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Abstract. Combining sustainable electric vehicle (EV) technologies with renew-

able energy sources in building and transportation sectors is an effective approach 

for reducing energy consumption, in order to meet nearly zero energy buildings 

(NZEBs) concepts. To this end, the integration of EVs through bidirectional con-

verters with smart buildings, which are supplied by renewable energy sources 

such as photo-voltaic systems, has gained noticeable attention from researchers 

around the world. In order to meet and optimize the energy requirement of smart 

buildings with V2G-H-B (V2-X), which includes vehicle-to-home (V2H), vehi-

cle-to-building (V2B) and vehicle-to-grid (V2G) technologies, an energy man-

agement strategy is needed. Plug-in battery-based EVs, plug-in hybrid EVs, and 

hydrogen fuel cell EVs are automobiles proposed for implementing the integra-

tive approaches. The main purposes of this study are to review the proposed ap-

proaches for the integration of smart buildings and EVs, in order to introduce the 

possible future integration of hybrid fuel cell-based EVs to buildings and power 

grids. Previous studies demonstrated the limitations of battery life, because of the 

large number of charging and discharging requirements, which cause battery deg-

radation. Wireless converters or wire connected bidirectional converters, are the 

components which are required for transferring energy from vehicle to 

grid/building/home, vice versa. This study will suggest the use of hydrogen-

based hybrid electric vehicles as an energy transfer or in V2-X solutions.  

Keywords: vehicle-to-home/building/grid, plug-in electric vehicles, hydrogen 

fuel cell electric vehicles, nearly zero energy buildings. 

1 Introduction 

Building energy performance enhancement as a solution for reducing energy demand 

and increasing sustainability, led to the introduction of the nearly zero energy buildings 

(NZEB) concepts, which evaluate whether the annual generated energy by renewable 

resources is matching annual building energy demand from the power grids [1]. The 

integration of electric vehicles (EVs) with buildings as an alternative source of energy 

provider has a significant role to play in reducing energy consumption, in order to move 

toward NZEB [2], and reducing power grid dependency [3]. The developments in home 
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energy management systems (EMSs) and smart meters for infrastructures have been 

essential to evaluating the energy demand response and suggesting the optimal use of 

home appliances [4]. EVs can operate in various modes, such as vehicle-to-

grid/home/building (V2G-H-B/V2X) and G-B-H2V, while a noticeable reduction in 

power losses caused by long-distance transmission lines in V2G systems is achieved 

through the use of V2H [5]. Plug-in electric vehicles (PEVs) are a common configura-

tion for V2H-B options with a need for bidirectional energy flow between the vehicle 

and house/building [6, 7]. The connection of the EV to the home can be utilized for 

recharging the battery or transferring the stored energy in the battery to the home loads 

which introduces the H2V and V2H concepts [8, 9]. Heating, ventilation, and air con-

ditioning (HVAC) systems consume high amount of energy in buildings. Therefore, 

consideration of HVAC as well as other appliances are important to evaluate whether 

V2X systems are beneficial approaches for meeting the NZEB concepts. 

In order to find the best-optimized solution which can increase the battery life of 

EVs integrated to homes/buildings, this paper review the concepts and experiments im-

plemented in this area. Moreover, the technology of PEVs as well as hydrogen fuel cell 

EVs are reviewed for their potential to be connected to power grid and buildings. This 

study is divided into sections focusing on V2X solutions, with a short explanation of 

V2G concept as the primary investigation of using EVs as energy suppliers and the 

prominent focus on buildings and homes. Followed by a short case study of different 

types of bidirectional converters are used in these systems. Furthermore, various suita-

ble EVs, which can be suitable for these technologies are introduced.  

2 V2G solution 

The introduction of the smart grid has made a significant contribution toward connect-

ing EVs to the grid, in order to benefit from using reactive power consumption, regu-

lating the power network, spinning reverse functionality (provision of extra energy gen-

eration for unplanned load demand [10]), and shifting the required energy demand from 

peak-load to off-peak-load [11, 12]. The prominent components for V2G/G2V technol-

ogies are EVs, aggregator controllers, with the responsibility of controlling the safety 

of charging and discharging of batteries, as well as charging and discharging equipment 

[13]. In order to convert power from AC to DC/DC to AC, a bidirectional converter 

needs to be added to the infrastructure [14], which can support the active power required 

from the grid by managing the load peak demand [11]. In bidirectional category, based 

on the state-of-charge (SOC) level in a battery, EVs are acting as mobile energy storage 

and can be charged from the grid or supply the energy back to the grid [14]. In this 

technology, the local controller collects energy from different EVs and manage energy 

flow without negative influences on EVs and power grid operations [13].  

3 V2H and V2B technologies 

The V2H concept refers to the storage of extra generated energy in the battery of a 

vehicle during off-peak hours to reuse it as a source of power during peak demand [15]. 



 

Additionally, V2H-B can be considered as the backup energy source in the situation of 

a power outage or grid failure [16], when EV acts as a voltage source to supply power 

for the home [17]. On the positive side, fewer complex transmission line structures from 

the grid, higher level of grid stability, and lower grid energy requirement are achieved 

in V2H [18]. Conversely, the grid power losses, stabilization of load, and demand for 

energy should be taken into consideration in this technology [19]. The minimum com-

ponents required for V2H technology are an EV/PEV, a bidirectional charger, smart 

meters, home EMSs, home electric appliances, and a small-scale distributed energy 

generation [20, 21]. The combination of renewable energy sources with EVs as a power 

source in homes/buildings can increase energy efficiency [7, 15]. Based on the SOC 

level in the battery of EV, electrical appliances receive energy as long as the vehicle is 

plugged into the smart home, using the uninterruptible power supply (UPS) [22]. V2H 

applications can be authorized for both linear and nonlinear electric appliances and 

contain two divisions which are the use of EV in isolated systems as a voltage source 

and its operation in the grid-connected case as offline UPS respectively [23]. The AC-

DC/DC-AC and DC-DC power converters, which are part of bidirectional EV chargers 

are connected to a DC-link in V2H systems [22]. The DC-AC converter section has the 

functionality of working as a voltage source with four-quadrant conversion static syn-

chronous compensator (STAT-COM) functionality and can control the frequency and 

amplitude of 50Hz loads in addition to synthesizing with the grid voltage. At the same 

time, the DC-link regulation is conducted by the DC-DC converter section [22]. More-

over, if the vehicle is connected to home, both converters act as an AC-DC/DC-AC 

converter, which can switch quickly between H2V/V2H modes [21, 24]. The notion of 

V2H-B can be extended to multiple numbers of houses and buildings providing EVs 

and roof-mounted PV systems with the advantages of a wide-spreading provision of 

energy to other grid-connected houses [25].  

In building-to-vehicle-to-building (V2B2) solution, the energy is exchanged among 

different buildings by EVs [26]. This concept for the first time considered an office 

located in another building in addition to the V2H technology, and was proposed in 

[19]. The comparison between the proposed cases for V2B2 in [19], demonstrated that 

the existence of swappable extra battery pack with that of EV in the selected home, 

which has roof mounted PV systems reduced the required energy [19].  

The sensitivity analysis of V2B2 scheme in Naples, Italy with Mediterranean climate 

is conducted in [26], with the prominent idea of exploiting the off-site renewable energy 

from smart home via EV, which transfers battery stored energy to buildings. In this 

investigation, the office in the building, as well as the home both, have HVAC systems 

and appliances, while the installation of building-integrated PV panels is on the tilted 

roof of the home or south façade of the office. And the swappable battery packs are 

located inside the home. It is concluded that the highest percentage of energy-saving is 

related to the situation when the battery swap option was added and the PV panels were 

installed in the home [26].  

An integrated FCEV to grid system including 4 kW PV panels, a residential house, 

and Hyundai ix35® as a FCEV with a hydrogen storage capacity of 5.6 kg was con-

ducted and tested during winter time in a village situated in the Netherlands [27]. The 

main difference in FCEV is that in addition to battery energy, the remaining energy 

from the chemical conversion of hydrogen to electricity would be sent back to the 



 

grid/house/building. The proposed scenario concluded that from 3kW up to 10kW elec-

tricity production of FCEV was efficient; however, hydrogen requirement increased 

linearly with a rose in power output [27]. 

3.1 Bidirectional EV chargers and Wireless systems 

The bidirectional charger combined in PEVs, permits the transmission of power in both 

directions (V2H and H2V) [28]. Different types of bidirectional chargers such as DC-

DC converters, high gain non-isolated converters, and isolated converters are reviewed 

in [29]. These converters charge the battery of the vehicle in low SOC by the power 

grid or by home renewable energy sources, while the energy can be transferred back to 

the grid/home in high SOC of the battery [28]. The DC-DC half-bridge converter func-

tions as a buck converter, which controls the battery current in charging mode and op-

erates as a boost converter in discharging mode [23]. With these converters, a lithium-

Ion battery of the EV charges up to 80% of the battery capacity under constant current 

and then charges the remaining 20% with constant voltage [23].  

The difficulties and complicated configuration of these wire-dependent, conven-

tional bidirectional V2H systems resulted in the design of wireless topologies [30, 31]. 

Wheel wireless charging systems are installed in the tyre of the wheels, with the parallel 

connection structure of coils, in order to reduce the size of the air gap created between 

the receiver coils of vehicles and transmitter coils installed in the floor area of buildings 

or parking lots [32]. The coils have ferrite core bars and are circular with the existence 

of an air gap in the middle with the functionality of transmitting and receiving the power 

from the vehicle to home and the other way around [31]. 

4 Proposed Electric Vehicle Technology for V2H, V2B, V2G 

Plug-in battery-based EVs, plug-in hybrid EVs, and hydrogen FCEVs have the poten-

tial to be connected to the electric power grid, residential houses, and/or other buildings. 

However, the use of fuel cell-based EVs is not widely tested in real situations. The 

following sections provide details of EV technologies. 

4.1 Battery based EVs 

The battery electric vehicle (BEV) includes a battery pack for on-board or off-board 

charging [33], which powers the electric motor [34]. The main deficiency with regards 

to PEVs is that the total required electric energy for propulsion of the electric motor 

should be obtained through electrochemical energy conversion [35]. The key issue with 

battery-based EVs is battery degradation which can significantly affect the benefits of 

extending the V2-X technologies. Calendar ageing, SOC, depth of discharge (DOD), 

and temperature are some factors which cause battery degradation [36-38]. The physi-

cal battery degradation leads to a capacity fade, which causes a reduction in vehicle 

efficiency and increases in internal resistance [38]. As a result, the reduction in battery 

capacity reduces the driving range of vehicles and the remaining energy for V2H-B 



 

systems [10]. Over time a chemical side reactions capacity in the battery lead to capac-

ity fade up to a three-fourth of its initial value in 16 years and eight months, without 

being used in battery-based cars [39]. An eight hours vehicle battery usage for V2H 

system showed two years reduction in pack lifetime compared to the use of battery 

packs solely for mixed-cycle driving [39]. Installation of a 50-150% larger battery ca-

pacity in the examined EV led to an extension of battery life with a year and seven 

months of life reduction in the proposed V2H system [39]. As a result, a controlling 

strategy that optimizes the demand for battery storage energy usage can reduce degra-

dation and increase the battery life [40]. 

4.2 Plug-in Hybrid EVs  

The limitations of BEVs, such as long charging time, a fast discharge rate led to the 

design of plug-in hybrid electric vehicles (PHEVs) [41]. The battery pack is connected 

to the electric motor and can power the vehicle during the conventional engine opera-

tion or alone [42]. In PHEVs compared to hybrid electric vehicles, an additional battery 

charger and socket are added to obtain energy from the power grid [42]. PHEV, when 

the SOC of the battery is low, the conventional motor powers the vehicle until the bat-

tery replenishes to its maximum SOC level [42]. Also, during a low SOC, the battery 

pack in the process of the recuperation of the kinetic energy operates as a buffer in order 

to increase engine efficiency [43]. As high energy density and power density of in-

stalled energy storage systems (ESSs) are the main requirements for PHEVs, the com-

bination of supercapacitors (SCs) and batteries is an effective way to extend the battery 

life [44], and increase the overall performance of the vehicle [44]. However, optimiza-

tion of the battery size and the SC, as well as the implementation of an EMS, are nec-

essary to ensure the battery is protected [44], from capacity and power fading [45].  

4.3 Hydrogen based EVs 

Fuel cell-based EVs power the vehicle by electrical energy generated from the chemical 

conversion of hydrogen [46]. Moreover, the fuel cell can be combined with other ESSs 

such as battery packs and SCs as an auxiliary energy source, which introduces fuel cell 

hybrid electric vehicles (FCHEVs) technology [47]. A novel fuel cell/ battery/ SC hy-

brid electric vehicle using PWM technique was proposed in [48], in order to provide 

three-phase current demonstrated a power efficiency of 96.2%. Different combinations 

of the fuel cell with SC and battery packs are explained in [33, 49]. The combination 

of SC and battery reduces hydrogen fuel consumption [50], and the size of fuel cell 

stack [49]. Also, this combination enables the provision of instantaneous power re-

quired during acceleration and regenerative braking process[51].  

Algorithms for various hybrid energy integration and interaction of proposed electric 

vehicles as well as a conventional and bio-based vehicle to buildings are evaluated and 

discussed in [52]. The technical interaction of different vehicles including hydrogen 

FCEVs, biofuel-based vehicles, battery electric vehicles and gasoline-based vehicles 

with buildings were presented in [52]. However, the investigation and implementation 



 

of these scenarios are not examined and compared in the existing buildings, in order to 

find the most optimal system. 

5 Recommendation for Future V2H, V2B, and V2G systems  

Based on the review, the following recommendations can be provided for a compre-

hensive V2-X solution: 

Integration of V2-X solutions with FCHEVs, including fuel cell as well as ESSs (SC/ 

battery pack) can be the subject for future research. The consumption of hydrogen 

would be reduced in comparison with the integration of FCEV in the same situation. 

This is because the hybridization of fuel cell and SC/battery can improve the driving 

range and fuel economy of vehicles. However, the availability of hydrogen refueling 

stations can influence the decision about the reduction of hydrogen fuel requirement. 

Such a consideration can limit the advantages of fuel-cell based vehicles as a better 

solution for V2-X compared to PEVs. 

Further research should be conducted in order to evaluate the need for a swappable 

battery for V2B2 system integrated with FCEVs/FCHEVs. Furthermore, in FCHEVs 

with both SC and battery pack, the size of the battery pack is smaller compared to that 

of FCEV. As a result, the integration of V2-X solutions with FCHEV reduces the size 

of swappable battery required for the situations when the EVs provide power for a 

house and an office in another building. This reduction in the size of battery energy 

storage reduces the cost of the battery pack. However, an investigation is required to 

evaluate whether the smaller size of the battery pack can be used as an alternative to an 

energy storage system in terms of storing the generated energy by PV systems. 

The swappable battery is suggested for the scenario considering the energy demand 

of a residential house and an office in a large building. The idea can be expanded to 

combine these vehicles with large commercial buildings such as universities with sus-

tainable renewable energy systems. As the energy requirements of these buildings are 

much greater than residential buildings, the minimum number of EVs should be iden-

tified, in order to meet the NZEB concepts. Furthermore, the construction of parking 

lots creates the possibility of connecting vehicles-to-vehicles, which would enable ve-

hicles to supply power to other vehicles and large buildings in addition to the residential 

houses of their owners. However, in this case, a combination of EVs (PHEVs, PEVs, 

FCEVs, and FCHEVs) can be used. Further research is needed to carry out the number 

of required swappable batteries when large buildings are taken into consideration. Fur-

thermore, the use of swappable batteries would not be the best option, which increases 

the need for other storage solutions such as large energy storage systems as well as the 

existence of electrolyser/fuel cell stack in the building system. 

6 Conclusion  

Various types of EVs used for V2-X is operating as an auxiliary energy supplier in 

addition to renewable energy systems for smart houses and buildings. Integrating elec-

tric vehicles with buildings benefits from the use of off-site energy sources. These 



 

sources can be EV battery packs in addition to on-site renewable energy systems such 

as PV panels. The main aim of this integration was to shift the peak energy requirement 

of buildings to off-peak, meet the NZEB concepts, and provide backup power during a 

grid power outage. Problems such as, power quality and power losses caused by a long 

transmission line of V2G technologies led to the introduction of V2H (for a residential 

house) and V2B (for both residential and commercial buildings) solutions. Some stud-

ies introduced EVs as an alternative to large battery energy storage systems in build-

ings. While a few studies concluded the existence of a swappable battery pack similar 

to that of the vehicle was the best option. These studies expanded the V2H-B concepts 

by considering the energy demand of an office in a large building along with a residen-

tial house. Furthermore, local climate conditions should be taken into consideration, as 

the amount of generated energy from PV systems is significantly dependent on solar 

radiation. The FCEV was integrated with the grid, a PV system, and a house. The con-

clusion of this combination was that the hydrogen-fueled vehicle could reduce the neg-

ative impacts on the installed battery pack. This is because the battery was not the pri-

mary energy source and the main energy was provided by hydrogen. The combination 

of V2-X technologies with EVs can be expanded to a greater number of houses, build-

ings, and the power grid. Consequently, recommendations have been made in regard to 

further studies which evaluate whether fuel cell-based vehicles and swappable batteries 

are the best solutions for larger buildings by considering economic, required services, 

technology, and environmental impacts concerns. 
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