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A B S T R A C T

Clean power production, buildings, and transportation are key areas for climate change mitigation. Their tighter
integration decreases not only the emissions, but also the energy consumption of buildings and transportation.
Energy integration and interactions between buildings and vehicles are dependent on the type of building,
vehicle, and renewable energy system, as well as the local climatic conditions. The current academic literature
does not provide a systematic analysis of this topic. In the study, different energy management systems and
advanced energy control strategies have been formulated to study such interactions both from a building and a
vehicle perspective. Furthermore, technical solutions have been systematically reviewed in terms of the en-
hancement of energy interaction capabilities, in particular from the standpoint of renewable energy systems,
energy/fuel charging facilities, and control strategies. Assessment criteria employed in the review of solutions
include grid interaction, annual operational cost, annual net CO2 emissions, and annual matching capability. The
literature review identifies several technical challenges that need further consideration such as capacity ex-
pansion and power fluctuation of the electric grid, low efficiency of heat recovered from electricity generation,
and depreciation of vehicles. The future outlook and potential for the energy interaction networks between
buildings and vehicles have also been presented.

1. Introduction

The dependence on fossil fuels has resulted in a global environ-
mental crisis, which jeopardises the existence of both modern society
and natural ecosystems. For example, in Hong Kong, buildings ac-
counted for 64% of the total energy consumption and transportation
accounted for 31% [1]. From the perspective of end-use energy con-
sumption, the energy consumption share of private vehicles increased
from 18% to 24% from 2003 to 2013 due to the increased share of
private vehicles in the market. At present, the renewable energy utili-
sation and energy efficiency improvement for both domestic usage and
transportation have attracted an increasing interest all over the world.
From the perspective of transportation, in comparison with traditional
fuel-based vehicles, vehicles supported by the new energy sources, such
as clean electricity, hydrogen, and biofuels, have been regarded as a
promising solution to environmental problems [2]. Moreover, from the
perspective of energy consumption, the transition from traditional fuel-
based vehicles to renewable-supported vehicles will decrease the

dependence on fossil fuels, mitigate the energy crisis, and reduce en-
vironmental pollution. In addition, compared to the traditional fossil
fuels, renewable energy sources are more diversified, such as wind
energy, solar energy, geothermal energy, biofuels, and so on.

With the rapid development of the vehicle technology, energy in-
tegrations and interactions between buildings and vehicles have drawn
widespread attention among researchers, engineers, and manu-
facturers. A systematic overview of the energy integrations and inter-
actions between buildings and vehicle is highly required to present the
current situation and the challenges. The investigated vehicles include
electric vehicles (EVs), hydrogen vehicles (HVs), and biofuel-based
vehicles. The shared energy forms are diverse, including electrical en-
ergy, thermal energy, and fuel energy. Recently, for battery-based EV
integrated building systems, researchers have focused on multi-objec-
tive investigation and optimisation, including energy consumption,
greenhouse gas (GHG) emission, annual matching capability, and an-
nual operational cost. In the academic world, the research objectives
and methodologies concerning battery-based EV integrated building
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Abbreviations

ABS absorption chiller
B2G building-to-grid
B2V building-to-vehicle
CO2 carbon dioxide
CEF equivalent carbon dioxide emission factor
CWT cooling water storage tank
CHP cogenerated heat and power
DSM demand-side management
DEMS district energy management system
DHW domestic hot water
EMS energy management system
EVSE electric vehicle support equipment
EVs electric vehicles
FC fuel cell
FCEV fuel-cell electric vehicle
GHG greenhouse gas
GSHP ground source heat pump
G2V grid-to-vehicle
G2B grid-to-building

HVs hydrogen vehicles
H2 hydrogen
HEVs hybrid electric vehicles
HVAC heating, ventilation and air conditioning
ICEs internal combustion engines
NPV net present value
NZEV net zero energy/emission vehicle
ORC Organic Rankin Cycle
PEV plug-in electric vehicle
PHEV plug-in hybrid electric vehicle
PV/T photovoltaic/thermal
PV photovoltaic
RE-HW excessive renewable-hot water
SOFCs solid oxide fuel cells
TE thermal-electrical
TEG thermoelectric generator
TES thermal energy storage
V2B vehicle-to-building
V2G vehicle-to-grid
ZEB zero energy building

Fig. 1. Outlines of the energy integration and interaction between buildings and vehicles.
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systems can be classified into energy management strategy optimisation
based on the uncertainty of both renewable generation and the driving
schedule [3,4], economic performance enhancement by optimising the
drivers' behaviour with respect to different building categories [5], an
accurate sizing approach of the renewable capacity with high levels of
EV integration [6], and optimisation of the layout of the EV charging
infrastructure [7]. Meanwhile, integration of HVs with buildings has
attracted increasing interest recently, especially with the availability of
fourth-generation technologies such as the H2 storage tank with a
maximum pressure of 700 bars [8,9] and fuel-cell technologies for the
oxidation process of H2 [10,11]. In the available literature, studies on
the energy integration between HVs and buildings are focused on the
annual net zero energy/emission balance [12,13], grid interaction
[12,13] and the annual matching capacity [12], the annual operational
equivalent CO2 emission, and the relative net present value [14].
However, in the available literature, research focusing on the energy
interaction between the fuel-based vehicles and buildings is quite lim-
ited. With respect to different energy forms, advanced energy conver-
sions, diversified energy storages, and hybrid grids’ interactions, several
interactive energy sharing networks are formulated and designed in this
study to bridge the research gap. In regard to conventional gasoline-
based vehicles, the energy forms can be thermal and electrical energy
depending on the available exhaust heat recovery technologies, such as
thermoelectrical devices [15], the Organic Rankine Cycle [16], and the
turbocharger system [17]. For biofuel-based vehicles, in addition to
both thermal and electrical energy, the biofuel can be used to drive
biofuel-based equipment for domestic usage, such as the biofuel boiler
and biofuel cogenerated heat and power (CHP).

From the perspective of building performance, several assessment
criteria are available, such as the grid interaction, annual matching
capability, annual equivalent CO2 emission, and annual operational
cost. In addition, recently, both flexibility [18,19] and smart readiness
indicators [20] have attracted researchers’ attention for fulfilling the
targets of energy efficiency, flexible buildings [19], and adaptive op-
eration in response to the requirements of the occupants and hybrid
grids [20]. Several technical solutions have been already investigated in
the literature, such as the excess REe-thermal recharging strategy [21]
and flexible operation of the battery energy storage systems [22].
Moreover, there are other technical solutions worthy of serious in-
vestigation in terms of enhancing the building performance and rea-
lising flexible buildings. These technical solutions include demand-side-
based flexible operation of heating, ventilation and air conditioning
(HVAC) system, integration of vehicles, thermal mass storage of the
building facade, excess renewable energy for recharging the electric

vehicle battery, and the energy interaction between different buildings
by means of transportation, such as private vehicles, public shuttle
buses, and metros.

2. Methodology

A state-of-the-art literature survey of the energy integration and
interaction between buildings and vehicles is conducted following the
outline listed in Fig. 1. Buildings include residential buildings and
public buildings (such as official, commercial, and industrial buildings).
Vehicles include the battery-based EV, fuel-cell electric vehicle (FCEV),
gasoline vehicle, and biofuel-based vehicle. A systematic approach to a
hierarchical energy management system (EMS), including buildings,
vehicles, and hybrid grids, has been adopted to review the current
energy interaction networks from the perspectives of buildings and
vehicles. Furthermore, a hierarchical energy control strategy has been
proposed to promote the smart energy interaction network in the fu-
ture.

This review is divided into five main sections. In the first section,
energy integrations and interactions between buildings and EVs have
been reviewed with respect to different vehicles and the EMS. The re-
viewed EVs include hybrid electric vehicles (HEVs), pure electric ve-
hicles, and FCEVs. This section includes four subsections, including
battery-based EVs, FCEVs, the role of the electric grid, and the EMS for
the interactions between buildings and EVs. In the second section, the
energy interactions between buildings and fuel-based vehicles (con-
ventional gasoline-based vehicles and biofuel-based vehicles) are de-
monstrated. In the third and fourth sections, capabilities for the energy
integrations and interactions are reviewed from the perspectives of both
buildings and vehicles, respectively. In the fifth section, on the basis of
our literature review, several EMSs have been formulated for the future
energy interactions between buildings and the vehicles. Both challenges
and opportunities from the technical perspective are demonstrated
from the standpoints of buildings, vehicles, and hybrid grids, respec-
tively.

The holistic view of the energy integration and interaction between
buildings and vehicles is summarised in Table 1. As shown in the table,
the objectives of the hybrid energy interaction network include the grid
interaction, matching capability between the renewable energy and the
building demand, equivalent CO2 emission, operational cost, net pre-
sent value (NPV), and the indoor thermal comfort. Readers are sug-
gested to check the listed references for the underlying mechanism of
different energy interaction networks.

Table 1
Holistic view of the energy integration and interaction between buildings and vehicles.

Vehicle Type Battery-based EV [3,23–37]; ICEVs and EV [39,49]; Hydrogen fuel cell electric vehicle (FCEV) [13,21,40,43,50,51]

Renewable Energy Solar PV [38]; Wind turbine [48]; PV and wind turbine [53]; Distributed generator [5]

Building Type Residential buildings [13,26,27,32,39,40]; Office building [3,43]; Commercial/industrial/office building [31,46,50];
Building clusters (office, restaurant, hotel and warehouse) [5]; University building [24]; Standalone retail building [23,50]

Storage BEV storage [35]; Electrical and thermal storages [5,32]; Hydrogen and thermal storages [40]
Renewable Energy Solar photovoltaic [3,13,23,27,28,37,41–43]; On-site PV, solar thermal collector, GSHP [49]; Photovoltaic panels and wind

turbine [36,40]; GHSP, PV and wind turbine [21,29]
Grid Electricity Electric grid [5,23,26,30,33,36,40,41,43,45,50]

Heating/Cooling Electrical and thermal grids [52]
Fuel Natural gas grid [28]

Energy management control Demand side management [23] (adjustion of the cooling [44], RE-DHW [12], demand response [3], grid response [45]);
Optimisation-PV power predictions and electricity demand 37, model predictive control (MPC) [32];
Photovoltaic penetration in household with integration of PEVs [29] and HVs [63];
Active end-user's participation in energy management systems (EMS) with RES, EVs and ESS [3];
EVs and PHEVs are served as miniature power stations to support the electric grid [77];
Smart scheduling or smart charging of the EVs [35,37,41]

Interaction B2G [45]; V2B, G2B [3,4,23,40,58,107]; G2B [43,47]; V2G [13,38]; V2G, G2V [34,36]; V2G/V2B [5,108,141]; V2G, G2V, V2B, B2V, and V2V [26,35]
Objectives Grid interaction [13,21,34,40,43,45–47]; Matching capability [13,27,36,40,43]; Equivalent CO2 emission [28–30,33,39,42,43,49,50,130];

Operational cost [3,5,6,23,24,31,35,43,47]; Life cycle cost or NPV [14,49]; Thermal comfort, power consumption [4]
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3. Energy integration and interaction between buildings and EVs

3.1. Buildings and battery-based EVs

By implementing a unit for controlling the bidirectional power flow,
the vehicle-to-building (V2B)/building-to-vehicle (B2V) interaction can
be realised for reducing the reliance on the electric grid for both do-
mestic usage and transportation. The concept of the V2B interaction is
shown in Fig. 2. The primary objective is to flexibly adjust the operation
of both the EV battery and the HVAC system in a building supported by
renewable systems to satisfy the needs of the building occupants and
the electric grid. From the available literature, several researchers have
concentrated on the enhancement of energy sharing and renewable
energy penetration by integrating battery-based EVs with buildings
[3,5,6].

In general, by integrating EVs with buildings, several anticipated
objectives can be realised, which are briefly summarised as follows:

1) cutting energy consumption of buildings and transportation with an
increased share for the renewable system;

2) reducing the import/export pressure on the electric grid;
3) shifting peak loads to sub-peak or off-peak periods and reducing the

annual operational cost via the schematic operation of smart grids,
smart vehicles, and smart buildings;

4) providing flexible energy for domestic usage and transportation
with smart EV charging strategies and flexible demand-side man-
agement (DSM).

In other words, all above-mentioned objectives can be briefly
summarised as the grid interaction, annual matching capability, annual
net equivalent CO2 emission, and annual net operational cost. Table 2
summarises the holistic view of the energy sharing and interaction
between buildings and battery-based EVs. Readers are suggested to
check the listed references for different research methodologies and
underlying mechanisms regarding different energy interaction net-
works. The challenges for the buildings and vehicles interaction net-
work include the stochastic characteristic of the driving schedule of the
electric vehicle [3], the accurate sizing approach of the renewable ca-
pacity with respect to different levels of the EV integration [6], and the
impact of the building categories on the energy interactions considering
both the occupants' and drivers’ behaviours [5].

3.2. Buildings and FCEVs

The energy interaction network between HVs and buildings has
attracted increasing interest recently, especially due to the availability
of fourth-generation technologies such as the H2 storage tank with a
maximum pressure of 700 bars [8,9] and fuel-cell technologies for the
oxidation process of H2 [10,11]. Several HVs from different manu-
facturers have become commercialised recently, such as the Toyota
Fuel Cell Hydrogen Vehicle-Advanced [64], the Toyota Mirai [65], the
Hyundai Tucson Fuel Cell HV [66], and the Honda Clarity [67]. Ac-
cording to the results in Ref. [68], the annual imported electricity from
the electric grid is reduced by 71% when FCEVs are integrated into the

vehicle-to-grid (V2G) system. The underlying mechanism of the energy
interaction network between buildings and HVs is that the H2 storage
tank is discharged to activate the fuel cell in order to generate power for
the building applications, and the source of the H2 can be from either a
renewable-driven electrolyser or a H2 station. The energy integration
between FCEVs and buildings is highly dependent on the efficiency of
both the electrolyser and the fuel cell, renewable capacities, the dy-
namic building load, the stochastic driving schedule, and so on. This
section first reviews the energy interaction between the fuel-cell EV and
buildings with diversified energy conversion, advanced energy storage,
and electric grid interactions. Afterwards, assessment criteria are pre-
sented and technical solutions are proposed to improve the technical
effectiveness of the energy interaction network between HVs and
buildings.

As shown in Fig. 3(a), the EMS for the interaction between hydrogen
FCEVs and buildings comprises the on-site renewable system, the in-
tegrated H2 system of hydrogen FCEVs, and the hybrid thermal storage.
The hydrogen in the FCEVs can be either bio-hydrogen or electricity-
driven hydrogen. The bio-hydrogen can be generated from food waste
[69] and fermentation effluents [70]. Readers are suggested to refer to
our previous studies [40] for more detailed information on the in-
tegrated H2 system of electricity-driven hydrogen FCEVs. The assess-
ment criteria for the energy interaction network between buildings and
HVs can be summarised from perspectives of energy, environment, and
economy as listed in Table 3.

Cao et al. [40] investigated the technical feasibility of HV integra-
tion with a residential zero energy building (ZEB) in Finland. Their
results showed that the proposed hybrid system can enhance the annual
matching capability, realise zero-emission HVs, and reduce the cruise
anxiety of HV drivers with convenient accessibility to the H2 refuelling
station. In addition, Cao [12] also compared the difference between
using HVs, using electric vehicles (EVs), and not using any vehicles
from the perspectives of the energy and environment. According to the
results, compared to the EV, the HV was more demanding in regard to
the annual net zero energy/emission balance due to the lower efficiency
of the HV system. Moreover, technical solutions, such as relieving the
condition for discharging the vehicle storage and adopting an excessive
renewable-hot water (RE-HW) recharging strategy, are effective in
improving the annual matching index. Cao et al. [21] also investigated
the impact of the ground source heat pump (GSHP) and different con-
figurations of hybrid renewable systems on the performance of the
energy interaction network. Their results indicated that the GSHP is
beneficial for realising net zero energy balance and improving the
overall matching capability. The optimal configuration of the hybrid
renewable system includes a PV generation share of 20% in Helsinki
and 60% in Freiburg, respectively. Robledo et al. [13] investigated the
effect of the FCEV integration on the energy interaction between the net
ZEB and the microgrid. The investigated system included 10 all-electric
dwellings and 5 different FCEVs. Their results showed that the annual
imported electricity from the grid can be reduced by 71% with the
FCEV integration. Moreover, the FCEV integration is beneficial for
realising a ZEB. From the economic standpoint, Cao et al. [14] con-
ducted a parametric study on the ZEB integrated with a zero-emission
HV. Their results indicated that the on-site H2 system will not show any

Fig. 2. Vehicle-to-building (V2B) concept [24,25].
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benefits in regard to both the equivalent CO2 emission and the relative
NPV unless the cost of the electrolyser is lowered to 2000 EUR/kW.

Due to the limited space for installing a renewable system in high-
rise buildings, several studies focused on installing a renewable system
in vehicles, such as vehicle-integrated photovoltaics, a vehicle-based
wind turbine, and a hybrid power source. For EVs itself, Fathabadi [53]
proposed, designed, and constructed a battery/PV/wind hybrid power
source for replacing the internal combustion engine with a small-size
photovoltaic and a micro-wind turbine. According to the results, the
renewable energy system can extend the cruising range by 19.6 km. The
power efficiency and the speed can be increased by 91.2% and by
121 km/h, respectively. Mobile renewable sources on vehicles have also
attracted increasing attention among manufacturers, such as the Prius
Prime by Toyota [68]. In 2010, when the Toyota introduced the 2010
Prius, the automaker provided an optional solar panel on the car roof.
Furthermore, the Toyota automaker has further developed the latest
2017 Prius Plug-In (the Prius Prime) with the double cruising range
than the previous model, meeting the daily commuting distance of
drivers.

3.3. Role of the electric grid for interactions between buildings and EVs

In order to actualise the energy balance of the system, the function
of the electric grid is to back up the energy demand of both the building
and the EV during the renewable shortage period and to “absorb” the
surplus renewable energy during the renewable surplus period as a
virtual energy storage. The grid interaction is dependent on the real-
time building energy demand, the renewable energy generation, the
charging/discharging of the storage systems, and so on. Compared to
the system without any EV integration, additional energy demands
need to be considered when EVs are integrated with buildings, such as
the energy consumption of transportation and the energy loss during
the charging processes. Moreover, renewable energy generation, such
as that of solar PVs, is negatively correlated with the energy demand
from the annual and the diurnal aspects. This will lead to challenges for
the energy interaction network, such as the high import/export stress
on the electric grid and the high economic investment for grid main-
tenance and reinforcement. To the best of our knowledge, the export
cost to the electric grid is generally cheaper than the import cost from
the electric grid [72,73]. In some regions, surplus electricity is not al-
lowed to be exported to the grid to avoid imposing an additional export
stress on the grid. Integrating a home-charged plug-in electric vehicle
(PEV) with buildings is regarded as an economic-competitive approach
due to the capacity expansion of the battery storage. Moreover, a smart
PEV charging/discharging schedule and smart DSM will increase the
flexibility of the energy interaction network [3]. In addition, different
energy sharing networks can be possible to interact with each other
with the mobility and energy storage of the vehicle fleets. This section
aims to review the function of the electric grid in the energy interaction
network between buildings and EVs, and the realisation of energy

interaction between different energy sharing networks. The contribu-
tions of energy storage systems, renewable systems, and the energy
management control strategy on the smart grid have been reviewed
under different energy interaction schemes, including building-to-grid
(B2G), vehicle-to-grid (V2G), grid-to-vehicle (G2V), and grid-to-
building (G2B).

In the available literature, several studies have focused on the role
of the electric grid from several different perspectives, such as the en-
ergy balance, annual net operational cost, and environmental concerns.
Kolokotsa [74] indicated that the efficiency and reliability of a smart
grid can be enhanced through automated control, high-power con-
verters, infrastructure for modern communications, sensing and me-
tering technologies, and modern energy management techniques. In the
academic world, the grid is also regarded as the boundary for grid in-
teraction, the annual operational cost analysis, and the annual net
equivalent CO2 emission. Thomas et al. [3] conducted a case study with
respect to different renewable energy sources, EVs, and energy storage
systems. The dynamic electricity imported from or exported to the grid
multiplied by its hourly tariff is regarded as an objective for the daily
cost analysis. Their results showed that, compared to the deterministic
schedule of EVs, the total expected daily cost was lower in the sto-
chastic approach. Meanwhile, the contribution of buildings and EVs to
the electric grid has also been studied in the available literature. As a
movable energy storage system, V2G interaction can stabilise both the
voltage and the power of the electric grid via the operation of the EV
battery [75]. Recently, researchers have focused on grid power stabi-
lisation [33] and capability enhancement of the grid power supple-
mentation [34]. In Portugal, to stabilise the grid power, Nunes et al.
[33] predicted the impact of EV integration on the dependence on gas
power plants in 2050. Their results showed that by integrating EVs for
grid stabilisation, the gas share ratio is reduced from 10.2% to 0 and the
surplus energy is reduced from 1.5% to 0. Chakrabarti et al. [76]
conducted an optimisation and analysis of system integration between
electric vehicles and decentralised energy schemes in the UK. According
to their results, revenue streams can be increased by about 11% when
integrating commercial electric vehicles with local district heating
system. In some regions where the electric grid is weak such as the
islands [77], the mobile storage of the EV battery can support the weak
grid and enhance the capacity of the electric grid for domestic usage.
Colmenar-Santos et al. [34] indicated that by integrating EVs with
buildings, the grid's capability can be enhanced in terms of supporting
domestic usage. In regard to buildings' contribution to the electric grid's
stability, Lawrence et al. [45] indicated that the contribution of
buildings to the grid's stability was dependent on both the smooth op-
erations of the building energy systems and interoperable data ex-
change technique. However, it is problematic to integrate the new
controller and advanced technologies with buildings due to the mis-
match between older HVAC systems and advanced building control
technologies. Kolokotsa [74] demonstrated the flexibility provided by
buildings to the smart grid framework with flexible building demand.

Table 2
A holistic view of the energy integration and interaction between buildings and battery-based electric vehicles (EVs).

Renewable energy Solar photovoltaics [23]; Grid-tied and off-grid connected solar panels [28,42]

Building type Retail building [23]; Building cluster [5]; University building [24]; Residential community [26]; Commercial and industrial buildings [31]
Interaction mode B2V and V2B [23]; V2G,V2B and B2V [5]; V2B and B2V; Multiple B2V charging and V2B discharging modes [26]; V2B [49]
EMS EV's fast charging and demand side management [23]; The EV charging schedule optimisation [29]; An efficient V2B/B2V network [5]
Research objectives Energy Building demand/grid

interaction
Building electric load [23,24]; Building energy efficiency and customer comfort [4]; Grid interaction
index [57]; Capacity factor [59]

Matching Solar fraction [27,41,52,55–60]; Load matching index [27,57]; On-site energy fraction and the on-
site energy matching [52,62,63]

Building energy flexibility [18,19]
Smart readiness of building energy system [20,61]

Emission Net equivalent CO2 emission [28,30,39,42]
Net operational cost Time-of-use prices of the electricity [54]; Emission cost for the electricity production [54]; Economic savings [26]; Drivers' and the

occupants' behaviors [5]
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Their research gives an insight into the benefits that buildings and
communities can provide to stabilise power and to improve the fast
response of smart grids. From the perspective of energy interaction,
renewable energy penetration and the annual matching capability are
dependent on the energy control strategy. Some researchers focused on

the optimisation of the energy control strategy, as shown in Refs.
[37,44,47]. In general, the optimisation of control strategy can utilise
various aspects, such as smart buildings [47], the renewable system
[43], EV integration [37], and the smart grid [44]. From the perspec-
tive of both buildings and the renewable system, by optimising the

Fig. 3. (a) Overall configuration of energy interaction between fuel-cell electric vehicles (FCEVs) and buildings; (b) the integrated H2 system of electricity-driven
hydrogen FCEVs.

Y. Zhou, et al. Renewable and Sustainable Energy Reviews 114 (2019) 109337

6



operational strategy, Jin et al. [35] addressed the uncertainty and the
intermittence of the building demand, the outdoor environment, and
renewable generation. Their proposed strategy was validated to be ro-
bust in terms of reducing the annual net operational cost, smoothing the
power curve, and ensuring both indoor thermal comfort and the energy
demand for transportation. Bulut et al. [47] proposed the concept of the
active building associated with energy demand flexibility. However,
further development of their proposed concept is constrained by the
expensive investment. On the basis of a study on the integration of
green cars such as hydrogen cars and electric cars with sustainable ci-
ties in the southeastern section of France, Islam [43] indicated that PVs
were more promising than other renewable systems in terms of the grid
interaction, the annual net operational cost, and the annual net emis-
sion. Their results showed that by integrating PVs and integrating green
cars with office buildings, the imported electricity from the grid is re-
duced by more than 43%, and the electricity cost is reduced by 10%.
Moreover, the total annual net emission to the environment is reduced
by more than 90%. From the perspective of EVs, on the basis of a
heuristic algorithm, Umetani et al. [37] developed a linear program-
ming to intelligently charge and discharge batteries. Moreover, the
impact of the smart charging/discharging schedule of EVs on the peak
load reduction has also been investigated. The study results showed
that regardless of the limitation of the net feed-in tariff system, the
computational results provide an incentive to individual enterprises to
integrate EVs with buildings.

3.4. EMS including buildings, EVs, and grid

In order to enhance the energy performance with respect to dif-
ferent performance assessment criteria, it is essential to strategically
control the EMS. In general, there are several different EMSs for dif-
ferent renewable systems, diversified energy conversions, hybrid en-
ergy storage systems, different vehicle interactions, and different en-
ergy control strategies. In order to enhance the annual matching
capability between renewable energy and the total energy demand,
technical solutions have been investigated by researchers, such as dis-
tributed EMSs [78], home demand-side management [79], renewable
systems, and energy-efficient technologies such as the GSHP and the
solar thermal collector system [21]. The total energy demand can be
made flexible through the operation of the hybrid storage systems
[3,37,44] and the passive energy storage system, such as the utilisation
of the thermal mass of the building envelope [80]. With respect to
different performance assessment criteria, flexible energy demand can
also be achieved on the basis of grid information, such as the dynamic
grid feed-in tariff [81] and the dynamic equivalent CO2 emission factor
of the electric grid (CEFeg) [84]. Moreover, to enhance the energy in-
teraction between vehicles and buildings, several researchers have also
focused on the optimisation of the EV travelling schedule [3,26].

Cao et al. [21] investigated the performance of a hybrid zero energy
system including the renewable system, a ZEB, a zero-energy vehicle,
and energy-efficient technologies such as the GSHP and the solar
thermal collector system. Their results showed that the GSHP was
beneficial for realising net zero energy balance and improving the
overall matching capability. In order to support the EMS by levelling
the building energy demand, Aziz et al. [85] investigated the impact of
PV-hybrid storage systems (the EV battery and the re-used battery) on
the building electric demand. Their results showed that by strategically

controlling the charging and the discharging of the EV battery, the peak
electric demand can be successfully shifted to the valley period.
Moreover, by setting the threshold for cutting the electric demand, the
re-used battery is more effective than the EV battery in terms of flat-
tening the peak load. In the office building, Jin et al. [35,86] proposed a
hierarchical energy management strategy by regarding the EVs as a
flexible energy storage system. Their results showed that the daily op-
erational cost can be reduced at the day-ahead dispatch stage and the
electric power exchanges are flattened at the intra-hour adjustment
stage. The concept of DSM has also been proposed and studied by
Mesarić et al. [79]. According to the results, the DSM has been verified
to be effective and useful in terms of maximising renewable energy
penetration, and optimising both the schedule for charging/discharging
the EV battery and the time duration for operating service facilities of
the building. Moreover, regarding stand-alone buildings, the impact of
demand management strategies on the performance of the off-grid
building has also been investigated. For instance, Sehar et al. [23] in-
vestigated the impact of renewable energy and the integration of EVs in
terms of discharging the EV battery for domestic usage. According to
the results, compared to the only demand-side control strategy, the
power from the plug-in EV being discharged for domestic usage can be
increased from 7% to 38% via the operation of the demand-side control
strategy and integration of the solar PV. Rahbari et al. [36] developed a
new controller using an adaptive intelligent control strategy to address
the mismatch between renewable energy and the energy demand. The
studied EMS includes the traditional energy generation system (power
plant), the distributed/renewable generation unit (PV and wind tur-
bine), and the mobile energy storage system (EVs). According to the
results, the proposed controller was found to be more useful than other
controllers in terms of optimising the charging/discharging schedule of
the EV battery, sizing, and siting the parking lots of EVs. The passive
energy storage of the building envelope has also attracted researchers’
attention in terms of modulating the building demand. For instance, in
order to utilise the flexibility provided by the building envelope, Dréau
et al. [80] have proposed a control strategy based on the utilisation of
the thermal storage and heat conservation of the building envelope.
According to their results, compared to active storage systems such as
the battery and the thermal storage tank, a control strategy based on
passive storage was mainly dependent on the insulation, the emitter,
and the local weather conditions. From the perspective of the opera-
tional cost, energy control strategies in the EMS have also been in-
vestigated in accordance with the real-time price of electricity. In terms
of the DSM in commercial buildings, Wang et al. [81] investigated the
effect of the stationary battery EMS and EV integration on the cost
savings in accordance with the dynamic electricity price. Their research
shows that, the stochastic DSM is more economically competitive than
the deterministic DSM in terms of adapting to various load patterns,
different renewable capacities, and various electricity prices. Wu et al.
[82] optimised the battery size for a smart home by using convex
programming and analysing the historical electrical energy data of
three different homes located in California and Texas. The comparison
between the optimal results of the three different homes was conducted
in respect to various time horizons, maximal values of power to grid,
prices of battery energy storage systems, and home electricity use/de-
mand patterns. According to their results, the optimal battery energy
capacity and the maximum power for the three homes were in-
dependent of the charger price. Lazzeroni et al. [83] optimised the

Table 3
Summary of the assessment criteria of the energy interaction network between buildings and HVs.

Assessment criteria Energy Environment Economy

Metrics Energy balance [12,21,46,71]; Grid interaction [12,13,21]; Annual energy
matching capability [12,21,40]

Equivalent CO2 emission
[12,14,40]

Annual net operational cost and net present
value [14]

Interaction mode Zero-emission building integrated with a zero-emission hydrogen vehicle [12,14,21,40]
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optimal battery management for vehicle-to-home and vehicle-to-grid
operations, in terms of whether the excess PV generation was either
used to charge batteries or to partially cover the energy demand of the
house. According to their results, the annual cost saving can be around
25–30%, together with the increase of self-consumption of the PV
production.

The optimal operation of the EMS has also been investigated in the
literature. These optimisation approaches can be from the perspectives
of the renewable system [3], the charging/discharging schedule of the
EV battery [3,37], and smart buildings [81]. Thomas et al. [3] con-
ducted an economic analysis of the hybrid energy system including the
renewable system, EVs, and energy storage systems. According to the
results, compared to the basic case study, the total cost of the system
increased more evidently when there were no energy storage systems.
Umetani et al. [37] optimised the schedule for charging and discharging
the EV battery in a building EMS. From their results, the peak load was
reduced by coordinating the charging and discharging processes of the
EV battery. Furthermore, the uncertainties of both the building demand
and the departure time of EVs were addressed by the developed two-
stage heuristic algorithm. Salpakari et al. [87] proposed a cost-optimal
control strategy for energy management of the hybrid PEVs–building
system. According to their results, both the annual operational cost and
the grid interaction can be reduced by implementing a cost-optimal
control strategy. Furthermore, compared to the space heating load
control system, more flexibility can be provided by the PEV control
strategy. However, the additional battery degradation decreases the
economic competitiveness of the V2G. Wu et al. [88] developed an
optimal energy management strategy for a smart home, integrating the
PEV, renewable energy, and home battery. According to their results,
when implementing the optimised battery energy storage system, the
home did not need to buy electricity from the grid during peak periods.
Wu et al. [89] investigated the stochastic control of a smart home en-
ergy management, integrating the PEV and the photovoltaic array. The
stochastic model integrated a Markov Chain model of PEV mobility, and
predictive models of home power demand and PV power generation.
According to their results, in comparison with no optimal control case,
the cost saving ratio was 493.6% for a Tesla Model S and 175.89% for a
Nissan Leaf, when implementing the optimal stochastic dynamic pro-
gramming.

Moreover, several researchers investigated the EMS between multi-
combined district microgrids in the community. The concept of the
district EMS (DEMS) was first proposed in References [90,91]. Fanti
et al. [90] focused on the decrease of the electricity imported from the
electric grid by optimising the capacity of the renewable systems, the
thermal storage system, and the districts’ EVs. Both deterministic and
stochastic models for renewable energy generation have been

developed and implemented in their research. Their results showed that
the DEMS can provide incentives to policymakers for the energy man-
agement of cooperative microgrids. As shown in Fig. 4, Mirakhorli et al.
[91] proposed a model predictive controller for connecting the smart
home and the smart grid. The controlled components include the smart
HVAC, smart EV, smart water heater, and smart PV. A smart meter was
installed at the grid–home interface to send the signal to the electric
grid. Their results showed that in comparison with the traditional rule-
based control, the proposed price-based and behaviour-based control
strategies can increase the cost savings to 30% and to 42%, respec-
tively.

3.5. Discussion on real applications and future potential

Regarding the energy integration and interaction between buildings
and EVs, several critical techno-economic issues need to be considered
before the energy interaction technology can be widely accepted in the
market. Firstly, in an EV integrated energy sharing network, if there is
no economic incentive or subsidy for the depreciation of the EV battery,
vehicle owners may be reluctant to additionally charge their vehicles
due to the degradation of the EV batteries. Secondly, as there are dif-
ferent commercial products of EVs on the market, there are several
critical points which should be further considered, such as how to
seamlessly integrate the EVs with the building energy systems, and how
to provide reliable power during critical periods. Therefore, depending
on the type of EVs and buildings, a standardized building-EV interface
needs to be defined and set up. Moreover, the standardization of the
B2V and V2B interactions is still missing. Thirdly, regarding buildings
integrated with hydrogen-fueled FCEVs, the social acceptance of the
security of the high-pressure hydrogen storage tanks should be im-
proved. Lastly, with an increase of the integration of EVs into the local
or regional grid, the electric grid may suffer from the instability and
fluctuation of the V2B and B2V loads. This may require capacity ex-
pansion of the electric grid as well as updating of the energy manage-
ment strategies and controls in the local or regional energy systems.

4. Energy interactions between buildings and fuel-based vehicles

4.1. Buildings and conventional gasoline-based vehicles

The conventional gasoline-based vehicle can be integrated with
buildings with respect to different energy forms, advanced energy
conversions, and diverse energy storage systems. The internal com-
bustion engines (ICEs) in the gasoline-based vehicles can provide both
electrical and the thermal energy for domestic usage [93], such as heat-
recovered electricity, domestic hot water (DHW) heating energy, and

Fig. 4. Overview of the smart building to the smart grid interaction [91,92].
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both heating and cooling energy. Depending on different heat recovery
techniques, such as the thermal-to-thermal recovery and the thermal-to-
electrical conversion, the exhaust heat can be recovered to either
thermal or electrical energy. However, there are few studies that in-
vestigate the energy interaction between gasoline-based vehicles and
buildings. Moreover, technical solutions for realising the energy inter-
action are not straightforward. The impact of the energy interaction
between the gasoline-based vehicle and the buildings on the building
energy demand has not been quantitatively studied yet. In this section,
the available technologies are firstly reviewed in terms of recovering
the exhaust heat from ICEs with respect to different energy forms and
advanced energy conversions. Afterwards, an energy interaction net-
work is formulated to realise the energy interaction with advanced
technical solutions. Meanwhile, several challenges for realising sus-
tainable and efficient interactions have been demonstrated as avenues
for future research. Furthermore, a discussion for real application and
future potential has been included to indicate benefits from inclusion of
additional work in the future.

The feasibility of ICEs for domestic usage has been studied by
Ehyaei et al. [93] from the perspectives of the exergy, the economy, and
the environment. As shown in Fig. 5, in winter, ICEs can be operated to
generate electricity in order to cover the electric load of both electrical
appliances and light bulbs, and the electric demand of heat pumps. The
recovered heat in the exhaust heat exchanger can be used to cover the
remaining heating load. In summer, in addition to covering the electric
demand, the ICEs can partially cover the cooling load via mechanical
cooling. Moreover, the remaining cooling load can be covered by the
absorption chiller driven by exhaust gas.

On the basis of the research results related to the technical feasi-
bility of ICEs in residential building applications [93], it is possible to
integrate gasoline-based vehicles into buildings, even though few stu-
dies focus on this topic in the literature. In regard to gasoline-based

vehicles, the energy recovered from ICEs in the vehicles can be either
thermal or electrical energy. Compared to the ICEs implemented in
buildings, the recovered energy from gasoline-based vehicles' ICEs is
dependent on the travelling schedule of the vehicles. A schematic dia-
gram of an integrated system, formulated in this study in terms of re-
covering exhaust heat in gasoline-based vehicles’ ICEs, is shown in
Fig. 6. The cooling water first enters the engine cooling water heat
exchanger for heat extraction in the engine unit. Afterwards, it enters
the DHW tank for the DHW heating usage. Meanwhile, the power
generation efficiency of the engine unit can be improved due to the
reduced operating temperature. In regard to the heat recovery tech-
nologies as shown in Fig. 6, the exhaust heat from the ICEs can be
recovered for DHW heating. This process can be seen in both the aca-
demia [93] and industrial worlds [95,96]. Moreover, for cooling energy
purposes, the exhaust heat can be used to drive either the absorption or
the adsorption chiller [97]. By recovering the waste heat of the com-
pression phase of the liquefaction cycle to drive the absorption chiller,
the specific cooling energy consumption is reduced, and the exergy
efficiency of the whole system can be increased [98]. As shown in
Fig. 6(b), the exhaust heat can also be recovered to electrical energy via
the thermoelectric device, the Organic Rankine Cycle, and the turbo-
charger. The conversions of the recovered exhaust heat to both thermal
and electrical energy make the energy interaction between gasoline-
based vehicles and buildings promising and techno-economically
competitive. However, the application of this energy conversion is re-
stricted by the low energy conversion efficiency [99]. A new energy
interaction network between gasoline-based vehicles, buildings, and
the grid, is formulated as shown in Fig. 6(a) for real application in
cooling-dominated regions. In addition to the recovered electrical en-
ergy, electricity can also be generated from the solar PV/T system. In
order to cover the heating load considering the intermittence of both
the renewable source and the hot water from the PV/T system, the fuel-

Fig. 5. System configuration to meet the energy demand of a residential building [93,94]: (a) winter, (b) summer. (Note: different colors of lines indicate different
temperatures.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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based CHP system and the GSHP are implemented. Thermal energy is
stored in the thermal energy storage tank. For the daily storage pur-
pose, hybrid energy storage tanks are designed, including the thermal
energy storage tank and the cooling water storage tank (CWT). The
ground is designed for the seasonal storage purpose, which is charged

and discharged by the GSHP. In order to realise energy balance between
the total energy released into and absorbed from the ground, several
technical solutions can be adopted with respect to different climatic
conditions. For example, in the cooling-dominated region, the im-
plementation of an absorption or adsorption cooling system can convert

Fig. 6. (a) Energy interaction network between gasoline-based vehicles, buildings, and the grid; (b) diagram of recovered energy (different forms) interaction
between gasoline-based vehicle and building. ABS= absorption chiller, TES= thermal energy storage, CWT=cooling water tank, ORC = Organic Rankin Cycle.
(Note: different colors of lines indicate different temperatures.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Y. Zhou, et al. Renewable and Sustainable Energy Reviews 114 (2019) 109337

10



heating energy to cooling energy. Moreover, an evaporative cooling
system is also feasible for the energy balance as thermal energy can be
used to heat the exhaust air, which can dehumidify the outdoor fresh
air. Moreover, in regard to the formulated system, different energy
control strategies can be proposed from the perspectives of the driving
schedule of the gasoline-based vehicles, the operating control strategy
of the HVAC systems, renewable systems, and energy storage systems.

For the gasoline engine, it is reported that 30%–40% of the waste
heat during the thermal combustion process is sent to the environment
via the exhaust pipe [100]. This results in high GHG emission to the
environment due to the gasoline combustion. In addition, the ratio of
the engine power to the total fuel energy is only 10.4%, whereas 27.7%
is lost through the exhaust gas. The remaining 61.9% includes the
friction loss, the coolant loss, and so on [101]. A similar magnitude of
energy loss from the exhaust gas can also be seen in Ref. [102]. To
reduce the thermal energy loss with heat recovery techniques, several
studies have concentrated on enhancing the heat recovery efficiency
through innovative design of the diesel engine's configuration. For in-
stance, Dolz et al. [102] designed different configurations of the heavy-
duty diesel engine to enhance the heat recovery efficiency with respect
to the single cycle, the binary cycle, and different temperatures of the
heat sources, respectively. The energy performance and the recovery
efficiency of each configuration were comparatively investigated.
Compared to the energy performance of the other configurations as
listed in Table 4, the binary cycle showed the most promising potential
in terms of both the total recovered thermal energy and the fuel con-
sumption savings. Meanwhile, Wang et al. [103] indicated that exhaust
energy recovery can improve the engine fuel conversion efficiency by
8%–14% and reduce the total fuel consumption by 34%.

In regard to the exhaust heat recovered from the ICEs for electricity
generation, three technologies are available: thermoelectrical devices
[15], the Rankine cycle [16], and the turbocharger system [17]. Table 5
summarises advanced technologies for recovering exhaust heat from
ICEs together with the anticipated objectives. Readers are highly re-
commended to refer to the listed references for more detailed in-
formation.

Regarding the exhaust heat recovery for the electricity generation,
there are limited studies focusing on the integration of exhaust heat
recovery with buildings. Furthermore, few studies explicitly indicate
whether the power generated from the exhaust heat recovery system in
vehicles can be utilised for buildings. A schematic system for recovering
exhaust heat to partially cover the building demand has been for-
mulated, and challenges for the realisation of sustainable and efficient
energy interactions have also been proposed in this study. Exhaust heat
recovery of gasoline-based vehicles can be promising, especially with
respect to the enhancement of the recovery efficiency, the decrease in
the cost of thermal-electrical (TE) materials, the adoption of nanofluid
into the thermoelectric generation system, and the replacement of the
weight turbine and the weight compressor by nanomaterials. In terms
of the energy interaction between buildings, gasoline-based vehicles,
and hybrid grids, avenues of research for future studies are the sche-
matic system configuration and the energy control strategy in different
climatic regions.

4.2. Buildings and biofuel-based vehicles

Compared to gasoline-based vehicles, biofuel-based vehicles tend to
be more promising in terms of environmental protection as biofuel-
based vehicles are driven by renewable energy with less emissions to
the environment. However, the popularisation of the biofuel-based
vehicle is constrained by the availability of sustainable biofuels.
Currently, depending on the type of biofuel, there are three types of
biofuel-based vehicles in the vehicle market: flexible fuel vehicles
(running on gasoline blended with ethanol fuel), diesel vehicles (run-
ning on biodiesel), and fuel-cell vehicles (running on bio-hydrogen).
The development history and current market share of each type of ve-
hicle have been specifically reviewed by Chang et al. [117]. Moreover,
Chang et al. [117] also provided detailed information on the production
of bioethanol, biodiesel, and bio-hydrogen. As the focus of this section
is mainly on the energy interaction between buildings and biofuel-
based vehicles, the production of biofuel and its development history
are not introduced here. Table 6 lists the energy interaction between
three biofuel-based vehicles and buildings with respect to different
energy forms. As three exhaust heat recovery technologies from ICEs
have been specifically described in Section 4.1, here the main focus is
on the biofuel in the vehicle to drive the biofuel boiler, the biofuel CHP,
and other biofuel-based equipments. For instance, Chen et al. [118]
concluded that compared to the conventional engine-based CHP, diesel-
biofuels can improve the CHP efficiency from 45.77% to 57.97%.

In regard to the heat recovery in fuel cells, adsorption systems [119]
show promising prospects in terms of both electrical and cooling energy
cogenerations. According to Reference [119], the heat recovery effi-
ciency can be further enhanced with respect to higher power outputs
and shorter cycle times of the fuel cell. Under the testing condition in
the study, the output cooling power exceeds 400W when the output
fuel-cell power is between 600 and 1400W. The overall efficiency can
go up to 63% when the cycling time-duration is 40min. The specific
configuration of the system in the studied case is shown in Fig. 7. The
proton exchange membrane fuel cell is cooled by water, which transfers
the heat to the thermosyphon. On the chiller side, the heat from the
thermosyphon is delivered to the reactors by the heat transfer fluid
(water). Black lines represent circuits concerning the next cycle, where
reactor 1 is cooled and reactor 2 is heated.

Apart from recovering the heat from the fuel cell for thermal energy,
the heat can also be recovered in the form of electricity by employing
thermoelectric materials or generators [121]. Zhang et al. [122] pro-
posed a new hybrid system for enhancing the energy performance of
solid oxide fuel cells (SOFCs). In comparison with the stand-alone
SOFC, the power density and efficiency of the proposed system in-
creased by 2.3% and by 4.6%, respectively. However, the energy in-
teraction with the advanced heat recovery technology has not been
investigated in the current literature. To bridge the research gap, a
systematic energy interaction network is formulated for the potential
energy interactions between biofuel-based vehicles, buildings, and hy-
brid grids.

Fig. 8 demonstrates the formulated energy interaction network be-
tween biofuel-based vehicles, buildings, and hybrid grids. Biofuels from
the biofuel grid can be used for transportation. The biofuel cell and the
biofuel cogenerated cooling and power facility can generate electricity
to partially cover the building demand. Moreover, the electricity

Table 4
Results for different configurations of the heat recovery system [102,104].

Configurations Output power (kW) Power increment (%) Heat transfer (kW) Fuel Consumption reduction (%)

Reference configurations 311 – 357 –
All heat sources: water Rankine cycle 342 10.00% 868 8.80%
All heat sources: binary cycle 370 19.00% 938 16.00%
High temperature heat sources: water Rankine cycle 357 14.70% 729 8.50%
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generation source also includes a solar PV/T system. The generated
electricity can be used to meet the basic electric load, such as lighting,
the equipment, and the devices. Furthermore, the electricity can also be
used to drive the GSHP to generate thermal energy. The surplus elec-
tricity can be converted into electrofuel, which can be sold to the bio-
fuel grid for the economic benefits by residents. In order to cover the
heating demand of the building, the hot water (from the PV/T system,
from the biofuel cell and from the GSHP) is stored in the thermal energy
storage tank (TES). Both TESs and CWTs are used for daily storage
purpose. In the hot summer and cold winter regions, both the radiative
cooling wall and the under-floor heating system are designed to meet
the indoor thermal comfort requirement. Based on the formulated EMS
as shown in Fig. 8, several anticipated positive results can be made,
whereas further research studies need to be conducted to justify the
techno-economical feasibility. First, different energy conversions and
hybrid energy storage systems (the hourly biofuel storage vehicle,
thermal storage tanks, and the battery) can reduce the energy interac-
tion between buildings and hybrid grids. Thereafter, the hybrid grids’
interactions can be mitigated, together with the decrease of economic
costs related to the initial investment, operation and maintenance.
Second, on-site renewable energy can be used to stabilise the pressure
level of the hybrid grids. As a result, the capability of the hybrid grids
can be further enhanced by the renewable system in terms of both
domestic usage and transportation. Third, in regard to the stochastic
scheduling of vehicles, the uncertainty of the renewable generation,
and the dynamic building load, an optimised energy control strategy
can also increase the building energy performance and reduce the op-
erational cost.

4.3. Discussion on real applications and future potential

Regarding the energy integration and interaction between buildings
and fuel-based vehicles, several critical concerns should be considered.
Firstly, the low heat recovery efficiency, and the depreciation of fuel
cells and internal combustion engines are main concerns from stake-
holders' perspectives for being motivated to participate in the energy
sharing network. The development of advanced heat recovery material
and innovative design of diesel-engine configurations can be effective
solutions for the enhancement of the heat recovery efficiency. The
subsidy from governments to fuel-based vehicles' owners may en-
courage vehicles’ participation in the energy sharing network.
Secondly, regarding the buildings integrated with fuel-based vehicles,
the fire safety, security, and compatibility for the exchange and sharing
of the fuels should be appropriately addressed. The standardized piping
system for the transmission and exchange of fuels between buildings
and vehicles should be developed. Thirdly, regarding the heat recovery
from vehicles to buildings, the current technology is immature, espe-
cially considering the considerable heat loss from the combustion en-
gine to the environment. Development and implementation of portable
energy storage systems with high energy storage density in vehicles,
will be promising in respect to this technical problem.

5. Current capabilities of the building side for compatibility with
the vehicle

With the rapid development of the EV industry in the past several
decades, installing electric charging facilities in buildings has become

more popular than ever before [65]. For example, in Hong Kong, the
total number of EVs was only 74 in 2010 [123]. However, the total
number of registered EVs was 3000 in 2018 [124]. Moreover, to en-
courage the use of the net zero energy/emission vehicle (NZEV), the
Hong Kong government gives a tax break of up to HK$ 250,000 [125].
The total number of public chargers increased from 1036 in 2013 to
1774 in 2018. The total number of both public and private quick
chargers increased from 66 to 880 across the 18 districts in Hong Kong
[126]. Considering the increased energy consumption and environ-
mental emissions, the increasing number of both the charging facilities
and EVs makes it necessary and beneficial to integrate the vehicles with
buildings. From the perspective of the electric vehicle, the basic prin-
ciple for the energy interaction is to charge the EV battery with the
surplus renewable energy and to discharge the battery for both do-
mestic usage and transportation when required [127]. In the academic
world, the energy interaction between buildings and EVs is mainly fo-
cused on improving the charging efficiency by optimising the EV
schedule [117,128], the parking time and the distribution of parking
lots [129], the EMS, and the energy control strategy [79]. Moreover,
the HV has attracted researchers’ attention recently due to its en-
vironmental friendliness when H2 is generated by the renewable system
[14,40]. Furthermore, buildings with massive production of biomass
and biowaste, such as agricultural buildings or buildings close to the
forest, can generate various types of biofuels through both chemical and
biochemical processes. By optimising the energy control strategies and
sizing both the renewable capacity and the storage systems, the EMS,
consisting of the biofuel generation building, the biofuel-based vehicles,
and the biofuel grid, can reduce the fuel interaction with biofuel grid,
the annual emission, and the annual operational cost. This section
mainly reviews the energy interaction between buildings and different
types of vehicles from the building side. The critical question is after-
wards proposed whether buildings are compatible with the vehicles
under current situation. Furthermore, discussion in the real application
and future potentials have been conducted to indicate benefits from
inclusion of additional work in the future.

5.1. Interaction between electric/hydrogen vehicles and buildings

The objective of the net ZEB is to transform buildings from the
traditional consumer to a prosumer by employing renewable energy
sources. The large capacity of renewable systems can further enhance
the capability of buildings to interact with vehicles. For instance, Cao
et al. [40] showed that in Helsinki, a 14-kW wind turbine can realise a
nearly ZEB with full annual availability of the H2 vehicle, whereas a
178-m2 PV can realise a net ZEB with 48 days’ annual unavailability of
the H2 vehicle. Moreover, the energy-efficient technologies (the solar
thermal collector, GSHP, and so on) will contribute to the enhanced
energy matching capability and techno-economic feasibility [131].
Further, the development of highly interactive DSM systems and ad-
vanced energy control strategies from the perspective of the buildings
can also enhance the energy interaction [23,79]. For instance, Sehar
et al. [23] concluded that by adopting both the demand control strategy
and renewable systems, the absorption of the plug-in EV penetration at
the building level will be increased from 7% to 38%.

With respect to the energy generation system, in addition to the
renewable generation system, the domestic combined CHP can also be
regarded as an effective solution for covering the transportation energy

Table 5
Technologies for recovering the exhaust heat from ICEs.

Heat recovery technology Thermoelectrical devices [15,105,109]; Rankine cycle [16,102]; Turbocharger system [17]

Solutions Structural design [15,109]; radiator [110,115] and the exhaust gas systems [110–112]; TE materials [113,114,115]
Research objectives ICEs' efficiency [114]; Exergy efficiency [116]; Energy demand reduction [96,114]; Equivalent emission [116]; Sustainability index [116]; Solar

energy generation [105,106]
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demand via the B2V interaction network. Liu et al. [132] investigated
the building energy performance for different operating schedules of
the CHP and different travelling schedules of EVs. Their results showed
that DSM and EV scheduling can smooth the building load profile and
reduce the total operational cost. Ribberink et al. [133] indicated that
the generation of DHW at night for space heating via the micro-CHP
will simultaneously generate a large amount of electricity, whereas the
electric load of the house is low at night. The surplus electricity is not
recommended to be exported to the grid due to the low feed-in tariff at
night. A simulation-based study of a detached house was further con-
ducted in Ottawa, Ontario, Canada, supported by a 2-kWe ICE-based
micro-CHP system. Compared to the scenario without EV integration,
by integrating EVs with buildings, the ratio of the micro-CHP power
being exported to the grid can be reduced from 60% to 54%, and an
additional annual micro-CHP revenue of $200–$300 can be realised.
Moreover, the most favourable time duration for charging the EV bat-
tery is during the peak period of the excess power of the micro-CHP.

Apart from the buildings, the grid-connected charging station can
also be integrated with vehicles. According to the research results, both
the solar- and the wind-supported EV charging stations can provide
enough power for transportation and balance the energy of the grid
[38,48]. The main difference between different EV charging stations
with different renewable systems is the different time duration to
charge the EV and to balance the energy of the electric grid. Due to the
different characteristics of the renewable generation between the PV
and the wind turbine, the EV charging station supported by the solar
PVs produces enough electricity to charge EVs during sunny days, and it
balances the demand during cloudy days. However, the load balancing
period of the EV charging station supported by the wind turbine occurs
whenever the load is required, especially during the period
20:00–23:00 p.m. Moreover, vehicle charging can still be realised by
the traditional EV charging stations. Some of the traditional EV char-
ging stations also have building functions, such as some associated
shops, cafes, and kiosks. Therefore, there still could be some B2V and
V2B functions in the traditional EV charging stations. The charging rate
can be classified into three different levels, as listed in Table 7. Char-
ging Level III is the fast charging rate, which is suitable for the public
charging station. Charging Level I is suitable for the night-time home
charging facility.

5.2. Interaction between biofuel-based vehicles and buildings

Second-generation biofuel can be produced from biomass using
microbes. Currently, various types of biofuels can be produced from
lignocellulosic material using microbial fermentation, such as biodiesel,
bio-alcohol, and biogas [134]. Simultaneously, approaches have been
proposed to enhance the efficiency of biofuel generation, such asTa
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Fig. 7. Heat recovery in fuel cells with the adsorption chiller system [119,120].
(Note: different colors of lines indicate different temperatures.). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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lignocellulose utilisation, the countering lignocellulose inhibitor, bio-
fuel tolerance, and the genetic modification of wood quality [134].
However, the interaction between biofuel-based vehicles and buildings
has been rarely studied in the literature. The speedy development of
biofuel generation will help promote the development of the biofuel-
based vehicle. Therefore, it is worthwhile to investigate the interaction
between biofuel-based vehicles and buildings. In this section, an EMS
including biofuel generation, biofuel-based vehicles, and a building
EMS has been formulated with respect to different energy forms, ad-
vanced energy conversions, hybrid storage systems, and hybrid grids’
interactions.

The capability for the integration of biofuel-based vehicles with
buildings is summarised in Fig. 9(a). As shown in the figure, several
inputs are provided to the EMS, including both electrical and thermal
energy from the biofuel CHP, biofuel cells, and on-site renewable en-
ergy. Moreover, the exhaust-heat-recovered energy from the biofuel-
based vehicles, as mentioned in Section 4.1, will also provide both
thermal and electrical energy to support the EMS. For instance, the
exhaust heat in the biofuel-based vehicle can be either recovered for
partially covering the DHW heating demand or recovered to generate
electricity via thermoelectrical devices, the Organic Rankine Cycle, or
the turbocharger system. Furthermore, both absorption and adsorption
chillers can be driven by the exhaust heat to generate cooling energy,
whereas the efficiency for cooling energy generation by collecting ex-
haust heat is dependent on the exhaust temperature. With respect to the
biofuel flow in the proposed hybrid system, in addition to sending the

biofuel to the biofuel CHP and the biofuel cell, it can also be sent to
biofuel-based vehicles for the transportation purpose. Meanwhile, the
biofuel in the vehicle can also be utilised for domestic usage via the V2B
interaction as shown in Fig. 9(a). As shown in Fig. 9(b), different types
of biofuels can be produced from the biomass to meet the energy de-
mand of different biofuel-based vehicles. As shown in Fig. 9(c), the
building EMS includes the metering system, centralised data acquisition
system, controllers, and end users (DHW heating, air conditioning,
ventilation, lighting, and devices). The input variables include renew-
able energy, information from the hybrid grids, the energy demand, and
the scheduling of vehicles. The energy control strategy in the building
EMS includes biofuel vehicle scheduling, DSM, biofuel generation, the
on-site renewable system, and so on.

5.3. Discussion on real applications and future potential

Regarding the compatibility of building energy systems with ve-
hicles, several technical problems need to be considered before being
widely accepted in the market. Firstly, in the academia, most academic
studies only presented a case study to show the potential between a
single-family house and a private vehicle. The holistic overview of the
energy sharing network between building clusters and vehicle fleets
needs to be investigated, discussed, and promoted, in order to realise
the smart city with smart energy systems. Secondly, the standardization
of energy interaction facilities being installed in the B2V and V2B in-
teraction interfaces should be developed, in order to seamlessly in-
tegrate the vehicles with building energy systems. Thirdly, due to the
stochastic characteristic of occupants’ behaviour, it is challenging to
realise a reliable and robust energy sharing network between single
buildings and vehicles, especially considering the uncertainty of the
building energy demand. Therefore, the further research can be focused
on the uncertainty-based study to increase the robustness and reliability
of the energy sharing network.

Fig. 8. Energy interaction network between biofuel-based vehicles, buildings, and hybrid grids. ABS= absorption chiller, TES= thermal energy storage,
CWT= cooling water tank, GSHP= ground source heat pump. (Note: different colors of lines indicate different temperatures.). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

Table 7
EV charging rate.

Charging level Typical charging power

Level I 1.5–3 kW
Level II 10–20 kW
Level III 40 + kW
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Fig. 9. (a) Configuration of the interaction between buildings, EVs, biofuel-based vehicles, and hybrid grids; (b) the biofuel generation process; (c) building energy
management system (EMS). ABS= absorption chiller, TES= thermal energy storage, CWT=cooling water tank, CHP= combined heat and power,
PVT=photovoltaic-thermal, GSHP=ground source heat pump. (Note: different colors of lines indicate different temperatures.). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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6. Current capabilities of the vehicle side for compatibility with
the building

With the rapid development of EV technology, both the V2B and the
V2G interactions have attracted increasing attention from both re-
searchers and manufacturers. The vehicle can not only serve as a mobile
energy storage system, but can also serve as a source of renewable
energy when being implemented with on-site PV and on-site wind
turbines [53]. Currently, due to the small number of plug-in EVs, the
benefit from EV integration is not very obvious in terms of the grid
interaction, cost savings, and GHG emission. With the continuous and
speedy increase of plug-in EVs in the upcoming epoch, the smart
charging strategy is worthy of investigation in terms of levelling the
load, mitigating the import/export stress on the electric grid [135], and
reducing both the annual operational cost [5] and the GHG emission
[28]. Therefore, it is worth investigating different smart charging
strategies in the building EMS, considering the uncertainty of vehicle
scheduling, energy demand, and renewable energy generation, and the
power and the energy stabilisation of the hybrid grids. Moreover, with
the development of EV support equipment (EVSE), long-distance EV
travel can be achieved for the long-distance transportation and the
elimination of the cruise anxiety from drivers. Moreover, the EVSE can
be integrated with buildings to provide power for both domestic usage
and transportation. For instance, the manufacturer of the Tesla pro-
duced a powerwall to charge and discharge the EV battery [136]. It is
reported that the powerwall is ready to be seamlessly integrated with
renewable systems and to provide the reliable power during critical
periods, such as utility outages and natural disasters [136]. This section
mainly reviews the capability of the vehicles for the compatibility with
buildings. The energy interaction between buildings and vehicles is
reviewed in this section. Meanwhile, the challenges from the vehicle
viewpoint are considered in terms of realising sustainable and efficient
interactions. Furthermore, discussions in the real application and future
potentials have been conducted to indicate benefits from inclusion of
additional work in the future.

6.1. Electric/hydrogen vehicles

The energy interaction between different types of buildings can be
actualised by utilising the mobility of vehicles' storages, forming the
interactive energy sharing network. The interactive energy sharing

network is dependent on several impact factors, such as the uncertainty
of renewable generation, building demand profile, travelling schedule
of the vehicles, involved energy forms, and capacity of the storage
system in the vehicles. For example, with respect to a work-based EV as
shown in Fig. 10, during the daytime, the EV can shave the peak re-
newable power of the office building by charging the battery and cover
the valley demand power of the residential building by discharging the
battery system. When the residential building is supported by a micro-
wind turbine, the EV can be charged during the night-time and be
discharged to cover the energy demand in the office building during the
daytime. However, some technical problems and challenges need fur-
ther consideration before being widely accepted in the market. First,
from the perspective of the cost, if there is no official legislation related
to both the initial and the operational cost of the renewable system, the
investors will be unmotivated due to the cost from the installation of
renewable systems in office/residential buildings. A possible solution
could lie in selling the renewable energy to end users with the vehicles’
integration. Moreover, in Hong Kong, to promote the utilisation of re-
newable energy, the Hong Kong government and the administrator
have proposed a specific grid feed-in tariff scheme [137], which has
fixed the export cost at 3–5 times the price of the import cost. This grid
feed-in tariff of the on-site renewable energy will greatly encourage
investors to install the renewable system. Therefore, it is necessary to
integrate a larger scale of vehicles with buildings to match the larger
scale of the renewable system. Second, the degradation of the EV bat-
tery will make the drivers unwilling to store renewable electricity in
EVs if there are no subsidies for the depreciation of the EV battery.
Third, considering the characteristics of the energy demand profiles in
both residential and office buildings, different on-site renewable sys-
tems are recommended in different buildings. For instance, from the
perspective of the energy interaction between work-based vehicles and
buildings, the wind turbine is recommended in residential buildings for
night-time interaction, and PVs are recommended in office buildings for
daytime interaction.

It should be noted that renewable sources can not only be installed
in buildings, but also be installed on vehicles to increase both the
cruising range and the travelling speed. The integration of a mobile
renewable system with the EV has been investigated by Fathabadi [53].
From their results, during a sunny day, compared to a plug-in hybrid EV
without any mobile renewable system, the daily cruising range of a
plug-in hybrid EV is extended by 19.6 km with the implementation of a

Fig. 10. An axample of the energy interaction between residential buildings and high-rise office buildings via electric vehicle fleets.
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mobile PV/wind system. Meanwhile, compared to a plug-in hybrid EV
without any mobile renewable system, the hybrid PV/wind renewable
system can provide a higher power efficiency of 91.2% and a higher
speed of 121 km/h. Mobile renewable systems on vehicles have also
attracted increasing attention from several companies such as Toyota
[68]. However, in the academic literature, the mobile renewable sys-
tems on the EV is only utilised to extend the cruising range and the
speed of the vehicle, whereas the interaction with the building load has
been rarely considered. In future, with the development of wireless EV
charging as shown in Ref. [138], when the EV cruising range will not be
a concern, it will be worthwhile to investigate the impact of mobile
renewable sources on the V2B energy interaction and the hybrid grids'
interactions. Moreover, with the application of the mobile renewable
system, more renewable energy can be made available for both trans-
portation and domestic usage. Therefore, the energy demand for
transportation will be less dependent on the vehicles’ scheduling and
the demand-side control strategy. In addition, in order to promote cost-
effective energy storage systems [139] and reduce the capital cost of
lithium-ion batteries [140] in the building EMS, the utilisation of re-
tired EV batteries for second-use applications is promising through so-
phisticated recycling, re-manufacturing, and reusing processes. It has
been concluded that the estimated profit rate can reach approximately
35% in 15 service years with the application of a 10-kWh Li-ion battery
[140]. Cusenza et al. [141] investigated the load matching and en-
vironmental sustainability by recycling the retired electric vehicle
batteries in buildings. According to their results, the further develop-
ment of advanced technologies is highly desirable to obtain better
performances, although the integration of retired battery storage sys-
tems allows the improvement of the environmental sustainability of the
electricity supply in a residential building.

The current capability of the vehicle side for compatibility with the
building has also been considered by several manufacturers. Table 8
lists the parameters of several EVs for B2V and/or V2B interactions. As
listed in Table 8, the B2V charging rate is set to be 6.6 kW for some EVs,
such as the 2018 Fusion Energi SE, 2018 Focus Electric, and 2018
Nissan LEAF. Manufacturers also focused on the development of ve-
hicles for domestic usage, such as the Nissan LEAF [142]. From the
technical perspective, by installing a power control system connected to
the household's distribution board, household power can be supported
by a Nissan LEAF lithium-ion battery [143]. The building energy de-
mand can be shifted via the operation of charging and discharging of
the EV battery according to both the renewable generation and the
building energy demand. Furthermore, during emergency periods, the
B2V and/or V2B interaction can provide reliable energy for domestic
usage. According to the product information released by the manu-
facturer [136], a powerwall is integrated with the renewable system to
store excess renewable energy during sunny days. The powerwall will
provide electricity for domestic usage whenever excess energy is re-
quired, and thus minimise the reliance on the electric grid. From the
technical perspective, the powerwall can provide an electrical energy of
13.5 kWh with a peak power of 7 kW.

Table 9 lists the parameters of several HV products in the vehicle

market. In the HV industry, some vehicle manufacturers have already
considered thermal and electrical conversions and hybrid storage be-
tween HVs and buildings [144,145]. For instance, to back up the
building load, the manufacturer of the Toyota Mirai claims that it can
provide a total electrical energy of 60 kWh with a peak power of 9 kW.
As the daily energy consumption of a residential building is estimated
to be 12 kWh in Japan [147], the Toyota Mirai can completely support
the energy consumption of a residential building for 5 days.

6.2. Biofuel-based vehicles

Two technical approaches for biofuel generation are popular, in-
cluding thermochemical and biochemical processes [134,151]. The
most advanced fourth-generation biofuels are created by using either
petroleum-like hydro-processing or advanced biochemistry and re-
volutionary processes such as the solar-to-fuel method [152]. Moreover,
it is possible to capture CO2 for the generation of fourth-generation
biofuels, although several technical barriers need to be overcome before
being widely accepted in the market [153,154].

Biofuel-based vehicles can be classified into three types according to
the biofuels in the vehicles: flexible fuel vehicles, diesel vehicles, and
fuel-cell vehicles [117]. Biofuels for supporting these three vehicles are
listed in Table 6 in Section 4.2. In the literature, there are a lot of
studies on the adoption of exhaust heat recovery technology to meet
both the thermal and the electrical demands of the vehicles [155–157].
However, a few studies focus on the interaction between biofuel-based
vehicles and buildings. The impact of the energy interaction between
gasoline-based vehicles and buildings on the energy demand for both
buildings and transportation has also been rarely studied. In this sec-
tion, an energy interaction network from the vehicle side has been
formulated to realise the energy interaction with respect to different
energy forms, advanced energy conversions, and hybrid energy storage
systems. Meanwhile, challenges for realising sustainable and efficient
interactions can have been demonstrated as avenues for future re-
search.

In the academic world, the ICE-based CHP and the mCHP are widely
used for building energy applications. For instance, Talom et al. [155]
indicated that the exhaust gas from a 2.8-L internal combustion engine
in the Mercedes V6 can be used to drive a 10.55-kW absorption chiller
and to partially cover the cooling load of buildings. This technical so-
lution is promising in cooling-dominated regions. Another application
for the exhaust heat recovery technology of ICEs is to preheat the
supply air in the heating-dominated region. Alanne et al. [158] re-
covered the exhaust thermal energy in the ICE to preheat the supply air.
Their results indicated that, in comparison with a conventional hy-
dronic heating system, a 3–5% decrease in the primary energy con-
sumption and CO2 emissions will be actualised with the adoption of the
heat recovery technology. It should be noted that these studies are
based on the ICE-based CHP or mCHP for building energy applications.
However, studies on the use of the vehicle ICE for building applications
are limited. In this section, an energy interaction network from the
vehicle side has been formulated to realise the energy interaction

Table 8
Technical parameters of several electric vehicles (EVs) available in the market.

Company Renewable system Vehicle model Battery technology Battery size Home charging
rate

Energy/energy interaction

Ford 2018 FUSION ENERGI SE; 2018 FOCUS
ELECTRIC

Li-ion 35 kWh 6.6 kW

Toyota Solar panel roof [68] Prius, Lexus NiMH; Li-ion
BMW 2017 BMW i3 Li-ion 33 kWh
BYD E6 Li-ion 61 kWh
Nissan 2018 NISSAN LEAF Li-ion 30 kWh 6.6 kW 6 kW [142]
Tesla Powerwall [136] Model S, Model X, Model 3, Roadster Li-ion 100 kWh 13.5 kWh [136] (7 kW peak/5 kW

continuous)
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between biofuel-based vehicles and buildings as shown in Fig. 11.
Fig. 11 shows the energy interaction network between biofuel-based

vehicles, buildings, and hybrid grids from the vehicle side. There are
two energy recovery technologies in the energy interaction network:
the exhaust heat recovery technology from the ICE and the brake en-
ergy recovery technology. With respect to the exhaust heat recovery,
both thermal and electrical energy can be generated depending on the
adopted technologies, such as thermoelectrical devices, the Organic
Rankine Cycle, and the turbocharger, as listed in Table 5, Section 4.1.
Power can be generated by converting the pressure from on-road ve-
hicles using the piezoelectric pressure transducer. Readers are re-
commended to refer to Reference [159] for more detailed information.
From their results, the lighting load of the university under study could
be covered by increasing the number of vehicles passing through the
road. Islam et al. [160] noted that by increasing both the capacity of the
generator and the weight of the vehicles, the efficiency of the whole
system can be increased further. In addition to pressure power gen-
eration, electricity can also be generated from the biofuel cell, the in-
ternal combustion engine, and even the mobile renewable system in
vehicles. Several options are available to manage the on-site surplus
electricity: 1) the energy demand of lighting, the HVAC and transpor-
tation of vehicles; 2) building demand through the V2B interaction; 3)
electrofuel generations [131]. The electrofuels can be generated by
using bacteria to produce biofuel from renewable energy and CO2 or by
employing self-reliant microorganisms that can directly use the energy

from electricity and chemical compounds to produce liquid fuels [131].
For the biofuel-based CHP or the mCHP for building energy applica-
tions, biofuel can also be imported from the biofuel grid to drive the
CHP.

On the basis of our formulated energy interaction network, several
challenges need to be considered before the system can be widely ac-
cepted in both academia and market. First, from the perspective of the
cost, drivers are reluctant to install the mobile renewable system in
their vehicles if the export cost of both the electricity and the electro-
fuels is much lower than the installation and operational costs. Second,
the degradation of the biofuel cell and ICEs in the vehicles will make
drivers unwilling to integrate their vehicles with buildings if there is
insufficient subsidy for the depreciation of the biofuel cell and the ICEs.
An appropriate policy needs to be legislated, comprehensively invol-
ving vehicle owners, the department of energy, and occupants, in terms
of promoting the energy interaction between biofuel-based vehicles,
buildings, and hybrid grids.

6.3. Discussion on real applications and future potential

Regarding the compatibility of vehicles' energy systems with
building energy systems, several technical problems need to be con-
sidered in the academia. Firstly, depending on different fuels, sizes and
capacities in the power supply system, vehicles in the market are di-
versified, making it rather difficult to be seamlessly integrated with

Table 9
Battery types and parameters of several HVs available in the market.

Company Vehicle model Battery Hydrogen tank mass/volume Energy/energy interaction during the emergency period

Toyota Mirai 1.6 kWh NiMH; Li-ion 87.5 kg (70 Mpa) [144] 60 kWh (peak power: 9 kW) [144]
Mercedes Mercedes-Benz F-Cell 13.8 kWh Li-ion [145] 4.4 kg (700 Bar) [145]
Honda Clarity Fuel Cell 11.6 kWh Lithium-ion Battery [146] 3.5 L [148]
Nissan Solid-Oxide Fuel Cell vehicle [149] 24 kWh Li-ion battery [150] 30-L tank capacity [150] SOFC output power: 5 kW [150]

Fig. 11. Energy interaction network between biofuel-based vehicles, buildings, and hybrid grids from the vehicle side. FC= fuel cell, ICE= internal combustion
engine, CHP= combined heat and power.
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building energy systems and to provide reliable power during critical
periods. For instance, it is rather difficult to integrate different vehicle
fleets with public buildings due to the difference in cables and piping
systems. The development of standardized charging/discharging cables
and piping systems, according to the characteristics of integrated ve-
hicles, is essential for the real applications. Secondly, due to the sto-
chastic characteristic of vehicles, it is challenging to realise a reliable
and robust energy sharing network between single buildings and ve-
hicles, especially considering the massive vehicles’ flow and the un-
certainty of time durations for the energy interaction. Therefore, further
research can be focused on the development of the optimal system
design and the optimal control to increase the robustness and reliability
of the energy sharing network.

7. Future trends of energy interactions between buildings and
vehicles

7.1. Thermal–electricity–electrofuel interaction

Technical solutions for diversified energy interactions between
buildings and vehicles have been rarely investigated. As listed in
Table 5, Section 4.1, there are three technologies for recovering waste
heat to generate electricity, including thermoelectrical devices [15], the
Organic Rankine Cycle [16], and the turbocharger system [17]. Before
being widely accepted by manufacturers, several technical problems
need to be addressed in terms of the electricity generation from the
exhaust heat in ICE vehicles. In regard to thermoelectrical devices, the
low efficiency of power generation (typically ηth< 4% [99]) is the main
barrier for the wide application of the thermoelectric generator (TEG)
device. Other challenges for the TEG include the increased size of the
radiator and the extended length of the exhaust gas pipes. The nano-
fluid is thus investigated and validated to be promising in terms of
addressing this issue when being integrated with the thermoelectric
generation system [115,161]. With respect to the turbocharger system,

the turbo lag during low-speed acceleration affects the drivability and
performance of the engine. At the current stage, there is no promising
solution or idea for this technical issue.

In regard to the biofuel-based vehicle, the biofuel can be converted
into electricity using the biofuel cell. In comparison with the traditional
fuel cell, the biofuel cell does not involve combustion during the re-
action process, and thus the energy conversion is not restricted by the
circulation of Kano. Moreover, the biofuel cell has remarkable char-
acteristics of high efficiency and cleanliness. With these promising
potentials, the biofuel cell is regarded as the “fourth power generation
mode” following the three types of power generation methods: hy-
draulic, thermal, and atomic energy. Moreover, fuel sources are wide-
spread, such as ethanol, glucose, organic/inorganic/microbial meta-
bolites, fermented products, photosynthesis, and even sewage. The
exhaust heat from the biofuel-based vehicle can also be converted to
electricity. When there is surplus electricity, it can be converted to
electrofuel, which can be either sold to the biofuel grid or be used to
cover the energy demand for the transportation of the fuel-based ve-
hicle. The electrofuel generation process consists of the application of
microorganisms, especially bacteria, to directly generate biofuels from
electricity. Electrofuels are emerging types of carbon-neutral drop-in
replacement fuels that are made by storing electricity from renewable
sources in the chemical bonds of liquid or gas fuels [162,163]. The
primary targets are butanol, biodiesel, and hydrogen, together with
other alcohols and carbon-containing gases such as methane and bu-
tane. Energy integrations and interactions between biofuel-based ve-
hicles and buildings are gradually accepted in the market, especially
with the further improvement of conversion efficiency from electricity
to electrofuels.

7.2. Network for interactions between biofuel-based vehicles, EVs, and
buildings

In this section, the energy interaction network, including biofuel-

Fig. 12. Energy interaction network between biofuel-based vehicles, electric vehicles (EVs), and buildings. ABS= absorption chiller, TES= thermal energy storage,
CWT= cooling water tank, PVT=photovoltaic-thermal, GSHP= ground source heat pump, CHP= combined heat and power. (Note: different colors of lines
indicate different temperatures.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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based vehicles, EVs, and buildings, is constructed with different energy
forms, advanced energy conversions, hybrid energy storage systems,
and hybrid grids’ interactions. As shown in Fig. 12, biofuels imported
from the biofuel grid can be used for transportation (biofuel vehicles)
and buildings (the biofuel-based CHP and biofuel cells). The electricity
generation source also includes the solar PV/T system. The generated
electricity can be used for charging the EV for hourly storage. The
surplus electricity can also be converted into electrofuel. Electrofuels
are generated by using bacteria to produce biofuel from renewable
energy and CO2, or by using self-reliant microorganisms that can di-
rectly use the energy from electricity and chemical compounds to
produce liquid fuels [131]. In order to cover the heating demand of
buildings, hot water from the PV/T system, the biofuel CHP, and the
GSHP systems will be stored in the TES tank. Both the TES tank and the
CWT are designed for the daily storage purpose. Seasonal storage, such
as the ground, is charged and discharged by the GSHP to maintain the
energy balance between the total energy released into and the total
energy absorbed from the ground. In the cooling-dominated region, the
implementation of the absorption or the adsorption cooling system can
convert heating energy to cooling energy. Moreover, the evaporative
cooling system can also facilitate the energy balance as the thermal
energy can be used to heat the exhaust air and to dehumidify the
outdoor fresh air. However, to realise this energy interaction network,
the most challenging issue is that, in order to drive both the absorption
or the adsorption cooling systems and the evaporative cooling system,
the heat source should be at a higher temperature than 80 °C [164],
which is much higher than the condenser temperature of the GSHP:
60–70 °C. Additional thermal energy is required to active the cooling
systems.

7.3. Network for interactions between HVs, EVs, and buildings

Fig. 13 demonstrates the energy interaction network between EVs,
HVs, and buildings. Hydrogen imported from the hydrogen grid can be
used for transportation (HVs) and buildings (the fuel cell). In addition
to the electricity generation from the fuel cell, the solar PV/T system

can generate electricity for domestic usage. In order to cover the
heating demand of the building, hot water (from the GSHP and the PV/
T system) and the cogenerated hot water (from the fuel cell) will be
stored in the TES tank. With respect to the end users, the radiative
cooling wall and the under-floor heating system are designed to guar-
antee the indoor thermal comfort.

7.4. Challenges and outlook for future trends

In both the academic and industrial worlds, the integration of EVs is
recognised as a more technical competitive technique in term of sharing
electricity with buildings than either ICE-based or hydrogen-based ve-
hicles. For instance, according to Ref. [12], due to the lower efficiency
of the HV system compared to the EV system, the HV integrated
building energy system will be more demanding in meeting the energy
balance than EV integrated building energy system. However, to make
the EVs’ integration with building energy system more technical com-
petitive and acceptable, several technical challenges that need further
consideration are summarised below.

1) Necessity and distribution of EV charging infrastructure

Currently, due to the inconvenience and the unavailability of
charging facilities, several researchers have noticed the cruise anxiety
associated with pure battery-based EVs due to their limited storage
capacity. Moreover, the discharging of the EV battery when being in-
tegrated with buildings will aggravate this cruise anxiety. Therefore,
increasing the total number of EV charging stations with an optimised
spatial distribution is essential for an effective energy sharing network.
Furthermore, due to the varying characteristics of renewable energy
generation, different renewable systems are recommended to be im-
plemented together for energy compensation from the temporal aspect.
As listed in Table 10, a renewable source that can generate renewable
energy during the entire night, such as a wind turbine, is recommended
to be installed in residential charging stations. Likewise, a renewable
source that can generate centralised electricity, such as solar PVs, will

Fig. 13. Energy interaction network between hydrogen vehicles (HVs), electric vehicles (EVs), and buildings. ABS= absorption chiller, TES= thermal energy
storage, CWT=cooling water tank, PVT=photovoltaic-thermal, GSHP= ground source heat pump, CHP= combined heat and power. (Note: different colors of
lines indicate different temperatures.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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be suitable in public fast charging stations.

2) Challenges for buildings and electric grid in the G2V/B2V interac-
tion

When integrating EVs with buildings, both the buildings and the
electric grid will face several challenges resulting from the mismatch
between the renewable generation and the energy demand, the in-
creased electrical demand, the limited storage capacity of the EV, and
so on. The specific challenges for the energy interaction in the G2V/B2V
interaction are listed in Table 11.

3) Opportunities for energy interactions between buildings and ve-
hicles

There are several opportunities deriving from addressing the above-
mentioned challenges. First, by strategically installing and managing
the charging stations, the EVs can be an important source of flexibility
for the energy balance [165,166], helping to prevent price spikes of
electricity and to avoid the further upgrades of the grid capacity. For
instance, Tao et al. [7] optimised the layout of the battery-based EV
charging infrastructure using real-world driving data. Their results
show that compared to the current layout of the charging infra-
structure, the over-discharging rate of the EVs can be reduced from
68.1% to 39.6% through the optimisation of the layout of EV charging
infrastructures.

Moreover, the vehicle generates on-site renewable energy when
renewable systems are installed in the vehicles. On-site renewable
generation in the vehicle has several advantages. First, integrating a
renewable system with the vehicles will be one of the effective solutions
in terms of reducing the cruise anxiety of drivers. Fathabadi [53] in-
dicated that when the EV is implemented with renewable systems
supported by both solar energy and wind energy, the cruising range of a
plug-in hybrid EV (PHEV) will be extended by 19.6 km on a sunny day.
Moreover, compared to the normal operation of the PHEV, the re-
newable-supported EV can provide a higher power efficiency of 91.2%
and a higher speed of 121 km/h. Second, when mobile micro-wind
turbines are installed in the vehicles, the kinetic energy can be con-
verted to renewable energy for the transportation use. Third, as the
energy demand for transportation can be partially covered by the on-
site renewable system, the expansion requirement of grid capacity will
be mitigated. Furthermore, compared to traditional vehicles without
any renewable systems, the vehicle with the on-site renewable system
has more chances to become a NZEV due to the increase of the self-
consumed renewable energy.

8. Conclusions

In this study, a holistic overview of hybrid energy interaction net-
works has been presented. A systematic analysis has been provided
regarding the energy integration and interaction between buildings and
vehicles with respect to different energy forms, advanced energy con-
versions, diversified energy storage systems, and hybrid grids’ interac-
tions. The reviewed buildings include residential buildings, public
buildings, transportation buildings, and biofuel generation factories.

The reviewed vehicles include conventional gasoline-based vehicles,
biofuel-based vehicles, battery-based vehicles, and fuel-cell electric
vehicles. A systematic review of commercial products of both battery-
based vehicles and fuel-cell-based vehicles was presented from the
standpoint of different vehicle models, battery sizes, hydrogen tank
volumes, and home charging/discharging rates. The investigated hy-
brid grids include the biofuel grid, hydrogen grid, district thermal grid,
and electrical grid. The role of the electric grid in the hybrid energy
network was reviewed, and the assessment criteria were demonstrated
from the perspectives of energy consumption, operational cost, and CO2

emission. A systematic and comprehensive energy interaction network
was thereafter formulated for the first time in this study to bridge the
scientific gaps. Technical solutions for the energy interaction en-
hancement were systematically presented and discussed from the
standpoint of buildings (such as on-site PVs, on-site wind turbines,
biofuels, and geothermal energy) and vehicles (mobile storages and
mobile renewable systems). In addition, an interactive energy sharing
blueprint involving different energy sharing networks was formulated
on the basis of the mobility characteristics of vehicle fleets. Afterwards,
technical challenges have been proposed together with future poten-
tials, that need further investigation. From our study, several conclu-
sions can be drawn:

1) In the academic world, challenges for buildings and vehicles inter-
action networks mainly include the stochastic characteristic of the
vehicles, the occupant-dependent building load, the uncertainty of
the renewable generation, the accurate sizing methodology of the
renewable system, the prediction of the lifetime, and the fault di-
agnosis of the EV battery. Performance assessment criteria for the
buildings and vehicles interaction network include the grid inter-
action, the annual matching capability, the annual net equivalent
CO2 emission, and the annual net operational cost.

2) The energy interaction networks between buildings, vehicles, and
the electric grid have been demonstrated, and the main function of
the electric grid is to instantaneously balance the energy of the ve-
hicles' integrated energy network. In some regions such as islands,
the vehicles can support and stabilise the local weak electric grid.
Furthermore, the buildings can provide flexibility to the electric grid
through the demand side management, the load control and the grid
response.

3) Advanced energy storage systems (including active storage systems,
such as battery and thermal storage tanks, and passive energy sto-
rage systems, such as the thermal mass of the building envelope) are
effective solutions in terms of reducing the rated capacity of
building devices and enhancing the matching capability of the ve-
hicles' integrated energy network. Unlike the performance of active
storage systems, the performance of passive storage systems was
mainly dependent on the insulation and the emitter. Technical so-
lutions can be proposed for active storage systems, such as the ex-
cess renewable-recharging strategy, to fully utilise the storage ca-
pacity, reduce the grid interaction, and improve the matching
capability.

4) In the academic literature, technical solutions for recovering the
exhaust heat in gasoline-based vehicles for building usage include
thermoelectrical devices, the Organic Rankine Cycle, and

Table 10
EV charging infrastructure and their integrations with buildings.

EV charging infrastructure Preferable renewable sources Energy integrations Comments

Residential charging station
(Slow charging)

Renewable source with renewable
generation overnight, like wind turbine

Charging the EV at the valley period and the EV
being discharged at the peak period

Typically associated with the overnight
charging

Public charging station (Fast
charging)

Renewable source that can generate
centralised electricity

EV acting as the energy carrier to carry the power in
the public charging station for the domestic usage

Power charging rate higher than 40 kW,
delivering over 100 km between 10 and 30min

Wireless power transfer (WPT) The WPT for the domestic usage via the EV when
the WPT charging cost is low

The power transmitted through transmitter
unit on EVs without any physical contact
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turbocharger systems. The main challenges can be summarised as
the low heat recovery efficiency and the depreciation of biofuel cells
and internal combustion engines.

5) A systematic and comprehensive energy interaction network has
been formulated for the first time involving different energy forms,
advanced energy conversions, hybrid energy storage systems, and
hybrid grids' interactions (the biofuel grid, hydrogen grid, electric
grid, and thermal grid). Challenges for hybrid energy networks in-
clude grid capacity expansions, frequent grid power fluctuations,
static export costs, unpredictable schedule of vehicles, synchronized
peak load of buildings and vehicles, together with the availability of
charging facilities and fuel stations. In order to promote interactive
energy sharing networks in the smart energy system, technical so-
lutions need to be further investigated, including the installation of
mobile renewable systems, vehicle scheduling optimisation, layout
optimisation of vehicle charging stations or fuel stations, and policy
incentives from policymakers.

Through a systematic literature review and the in-depth discussion
on the energy integration and interaction between buildings and ve-
hicles, the realisation of a renewable and sustainable energy sharing
network is promising for clean power production and the climate
change mitigation. Both the building energy system and the transpor-
tation can interact with each other through energy interactive me-
chanisms such as those formulated in this paper. By realising a sys-
tematic interaction of different energy sharing networks via the
mobility of vehicle storages, the energy systems can become more ro-
bust, reliable and flexible. However, more efforts are needed on many
aspects. Incentives and subsidies should be provided to vehicle owners
for the depreciation of their vehicles when participating in renewable
and sustainable energy sharing networks. Social acceptance of the se-
curity of high-pressure hydrogen storage tanks need more attention
when integrating buildings with hydrogen vehicles. Regarding the ex-
haust heat recovery from vehicles, the implementation of advanced
thermo-electrical materials would be very useful to enhance the heat
recovery efficiency. Furthermore, the standardization of interactive
facilities, such as electric charging/discharging cables and hydronic
thermal networks, needs to be further developed for facilitating the
design and operations of the energy interactions between different
types of buildings and vehicles.
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