine structure of the material. Unfortunately, this technology is less suitable for high energy applications, due to the inherent low potential vs Li+ and specific capacitance. LFP remains a strong choice in power applications (hybrid vehicles, power tools) or where many cycles are required (commercial electric vehicles, grid energy storage).



Both NCA (lithium nickel cobalt aluminium oxide) and NMC (lithium nickel manganese cobalt oxide) are technologies with a high energy density, which means that they are commonly used in electric cars. A clear trend in both technologies is to reduce the amount of cobalt in favour of the amount of nickel. This ensures a higher energy density and reduces the dependence on the precious cobalt. NMC has been commercialised in different types depending on the stoichiometric ratio of the elements. For example, NMC111, where the three elements are each present in the same amount, NMC532 and NMC622. Given the lower amount of nickel in favour of more manganese, NMC111 is more suitable for higher power applications, while NCA, NMC-532 and NMC-622 can be considered as state-of-the-art cathode materials (see Figure 3).



The commercially available material choices for the negative electrode are more limited. Carbon-based anodes (amorphous carbon and graphite) have dominated since the commercialisation of the Li-ion battery in 1991, due to their low potential vs Li + and good specific capacitance. While graphite was found in 91% of commercial batteries in 2016, only 7% used amorphous carbon and 2% LTO (lithium titanate oxide). Although the latter charges the batteries extremely quickly for a large number of cycles, the raw materials are very expensive, and they have a low energy density [39].



Thanks to the extensive research and development of Li-ion batteries in recent years, we are gradually reaching the maximum potential of today’s electrode materials. To further increase the energy density, a switch to new materials is inevitable (see Figure 3). Silicium will play a crucial role in this in the near future. With a theoretical capacity that is nearly 10 times higher than graphite and a low cost, silicon is an excellent candidate for next-generation anode materials [40]. Although the lifespan of pure silicon batteries is still very limited, the element is already added to the graphite electrode in small quantities (e.g., 5% in the Panasonic cells of the Tesla X). As technology advances, the percentage of silicon in the anode will increase further over the next five years, while the amount of nickel in the cathode will increase further. This will lead to a gradual increase in energy density. A major leap in energy density is not expected until 2025, when post-Li-ion technologies, such as lithium-sulphur, lithium-oxygen, lithium metal and solid-state batteries are expected [41].




3.2. Towards Solid-State Batteries


The next generation of Li-ion battery technology, set to enter the market in the coming five to ten years, is likely to have low nickel and cobalt content. Near-term developments should enable cell-level energy densities of up to 325 Wh/kg, and pack-level energy densities could reach 275 Wh/kg [42].



To meet these targets, solid electrolytes are extensively studied. They are non-toxic and not flammable. Accordingly, a significant improvement in safety could be observed. The voltage losses, due to concentration polarisation, occurring in liquid electrolytes at high power applications is eliminated in solid electrolytes allowing them to use thicker electrolytes high energy density values. It’s also worth to mention that solid electrolytes show outstanding resistance on dendrite propagation which enables using the advantages of Li metal as an anode [43].



The solid electrolytes developed for EV applications require fast charging properties. The highest current density above which the battery will be short-circuited, due to Lithium dendrite penetration (known as critical current density) is one of the important parameters determining the fast-charging capabilities. State-of-the-art critical current density values around 0.1 mA/cm2 is quite far away from the target value (5 mA/cm2) [44,45]. Besides, there is a difference between critical current densities during charging and discharging. Today, critical current densities during charging are found to be higher than during discharging [43].



To reach the high specific energy with an improved cycle life in solid-state batteries, it’s crucial to assess the electrode-electrolyte interfaces. Electrochemical interfacial instability is one leg of the cell failure. Even though, the solid-state electrolytes have currently a wide electrochemical stability window up to 6 V (vs. Li+/Li) in which almost all of the battery materials stay stable; the solid electrolyte-solid electrode contact could be lost at some point resulting in an increase of the cell impedance. Some methodologies like liquid-solid hybrid electrolytes were proposed for the purpose of clarifying the interface instabilities [46].



Based on their confirmed applications in the field of energy storage, polymer and polymer composite electrolytes are becoming a focal point of solid-state batteries. They exhibit reduced flammability compared to liquid electrolytes and outstanding mechanical flexibility, processability and scaling-up. An ion conductive polymer, poly (ethylene oxide) (PEO), and its derivatives are promising candidates for solid-state batteries in terms of their ionic conductivity ranges. However, ion conduction is still poor and more complex compared to the traditional organic liquid electrolytes [47,48].



Assembly of solid-state batteries is quite similar to the conventional Li-ion batteries involving separate lines for anode, cathode and electrolyte sheets. However, the difference lies in the manufacturing of battery components and the assembly order. Unlike traditional Li-ion batteries, electrolyte should be formed first, and electrodes should be attached afterwards. Additionally, the synthesis of solid electrolytes requires relatively high temperatures (above 1000 °C in case of Li7La3Zr2O12) and generate highly toxic H2S (in case of sulphides like Li6PS5Cl) [49].




3.3. Challenges and Potential Solutions for the Solid-State Battery


Energy and price targets for EV applications in both cell and pack level are quite ambitious for short-term expectations. However, there is an extensive dedication to this purpose even if the expected safety level is sacrificed. Some of the challenges that scientists are currently trying to overcome are listed below:




	
Poor wetting between Li and solid electrolyte: The poor wetting between lithium and solid electrolyte results in an interfacial resistance. Solid electrolytes, especially ceramic-based solid electrolytes, have relatively high interfacial resistance caused by poor wetting of Li. This inhibits the utilisation of Li in solid-state batteries. It was found out that polymer-based solid electrolytes, despite their lower ionic conductivity when compared to ceramic counterparts, shows enhanced Li wetting. Accordingly, Li wetting problem can be solved by using polymer/ceramic composites as electrolytes [43].



	
Dendrite propagation and growth: When using Li metal, dendrite formation and propagation become serious problems in high power applications. Critical current density values for solid-state batteries are quite far away from the target value of 5 mA/cm2 [44,45]. Besides, there is a difference between plating (charging) and stripping (discharging), and the critical current density needs to be eliminated. The mechanism and possible solutions for that are still unclear, but special attention has been paid on producing the electrolytes as dense as possible, since the dendrite propagation is drastically inhibited in dense microstructures [43].



	
Solid electrolyte synthesis: Solid electrolytes having high ionic conductivity is hard for synthesising, storing and handling. They require sophisticated methods, oxygen-free environments that make their use not cost-efficient. In this regard, there’s an ongoing desire to reduce the production cost and ease the handleability of the solid electrolytes.



	
Cell fabrication: Cell fabrication by using a ceramic type of electrolytes require hot pressing techniques that apply high pressure and temperature at the same time to ensure the smooth contact between electrolyte and electrodes (Figure 4). However, that problem can be solved by design engineering. Bulk type solid-state batteries can be assembled, and satisfying capacity retention could be gathered from these batteries [50]. On the other hand, scalability is the most important challenge for bulk-type battery designs. Polymers and polymer/ceramic composites are considered as a potential solution for large scale manufacturing of solid-state batteries because of their industrial-scale ease of production.








In addition to all these, Li metal creep at high operation temperatures can sometimes occur. The up-to-date solution to prevent this is improving creep behaviour of lithium by alloying [52].




3.4. Self-Healing Batteries with Embedded Sensors


Battery performance varies greatly over time. This can be attributed to several unwanted side reactions that occur at the material level, which ultimately induce capacity fade and impedance growth which can lead to potential safety hazards in the form of dendrite short circuits. As such, it is extremely important to monitor and control batteries accurately during their operation. This is conventionally achieved by implementing a Battery Management System (BMS). The BMS ensures that the voltage, current and temperature of each cell stays within its optimal safety boundaries. Additionally, the BMS uses the measurements on voltage, current and temperature to determine the battery states, such as: State of charge, which shows how much energy is left in the battery [53], and the state of health, which shows how much energy the battery can still hold compared to when it was new [54]. These important battery states cannot be measured directly and must be estimated using complex algorithms and battery models.



However, most of these activities rely on the use of sensors outside rather than inside the battery cells, limiting the knowledge to macroscopic properties, but overlooking internal chemical and physical parameters of prime importance for monitoring battery lifetime. Because of this, implantable sensors which are integrated within the battery cell are increasingly attracting interest. This will allow us to measure unexplored quantities, gain a deeper knowledge of the physical parameters, and understanding the parasitic chemical processes within the cells. This will drastically enhance battery reliability and safety. Parameters, such as temperature, pressure, strain, expansion and electrolyte composition, are among the valuable options [55]. Besides offering fundamental insights to battery operation, smart sensors would also develop a next-generation of state estimators and BMS.



Self-healing batteries is another new field of research. Battery degradation is the result of unwanted chemical changes within the cell. The concept of self-healing in batteries is to reverse these changes to restore the battery to its original configuration and functionality. Specifically, self-healing functionalities in batteries will target:




	
Auto-repair of damaged electrodes to restore their conductivity.



	
Regulation of ion transport within the cell.



	
Minimising the effect of parasitic side reactions.








The introduction of self-healing mechanisms to the field of battery technology has been slow, due to the challenging chemical environment they must operate in, but the topic is now rapidly gaining momentum.



Recently several self-healing concepts have been discussed in the literature, such as: The self-healing polymer substrates which allow to repair damaged electrodes and restore their conductivity [56]. Self-healing polymer binders, which prevent the loss of electrical contact between cracked active material particles, for example, in silicon anodes [57]. Another promising concept is functionalised membranes which can trap unwanted molecules and prevent them from reacting with other materials in the cell. Self-healing electrolytes, on the other hand, contain healing agents which are capable of dissolving unwanted depositions [47]. Finally, a promising future concept is the encapsulated self-healing molecules. These consist of healing agents contained in microcapsules. When needed, the healing agents can be released by providing the right stimulus.



It should be noted that sensing and self-healing functionalities are intimately linked. Smart batteries integrate both these functions: Signals from the integrated sensors will be sent to the BMS and analysed. If problems are detected, the BMS will send a signal to the actuator, triggering the stimulus of the appropriate self-healing process. This game-changing approach will maximise reliability, lifetime, user confidence and safety of the batteries of the future.




3.5. Second-Life: Challenges and Opportunities


A battery is considered at the end of its life when its state of health is below 80%. Therefore, a battery at the end of its first life can still be used in another (or the same) application to fit in the 4R-End of Life (EoL) management strategies: Reuse, Repair, Remanufacture and Recycle. Today, the life of a battery looks like that: It is manufactured, used in a vehicle, dismantled and partly recycled. However, it can be refurbished to be used in stationary applications or in automotive applications.



In Europe, a study from the JRC showed that in 2025 between 0.6 GWh and 2.4 GWh batteries could be available for second use [58]. Additionally, the global storage market is more than 10 GWh today, according to the International Energy Agency.



However, to introduce second-life batteries in the market, there is a need to overcome certain challenges. Evaluating the potential of a battery at the end of its first life raise the needs for State of Health estimation techniques and the development of more further lifetime predictive models [59]. There is also a need for safety protocols for the testing, dismantling, remanufacturing and use of these batteries. Machine learning algorithms, for instance can help to address these challenges [60]. Finally, the legal framework can also be an obstacle. In the actual European battery waste directive from 2006, second-life is not explicitly mentioned. However, the new version will define the legal framework for second-life with the definition of waste battery and producer responsibility.





4. Intelligent Bidirectional V2G and/or Ultra-High-Power Charging Systems


4.1. Introduction to Unidirectional and Bidirectional Charging Systems


The fast and efficient charging of the EV battery is important for the large-scale deployment of EVs. Today’s electric vehicle can travel 300–400 km without the need to charge. There are many challenges to consider: One is the availability of charging stations everywhere; second is fast charging; and another one is the enhancement of power density and specific power [61].



Nowadays, four main types of charging exist. Following types of the charger are explained in Table 1 [62].



The level-1 and level-2 chargers are used as on-board converters to charge the batteries. Level-3 chargers typically work as an external converter and can effectively manage the flow of high power. Mostly, slow charging takes place overnight, and it is associated to the level-1 and level-2 charging. The level-1 and 2 are a basic method of charging, typically situated at home, public and private facilities. A level-3 high power DC fast charger is often located at commercial places like hotels, shopping malls and in the parking areas, etc. [61,62].



The typical level-2 charger provides up to 22 kW AC charging, and charges the battery in 120 min and delivers energy for travelling 200 km. The charging time will be reduced to 16 min for 200 km by 150 kW DC charging stations. At 350 kW charging station, the charging time would be close to the time of gas refuelling: around 7 min [63,64]. However, it should be noted that the charging time also relies on the battery of the vehicle.



The three-phase front-end converter topology includes a diode rectifier, an active buck/boost rectifier, a matrix rectifier or a Vienna rectifier [65]. The simplest and cost-effective approach for power conversion is a diode rectifier. However, the output fixed voltage is dependent on the three-phase supply voltage. The disadvantage of this approach is the unfavourable total harmonic distortion (THD). A three-phase active front-end (AFE) rectifier tackles the issue of THD by generating three-phase sine shaped input current waveforms with improved power factor and efficiency and offering variable DC output voltage. A Vienna rectifier is increasingly popular; possibly it is less well established. Among all mentioned three-phase conversion techniques, the AFE boost rectifier can be used for off-board fast-charging systems [63,66].



Grid-connected power electronic converters (PEC) are more widespread than ever, due to the rise of battery electric vehicles. If these PECs are bidirectional, the power stored in a vehicle can be used to supply peak power (vehicle-to-grid, V2G), or as temporary storage for excess electricity (grid-to-vehicle, G2V). To accommodate the bidirectional flow of power, existing PEC topologies have been re-adapted to use active switches instead of diodes.



The system architecture of a multiphases-bidirectional on-board charger is illustrated in Figure 5.




4.2. Wide Bandgap Devices for Bidirectional (V2G/G2V) On-Board Charging Systems


It is essential to consider several elements in developing the PEC for the off-board charger, i.e., high efficiency, high power factor, cost-effectiveness, smaller system size and weight, distortion-free operation with limited grid impact and high reliability.



To meet the demand for a lightweight, compact and efficient OBC, wide bandgap (WBG) devices will be also for the charger a promising technology. The GaN power transistors, which have extremely low-gate charge and output capacitance, can be switched at high frequency. This allows minimising the size and weight of passive components, such as inductors, capacitors and transformers [67,68]. To explore further potentials of using GaN power transistors in OBCs, semiconductor manufacturers recently have introduced many new GaN high-electron-mobility transistor (GaN-HEMT) devices with a high voltage rating of 600 V or 650 V and current rating from 20 A to 60 A [64,67]. These GaN-HEMT devices could be suitable for OBCs with power levels from 3.3 kW to 22 kW.



Figure 6 shows two single-phase bidirectional OBC structures, which adopt the same totem pole PFC for the AC-DC stage and different topologies in the DC-DC stage. As shown in Figure 6a, Dual Active Bridge is a promising topology thanks to galvanic isolation and bidirectional power conversion with zero voltage switching (ZVS) for both primary and secondary sides, the small size of passive components and fixed-frequency operation [69]. However, the full range of ZVS becomes hard to achieve, due to the wide range of the load power. The resonant bidirectional CLLC topology (C is capacitance and L is inductance), as shown in Figure 6b, exhibits high efficiency, due to the ZVS in the primary bridge and zero current switching (ZCS) in the secondary side. The drawback of CLLC topology in the charging application is that the switching frequency needs to deviate from the series resonant frequency for output voltage regulation. To overcome this issue, regulating the DC bus voltage in the PFC stage instead of frequency modulation in the DC-DC stage is proposed in Reference [70] so that the resonant CLLC stage can operate at its optimal efficiency point [69,70].




4.3. Ultra-High Power Off-Board Charging System


For design and development of ultra-fast charging systems, a modular converter approach is an appropriate solution. Hence, the current topology, which is proposed for the 600 kW DC ultra-fast charger, is realised by merging four AFE converters with each other in a parallel configuration, as shown in Figure 7 [71].



A comparative analysis has been performed between silicon and silicon carbide-based semiconductors for each module at a power rating of 150 kW. The efficiency comparison between Si (SKM400GB12T4) and SiC (CAS300M12BM2) devices, is based on a non-linear electro-thermal simulation model at different power levels. For both cases, the related datasheet data are inserted in simulation. Figure 8 shows how much the SiC devices are more efficient than silicon for a charger. This means that the loss in Si is higher than SiC, hence energy can be saved by using wide bandgap devices.




4.4. Intelligent Bidirectional Control Systems


PECs with bidirectional capabilities enable the use of advanced V2G and G2V control strategies. Using a PQ theory-based control, the system can guarantee a unity power factor while charging the EV battery, and an accurate reactive power reference tracking in V2G mode [72].



Using parallel power converter modules is a low-cost option to improve the overall versatility, efficiency, reliability and grid impact of the system [73,74]. However, it will result in more complex control architectures.



4.4.1. Centralised Control Systems for Modular PEC


The simplest way to control the parallel converters is to use a single controller. Figure 9 demonstrates the centralised control system for modular Active Front-End rectifiers [71]. However, this mode of control can also be used for other bidirectional parallel converters employed in the V2G/G2V systems, such as DC-DC converters, single phase power factor correction rectifiers, etc. In this setup, the controller is connected to all sensors and generates all gate signals. The advantages of such a system are the simple implementation of current sharing, the interleaving, the minimum additional sensors and the absence of synchronisation issues. The disadvantage of such a system is that it has a single point of failure—the central controller and shared sensors.




4.4.2. Distributed Control Systems for Modular PEC


An alternative to a centralised control system is a distributed control system, where each power module has a separate control module. One example of a parallel PEC system with the distributed control system is shown in Figure 10 [71]. Based on the relationship of these control units between each other, there are several types of distributed control systems that will be discussed in the following paragraphs.



(A) Master-Slave Control Systems for Modular PEC



The first distributed control strategy to consider for modular PEC is a master-slave control, where the outer loop is implemented in the master controller, and the output of this loop is shared with slave modules via a data bus. This system also has a single point of failure—the master module, hence “auto master-slave” systems have been introduced: In the case of the master module’s failure, one of the slaves can take its place [75,76]. Another challenge of master-slave systems, both conventional and “auto”, is stability. An article from 2016 [77] demonstrates how delays in the CAN bus can affect the stability of the system with master-slave control. Moreover, the delay induced by the data bus increases with the number of parallel modules [78].



(B) Masterless Control Systems for Modular PEC



Another distributed control system to be considered for parallel modular PEC is the masterless control technique, which was described in Reference [79] for the control of parallel DC-DC converters. In this system, all modules are equal, they exchange data through CAN bus, but they use their own current reference for the inner current loop, and therefore, expected to be more resistant to instabilities imposed by the data bus delay. In this setup, each module has its own controller and sensors. Each controller can act standalone, or work as a part of a system. The advantages of such a system are increased scalability, reliability and stability. Moreover, masterless control introduces a number of additional functions, such as: Dynamic resource allocation, automatic interleaving and measurement error compensation.






5. The road to Climate Neutral Transport and Energy Sector


5.1. Sustainable Energy Communities


The bidirectional chargers described in the previous section will play a crucial role in integrating renewable energy sources, such as wind, sun and hydro, into sustainable energy communities. Renewable energy sources are seen as reliable alternatives to the traditional energy sources, such as oil, natural gas, or coal [80], and have a much lower impact on climate change from a life cycle perspective even when considering hourly consequences of intermittency of renewables in a full dynamic energy system [81]. Due to the increasing number of distributed power generation systems connected to the utility network, challenges are raised concerning the power quality, safe running and islanding protection. As a consequence, the control of distributed generation systems should be improved to meet the requirements for grid interconnection [80].



If the whole vehicle fleet becomes electric, this would only mean an additional demand for electricity of 20% (example of Belgium) [82]. The introduction of renewable energy sources is gearing up. But what if there is no wind and sun? At these moments, we either need to rely on other sources, or we need to invest more in energy storage. The battery of an electric vehicle can play an important role. When there is an excess of wind or solar electricity, it can be stored in the batteries of cars. It is defined as smart charging management. When the demand for electricity is high, the stored electricity can be given back to the grid. This is what has been called V2G or ‘vehicle-to-grid’. A thorough cycle test of the battery ageing effects of using the V2H to power a house has shown limited impact. This is mainly explained by the limited and optimising discharge current to power a house, which is much lower compared to the current needed to accelerate a vehicle, resulting in non-significant battery ageing effects of the V2G features [83].



Inside a Local Energy Community (LEC) there are different valuable ways to integrate a battery:




	
Batteries can be used for energy arbitrage: for economic benefits, energy is stored when cheap in the wholesale market, and released when more expensive.



	
Batteries can help in delaying or reducing investment needs in production, transmission or distribution infrastructure, this service is called capacity credit. This can be done by load levelling or peak shaving for instance.



	
The fast response of batteries is necessary to provide high performance ancillary services such as voltage and frequency regulation.



	
Behind the meter, batteries can help in reducing electricity bill, increasing of PV self-consumption in microgrids and backup power.








It is foreseen that the electricity grid will evolve towards more decentralised production and the emergence of energy communities. Bidirectional charging systems of the electric fleet are an essential element in the energy management of such systems and can provide flexibility services, increase self-consumption and sustain in avoiding grid congestion. A techno-economic assessment of a vehicle-to-grid case study can be found in Reference [84].



However, to develop bidirectional functionalities, both vehicles and chargers must be capable of variable and bidirectional power transmission and require intelligence and communication with the local grid operator, features that require further research. First insight shows that integrating electric vehicles smartly in a grid can help to capture the grid balancing value streams [85].



Moreover, the user acceptance and business models regarding these functionalities are largely unknown, untested and uncertain in the already heavily scrutinised market of electric vehicles. Electric vehicles, as part of the solution for supply–demand balancing in local energy systems with several energy vectors, need to be further tested and validated in real-life circumstances. Forecasting of parking behaviour and mobility needs play an essential role, and its development should be based on monitoring daily use of all kinds of travellers. The deployment of a living lab where such experiments can be are carried out is, hence, of primordial importance. Different concepts and specific requirements on integrating the V2G in a local energy system are described in Reference [86].



A possible solution and opportunity are to change the traditional energy system into Local Energy systems (LES) managed by a Local Energy Community (LEC). The challenge is to correctly energetically balance and financially optimise such a complex system with multiple connected, decentral devices that need to be controlled to guarantee the overall quality and safety. Total system optimisation is achievable only if various other types of energy vectors (electric, thermal, HVAC, mobility, data, etc.) are managed together from a macro perspective. At the VUB, in close collaboration with the Green Energy Park, a 20 MW living lab is being set up for industrial collaboration (more info: www.greenenergypark.be (accessed on 3 February 2021)). In this living lab, the VUB deeply researches the management, control and exploitation of a CO2-neutral, self-sufficient multi-energy microgrid. A first, promising calculation of minimising the levelised cost of energy of the microgrid living lab can be found in Reference [87]. This paper [87] makes a techno-economic assessment of the energy management that will be part of the living lab microgrid placed in Zellik, Belgium. A levelised cost of energy (LCOE) calculation approach is proposed that incorporates a hybrid energy generation plant composed of solar and energy generation and a lithium-ion battery. The LCOE evaluated nine battery operation scenarios to determine the most profitable battery operation criterion.



The living lab interconnects various prosumers: A large datacentre, an incubator for start-ups, a large parking lot (150–400 vehicles) with electric charging infrastructure and 70 companies from different sectors. In addition, the CO2-neutral microgrid will integrate renewable energy production systems (3–4 MW solar, 3–4 MW Wind Energy), cogeneration (or Combined Heat Power CHP) and energy storage capacity.




5.2. Current Impact on Climate Change


The above-mentioned increase in renewable energy sources will have an impact on the EV’s impact on the environment. In a full life cycle, electric vehicles emit two times less carbon dioxide (CO2) than petrol or diesel engines if we take the European electricity mix. This can be even four times less if we take, for example, the Belgian electricity mix. If cars were driving on renewable electricity, carbon dioxide emissions could be further reduced by more than 10 times [8,82,88].



Figure 11 shows the results for climate change or global warming potential for all the compared vehicles. Overall, the BEV charged with the Belgian electricity mix has the lowest climate change score. This is because, first, there are no tailpipe emissions, and secondly, the Well-to-Tank (WTT) emissions of Belgian electricity mix does not have a big impact on climate change. In the WTT part of the BEV, the emissions come mainly from the gas power plants. In general, all the electric vehicles, have lower emissions than other vehicle technologies. FCEV (fuel cell electric vehicle) has the highest score among the alternative drivetrains. This is mainly because of the huge emissions in the WTT part of hydrogen production from steam methane reforming. However, it must be noted that the WTT emissions of FCEV might vary significantly if other hydrogen production methods, e.g., electrolysis, were chosen. Also, the plug-in EVs (PHEV) can be fuelled by a wide variety of primary energy sources—including gas, coal, oil, biomass, wind, solar and nuclear—wich can reduce oil dependency and enhancing energy security.



In general, the vehicle cycle phase of EVs has a higher climate change impact than the fossil fuel vehicles, mainly because of the production of EV specific extra components. It is apparent that the unconventional fossil fuels, i.e., shale gas and shale petrol, are not very interesting for climate change mitigation, compared to their conventional counterparts.



In addition, the BEV has a better performance in many other mid-point categories, compared to the conventional petrol and diesel vehicles, except in the human toxicity category. The high impact on human toxicity is mainly because of the large contribution from the manufacturing of extra components like battery, motor, electronics, etc. Nonetheless, comparing the well-to-wheel (WTW) phase, which is appropriate for the Belgian boundary (and urban context), reveals that the BEV has better scores among all the vehicles in the analysed impact categories. This is true also for all the end-point damage assessment categories: Damage to human health, damage to eco-system and resource depletion. Even, when all the impact categories are weighted and expressed as single score, the average BEV and PHEV have the lowest environmental impact in the current Belgian system.



Uncertainty is an inevitable element of LCA, which is normally left out in vehicle LCA studies. Comparing one (or average) vehicle from each technology does not give a clear picture of a complex market of vehicles with huge variability in terms of weight, fuel consumption, emissions, etc. Therefore, a range-based LCA approach that embraces the market variability of each technology is presented in References [8,89]. The results show that the BEV exhibits the best performance when the comparison is on the all-inclusive single score level, as illustrated in Figure 12.





6. Autonomous Electric Vehicles (AEV)


Alongside the electrification of both the transport and energy sector, these sectors are also in the transition towards further automation. The emerging research efforts and investments from both the automotive industry and other technology companies for the development of electric vehicles with high levels of automation demonstrate the emergence of this technology. Further automation of the EV is, therefore, a logical future perspective that can bring additional benefits in the form of service level, cost reduction, safety and environmental benefits, especially in combination with disruptive mobility solutions, such as car-sharing and ride-sharing solutions [90,91]. This transition from EV to AEV needs new developments in some key enabling technologies, such as robust sensor technology, artificial intelligence, data-driven algorithms, smart communication and presents opportunities to exploit synergies between the AV and EV. This could further optimise the mobility system, and their integration into the electricity system, and it could reduce their environmental impact [92] by addressing the challenges of the fleet management and energy demand. To achieve a seamless integration into the electricity system with the existing charging infrastructure and high safety with other vehicles, robust and fast communication protocols are needed.



6.1. Wireless Communication as a Key Enabling Technology


To promote road safety, vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication are essential elements when evolving towards higher levels of autonomous vehicles. When V2V and V2I systems are combined, a completely connected system is obtained, namely, the V2X system. As shown in Figure 13, for a true V2X system, also vehicle-to-pedestrian (V2P), vehicle-to-network (V2N), vehicle-to-cloud (V2C) and vehicle-to-home (V2H) should be considered.



There exist multiple means to establish this communication, each with its own advantages and drawbacks. Well-known technologies for wireless communication are 5G, Bluetooth and Wi-Fi. Although in some cases, these radio wave technologies might provide enough bandwidth for V2V and V2I communication, it is essential to consider situations where this is not possible. Examples are the countryside, badly covered regions in cities, regions with a lot of electromagnetic interference, indoor and subterranean areas, such as parking lots and tunnels, etc. An alternative to radio wave communication is Light Fidelity (Li-Fi), which uses visible and infrared light for data traffic. The term Li-Fi was first introduced to the wide public by Professor Harald Haas, in 2011 [93]. He demonstrated how data can be transmitted towards a photoreceiver by using light from a simple LED (light-emitting diode) desk lamp. This can be done by modulating the light radiation from existing lighting infrastructure, e.g., streetlight, car headlights, etc. With the use of suitable photoreceivers, either a unidirectional or bidirectional communication link can be established with a bandwidth that can yield up to a data rate 100 times larger compared to Wi-Fi [93].



The technical implementation of Li-Fi is displayed in Figure 14. The intensity of the light emitted by the transmitter of solid-state light-sources, such as a LED or a Laser Diode (LD), is modulated by an electrical driver by turning the current on and off. This type of modulation is called intensity modulation (IM). The maximum frequency of the human visual system can observe, lies between 30 Hz and 60 Hz. The flickering caused by the IM ranges from hundreds of MHz up to 1 GHz, depending on the RC properties of the source and by consequence, it is thus impossible for a human observer to perceive any flickering. The driver is powered and connected to either the world wide web or a local server through well-known technologies, such as power-line-communication (PLC) or Power-over-Ethernet (PoE). At the receiver side, a photodiode or photoreceiver turns the light signal back into an electrical signal, ready for processing. The received signal must be processed by a processing unit to fetch the data residing in it.



With the increasing use of solid-state lighting, both in cars (head- and taillights), as well as in the infrastructure (road lighting and traffic lights), implementing Li-Fi is relatively easy. Relatively, as for comparable systems using classic RF-based communication (like dedicated short-range communications or DSRC), a whole new infrastructure needs to be built. A Li-Fi transmitter can be as simple as a LED light, meaning that the existing lighting infrastructure could be used as Li-Fi transmitters. It can then be used as an access point for information for both vehicles and other road users (pedestrians, bikes, etc.). The implementation cost is thus limited, and the available access points are abundant. The current “dumb” road lighting has the potential to evolve towards a “smart” lighting infrastructure with limited efforts. Nevertheless, the technical implementation of Li-Fi remains a challenge, as has been explained earlier. But the implementation costs are lower compared to alternatives.



A potential application and new trend of the Li-Fi in V2X is the communication of critical traffic data in-between vehicles, as well as from vehicle to infrastructure or vice-versa. Vehicles or their drivers will be able to respond much faster, which increases the overall safety. Also, the level of traffic monitoring can be improved, which leads to better traffic regulation and traffic flow, and this will impact the energy demand. Moreover, the Li-Fi provides fast internet connection and consequently enables the transfer of not only traffic data, but any kind of data. Adopting multisensorial input and various communication channels, i.e., the Li-Fi together with other wireless communication technologies, such as 5G and Wi-Fi, will result in more reliable autonomous and connected vehicles, thus improving the road safety.




6.2. Shared Autonomous Electric Vehicles (SAEV)


Shared autonomous vehicles (SAV) are gaining general interest, due to the fact that they could be a cheaper, safer and more efficient versions of today’s ride-sourcing and car-sharing options [91]. Moreover, the electric version, SAEVs, could compete economically with current mobility solutions and further reduce environmental impact compared to conventional combustion engine vehicles. They are, therefore, viewed as a promising component of smart mobility [92]. The deployment of SAEVs presents numerous challenges. From an economic point of view, to create viable business models, it will be crucial to estimate passenger demand and determine the willingness to use and to pay for this service [92]. From the mobility viewpoint, vehicle supply will need to match the travel demand. SAEVs could improve mobility, especially for the elderly and people with reduced mobility [94,95,96]. However, a concern in this regard is the digital divide between people where socially disadvantaged people are less tech-savvy and reluctant to accept new technologies. Fleet management must ensure service to passengers, while the electric nature of the AEVs requires taking the driving range and vehicle charging into account. For the SAEVs fleet charging, the anticipated volume, location and power levels of the charging stations are important [91]. Studies on SAEV that include the charging aspects [91,97,98] have so far only included a spatial distribution or rule-based introduction, yet do not look at other attributes to assess the suitability of a location, nor do they check grid constraints or impacts which, thus, remains an ongoing research topic. Additionally, from an energy point of view, the mass introduction of electric vehicles raises concerns with regards to electricity supply and electricity grid. However, research has demonstrated that large scale introduction of EVs only moderately increases electricity demand and presents a great opportunity to balance the electricity grid through various ancillary services with smart- or bidirectional charging (vehicle-to-grid) [99] and can facilitate further deployment of renewable energy sources (RES) by balancing their intermittent nature [100], as explained in the previous chapter. The SAEV fleets have a high degree of controllability and coordination and present an opportunity in this regard. This integration of the SAEV system in the electricity grid is, therefore, an essential development. It was found by modelling some alternative scenarios that SAEV fleets are likely to electrify quickly, and therefore, contribute to reducing CO2 emissions in combination with the further decarbonisation of electricity generation and that the ability to optimally schedule SAEV charging is a more important determinant of positive environmental and economic outcomes than the travel demand effects of SAEV fleets [101].



Studies, thus, currently indicate the potential of SAEV fleets inherent to both their autonomous and electric nature that make way for optimised behaviour (environmental, economic, service) of the fleet. It does, however, present a challenging fleet management problem dealing with mobility and energy demand which requires further research alongside the technological advancement of key enabling technologies.





7. Conclusions


This paper provides an overview of the current state of the art in electric vehicle developments and innovation, related to the vehicle components, their charging infrastructure and interaction with the grid, but also related to battery material sciences and power electronics engineering up to environmental assessments, market considerations and synergies with shared and autonomous vehicles. This paper also provides recommendations for future developments and trends.



The EV purchase price and driving range have improved, due to the current optimisation in battery technologies and their system interfaces. This will be further improved by making use of innovative solid-state batteries. Solid-state batteries have the potential to reach higher energy density values. This promising novel technology together with the development of self-healing batteries and the integration of embedded sensors in the cell, will provide more durable and safer batteries. As such, the specific energy of the battery can be improved from 110 Wh/kg in 2010 up to 450 Wh/kg by 2030. In the same time the battery energy density can increase from 310 Wh/L in 2010 up to 1100 Wh/L by 2030. The battery cost can be reduced from 1000 €/kWh to 80 €/kWh or less by 2030. This will lead to an increased driving range or a lower vehicle weight and this at a lower battery cost. The size of the battery in 2010 was typically 30 kWh and by 2030 the battery capacity could be over 80kWh.



Digital twin (DT) will be an enabler tool for further optimisation of the efficiency and reliability of EVs and offer powertrain design for high reliability. Thus, this will provide new trends and directions—such as digital twin for design (DT4D), digital twin for control design (DT4CD), digital twin for virtual validation (DT4VV) and digital twin for reliability (DT4R)—for new and efficient and cost-effective powertrains.



Moreover, emerging wide bandgap (WBG) technologies in power electronics interfaces and their integration concepts can provide a significant efficiency improvement not only in the EV powertrains, but also in charging systems enabling high-performance V2X systems. The latter will enable an intelligent utilisation of energy sources with smart energy management strategies for efficient and seamless integration into grid networks. Ultrafast and/or bidirectional chargers will allow better integration of renewable energy sources into the grid, making the use of electric vehicles even cleaner as they are today. The traction inverter’s power density can be improved from 10 kW/L in 2010 to up to 65 kW/L by 2030, which results in a volume reduction up to 40%. In the same time the peak inverter efficiency has increased from 92% (2010) to up to 98% (2030) by making use of this wide bandgap technology. This will enhance the driving range with 8%. A similar trend can be observed for the battery charger, where efficiencies up to 99% could be achieved by 2030, leading to a reduction of the charging cost by 20%. Improved efficiencies will result in a decrease of vehicle energy consumption from 0.22 kWh/km down to 0.15 kWh/km (2030).



The environmental impact of electric vehicles mainly depends on how electricity is produced. Based on the EU energy mix the CO2 emissions were around 300 g/kWh in 2010. It is expected by an increased share of renewable energy sources that by 2030 the CO2 emissions would reduce below at least 200 g/kWh. Considering the electric vehicle consumption and emissions to produce the electricity, the CO2 emissions per vehicle will decrease from 66 g/km in 2010 to below 30g/km in 2030.



Introducing shared autonomous electric vehicles (SAEVs) as an alternative to private car ownership will allow for further optimisation of the energy demand and grid management in the light of the transition towards thorough electrification. The seamless integration of electrified and automated fleets in the energy sector will also be a key enabler realising sustainable energy communities, where increased levels of renewable energy are locally produced and consumed. The level of automation (SAE) has shifted from level 0 to 1 in 2010, is currently evolving from level 2 to 3 and will attain up to 4 by 2030.



Finally, including the Li-Fi technology in the state-of-the-art wireless communication systems will lead to more redundant, fast and low-cost data transfer. Since the demand for mobile data is increasing much faster than the supply, it is indispensable to use novel technologies, such as Li-Fi in as many ways as possible. This will increase road safety and allow for better energy management of the AEV fleet.
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Figure 1. A concept development of digital twin implementation in MOBI-VUB. 
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Figure 2. Material properties comparison of silicon (Si), silicon carbide (SiC) and gallium nitride (GaN) edited from Reference [30]. 
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Figure 3. Energy density vs specific energy at electrode stack level for state-of-the-art and future cell chemistries in automotive applications. The state-of-the-art Lithium battery chemistry is represented by NMC-622/graphite and NCA (lithium nickel cobalt aluminium oxide)/graphite [37]. 
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Figure 4. Battery fabrication for process parameter optimisation [51]. 
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Figure 5. Multiphases-bidirectional on-board charger (OBC) system architecture [67]. 
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Figure 6. Single phase bidirectional OBC system topologies based on GaN switches. (a) Dual active full bridge (DAFB) converter, (b) CLLC resonant converter [67]. 
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Figure 7. 600 kW modular DC ultra-fast charger [71]. 
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Figure 8. Efficiency map of Si- and SiC-based high power off-board charging system. 
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Figure 9. Centralised control of modular power electronic converter (PEC) edited from Reference [71]. 
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Figure 10. Distributed control of modular PEC edited from Reference [71]. 
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Figure 11. Climate change life cycle assessment (LCA) results [8]. 
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Figure 12. Single score LCA results [8]. 
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Figure 13. Vehicle-to-everything protocol. 
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Figure 14. The technical implementation of a Li-Fi downlink channel. A similar approach can be adopted for uplink communication, although the points mentioned in the previous section should be considered. 
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Table 1. Type of chargers [62].
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	Type of Chargers
	Location of Charger
	Power Supply/Output
	Typical Charging Time





	Level 1
	Single phase

On-board
	Vac: 230 (EU)

Vac: 120 (US)

Output: 12–16 A; ~1.44 kW to ~1.92 kW
	8–10 h depending on model, used for home charging

3–8 km of range per hour of charging



	Level 2
	Single/three phase

On-board
	Vac: 400 (EU)

Vac: 240 (US)

Output: 15–80 A;

~3.1 kW to ~19.2 kW
	4–8 h, available at home and publicly

16–32 km of range per hour of charging



	Level 3

DC Fast Chargers (DCFC)
	Three-phase

Off-board
	Uses a three-phase Vac: 208–600 AC circuit converted to direct current (DC) to the vehicle.

Output: Up to 500 A; 50 kW up to 350 kW
	30–60 min

100–130 km of range per hour of charging



	Next Generation:

Ultra-Fast Charging System (UFCS)
	Three-phase

Off-board
	Uses a three-phase Vac: 208–600 AC circuit converted to direct current (DC) to the vehicle.

Output: 800 V, 400 kW or more
	Time to charge to a 320 km range: approximately 7.5 min
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