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H I G H L I G H T S

• Integrated building energy sharing systems via micro-grid and electric vehicles.
• Energy trading business models for both the external and local grid-tied ZEBs.
• Energy management of renewable, grid and storage resources between nearby ZEBs.
• Integrated energy sharing systems between neighboring zero-energy buildings.
• Techno-economic impact of novel energy trading models between neighboring ZEBs.
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A B S T R A C T

Applying high-efficient combinations of renewable energy systems and effective energy management of re-
newables, grid and storage resources between neighboring grid-tied zero-energy buildings (ZEB) has become
growingly significant to improve the techno-economic performance of hybrid building systems. However, ma-
jority of the existed research mainly analyzed one single energy-sharing method based on simple technical yearly
index. The techno-economic impact evaluated by matching index (WMI) and net present value (NPV) of various
hybrid renewable energy systems combined with three different integrated building energy-sharing systems via
instantaneous and predictive micro-grid-based, and local electric-vehicle(EV)-based energy-sharing remains
uncovered. The research results show that with integration of instantaneous micro-grid-based and local-EV-based
energy-sharing system, the techno-economic performance is enhanced (average WMI improved by 7.19 % and
6.86 %, NPV improved by 9.53 % and 5.70 %, respectively), while specific cases show various improvement
outcomes largely related to the types of renewable combinations. Under instantaneous micro-grid-based sharing,
the divergency of two buildings’ renewable combinations brings at most 33.59 % technical improvement and
3,764,380 HKD economic benefits. In contrast, the similarity of both renewable combinations helps achieve a
maximum 12.02 % matching enhancement and an extra 866,690HKD NPV improvement under local EV-based
energy-sharing. As for the common energy trading business model, the building with more energy shared
earns more profits as the trading price increases. However, when the residence is under the “Predictive Micro-
grid-based Energy-Sharing Control” mode, a lower trading price below 0.5 HKD of the specific case is more
likely to minimize the loss of office stakeholder as well as maintain positive profits of residence owners.

1. Introduction and background

Nowadays, the topic of carbon neutrality has become increasingly

important under the background of climate change and global warming.
In Hong Kong, the building and transportation sectors have contributed
95 % of the final total energy consumption compared to the world
average of 50 % due to its highly developed urbanization and industry
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structure, resulting in a large amount of carbon emission [1]. The
HKSAR Government has announced that the carbon neutrality deadline
is 2050, while the mid-term carbon emissions target is set for a 50 %
reduction before 2035 compared to 2005 [2]. Regarding the high pro-
portion of carbon emissions resulted from energy consumption in the
building and transportation sectors in Hong Kong, it is essential to
reduce the energy consumption of these two sectors comprehensively.

In the academic field, in order to achieve building sector energy
consumption reduction, many researchers are focusing on the zero-
energy building (ZEB) technologies as a promising solution to cut
down the building energy consumption as well as accelerating the
decarbonization process [3–6]. There are several different definitions of
ZEB in the academic world [7]. In this study, ZEB is defined as a building
whose self-renewables generation equals or is larger than its energy
demand in one year [7] [8]. According to the research review of Ahmed
and his colleagues, renewable energy can be categorized into two parts
based on the supply location (e.g. on-site and off-site) and mainly comes
from hydropower, wind energy and solar energy. Hydropower genera-
tion is greatly restricted by geographical factors and is mainly used at
the power plant side of the grid instead of the building demand side [9].
Photovoltaic panels (PV) and wind turbines are typical technologies to
utilize solar and wind energy respectively at the building demand side
[10,11]. PVs are usually installed in a building-integrated way on top of
the roof or mounted to the facades in ZEBs in the case of on-site pro-
duction [12]. Some researched ZEBs close to the seashore adopt floating
photovoltaics (FPV) technologies to utilize more water surfaces for off-
site solar energy [13]. Different renewable electricity (REe) combina-
tions impact greatly the technical and economic outcome of building
hybrid systems. Luo and his team [14] studied the techno-economic

performance improvement of on-shore roof-top PV installations of
different levels of homestay hotels in Hainan Province in China, showing
that the integration of roof PVs can cover up to 63.87 % of energy
consumption and achieve maximum 31.4 % of profit increase, making it
technically and financially feasible to invest on PV system. Similar re-
sults have also been noticed by the study of Fabian and his team [15] of
the Kenyan institutional building, which the institutional building is
found to achieve approximately 77 % reduction in power grid impor-
tation and 84 % less electricity bill when installed on-shore PVs and
wind turbines can cover 71.6 % of the total electricity demand [15,16].
According to the existing research of Haojie and Sunliang, with off-shore
hybrid wind-wave energy generation systems (62 % wave generation
and 38 % wind generation), the coastal zero-energy building can save
imported electricity that is partially generated by fossil energy by 69 %,
therefore reducing the carbon emissions at the power plant side [16].
Qiang Gao’s research investigated the combination of wind and wave
generation in a power plant can dramatically bring up to a 20 % increase
in power capacity and a maximum of 35 % improvement in energy ca-
pacity compared to the sole wind-supported power plant [17]. Inother
words, the saving storage capacity also leads to lower capital invest-
ment, making positive financial feedback of renewable energy systems
investment feasible [17]. As a result of the unstable nature of renewable
energy (e.g., solar and wind energy), ZEB still needs to have frequent
interactions with the electric grid. Still, it reduces reliance on the power
grid side [18]. Some similar studies on the impact of different REe sys-
tems of ZEB are also available in the references of Luo et al. [19], Abdou
et al. [20], Krarti et al. [21], and Tumminia et al. [22].

Meantime, an unstoppable trend of electric vehicle (EV) penetration
can be observed in the transportation sector in Hong Kong [23],

Nomenclature

ZEB Zero-energy building
PV Photovoltaic system
BIPV Building integrated photovoltaic system
FPV Floating photovoltaic system
WT Wind turbine
REe Renewable electricity
EV Electric vehicle
B2V Building-to-vehicle energy interaction
V2B Vehicle-to-building energy interaction
DHW Domestic hot water
AHU Air handling unit
PREe Renewable electricity generation power (kW)
Pimp Imported power from the external grid (kW)
Pexp Exported power to the external grid (kW)
PB2V Charging power from building to electric vehicle (kW)
PV2B Discharging power from electric vehicle to building (kW)
PO2R MG Sharing power from office to residence by micro-grid (kW)
PR2O MG Sharing power from residence to office by micro-grid (kW)
GenOffRe Office renewable energy generation
GenResRe Residence renewable energy generation
GapOff Office energy gap between renewable energy generation

and building demand
GapRes Residence energy gap between renewable energy

generation and building demand
CHOEV Office electric vehicle charging energy amount
CHREV Residential electric vehicle charging energy amount
CHRB Residential building battery charging energy amount
MGO2R Shared energy amount by micro-grid from office to

residence
MGR2O Shared energy amount by micro-grid from residence to

office

DisCHOEV Office electric vehicle discharging energy amount
DisCHREV Residential electric vehicle discharging energy amount
EOffimp.a Annual office energy import amount
EResimp.a Annual residence energy import amount
EOffexp.a Annual office energy export amount
EResexp.a Annual residence energy export amount
MCM Mandatory charging mode
FSOC Fractional state of charge
OEFe On-site electrical energy fraction
OEMe On-site electrical energy matching
WMI Weighting matching index
LEV Local electric vehicle
EB2V Electricity transferred from building to electric vehicle

(kWh)
EV2B Electricity transferred from electric vehicle to building

(kWh)
EO2R MG Electricity shared from office to residence by micro-grid

(kWh)
ER2O MG Electricity shared from residence to office by micro-grid

(kWh)
EO2R LEV Electricity shared from office to residence by local electric

vehicle (kWh)
ER2O LEV Electricity shared from residence to office by local electric

vehicle (kWh)
NPV Net present value
HKD Hong Kong dollar
MG Micro-grid
DMI Decision-making index
DMIR Decision-making index of residence
OEV Office electric vehicle
REV Residential electric vehicle
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resulting in increasingly high interactions between the building and
transportation sectors. Though we consider the EVs won’t emit any CO2
on the roadside, the equivalent carbon emissions are transferred to the
building side especially when EVs are charged in the building via the
“Building-to-Vehicle (B2V)” function. Therefore, reducing the corre-
sponding carbon emissions of the building sector will also become a
challenge. The results of Madeline Gilleran’s research on investigating
the impact of the EV public retail building charging (B2V only) in the US
showed that fast charging would bring a significant increase of more
than 250 % on on-site peak power demand in some cases, leading to a
stressful pressure on the power grid side [24]. This phenomenon became
more serious when per-port charging power levels rose. Moreover, the
capacity issues frequently occur due to the overlapping of charging ports
demand and the existing building demand. In addition, Madeline et al.
also pointed out that if the charging loads correspond with rate struc-
tures incorporating high demand charges fees, the annual electricity bill
is susceptible to increase up to 88 % [24]. Similar EV charging demand
increase has also been observed by Stefano Bracco. The results of their
research showed that by the renewable generation from PVs and wind
turbines, the impact on the grid by B2V charging can be alleviated,
therefore resulting in the reduced amount of imported electricity from
the external grid and lower electricity bills [25]. Meanwhile, except for
the abovementioned B2V impact research, more researchers have turned
their attention to the interactions of Vehicle-to-Building (V2B) which
the EV batteries are utilized as movable energy storages for buildings. A
research team led by Liu investigated the potential ability of EVs as
mobile energy storage devices to reduce load differences between peak
and valley hours [26]. Ahmed Ouammi investigated that by integrating
V2B functions with the building micro-grid, the discharging electricity
from EVs can successfully achieve peak load reduction of one solar PV-
supported building. The results of his research also revealed that uti-
lizing the operational flexibilities of EVs’ participation in shaving the
building peak load is helpful to handle the uncertainties of the renew-
able generation nature [27]. Liu’s team studied a techno-economic
analysis on V2B interaction in zero-energy building. Their results
turned out that introducing EV discharge improves 2.6 % on renewable
utilization ratio,12.1 % on load matching ratio, and reduces 18.7 % on
electricity bills as well as 6.2 % on levelized energy costs [28]. Other
similar research on the V2B impact on building hybrid systems can be
located in the following references authored by Li et al. [8], Zou [29],
David et al. [30], Lo et al. [31], He et al. [32], and Mahdi et al. [33].

There have been recent studies that focused on various kinds of en-
ergy sharing of buildings. Pei Huang’s research on renewable PV power
sharing between three neighboring buildings using a micro-grid showed
that sharing electricity as an aggregated cluster helps the buildings to
achieve the same level of system performance with a smaller PV
installation capacity compared to no sharing due to the enhanced
matching capability and improved building self-consumption rate [34].
Some researchers focused on the interactions between the EVs and the
buildings by B2V and V2B function. According to David Borge-Diez et al.
results, integration owned EVs sharing by V2B strategies can transform
the EVs into mobile energy storages without any extra investments. The
V2B sharing functions reduce the building peak demand by 50 %, which
leads to multiple benefits including grid impact reduction, increasing
utilization of EVs, higher renewable energy sharing and economic
profits. It illustrates that it is meaningful to include the V2B application
of EVs in building energy management structures for more energy
flexibility [30]. Moreover, the technical and economic feasibility of 22
European cities with the Building-To-Vehicle-To-Building scheme was
studied by Giovanni Barone and his colleagues. From a technical
perspective, the building electricity importation reductions from the
power grid range from 13 % to 71 %. Some cases show great potential
for profits with a net present value of up to 18.1 k€ due to the building
location with a high level of solar intensity and beneficial electricity
price [35]. Some similar results have also been confirmed from the
studies of Cao that there are some matching capabilities enhancement by

purely activating the V2B function. However, the scale of matching
capabilities enhancement between buildings is largely affected by the
relationship between the time of renewable energy surplus, the EVs’
parking schedule and the vehicle energy consumption [36]. Some re-
searchers like Kumari’s team focused on the technical application of
energy sharing using decentralized and transparent P2P energy trading
schemes based on blockchain. It demonstrated that adopting a dynamic
trading price is beneficial for both consumers and prosumers [37]. It also
indicated that the further updated trading scheme has the potential to
resolve the security and privacy issues, pointing out a feasible technical
solution for building energy-sharing applications [38].

Drawing from the literature reviews previously mentioned above, it
is noticeable that the following scientific gaps exist in the academic
world:

Firstly, the existing academic research mainly focused on the tech-
nical and economic performance of one individual building with one
type of REe such as PV or different REe combinations such as on-shore
(PV and wind turbine) or off-shore (Wave generator and wind turbine)
[15–17,39]. There is little detailed investigation of two separate ZEBs
based on the technical and economic performance with both on-shore
(PV and wind turbine) and off-shore (FPV) renewables combinations.
Most past studies used simple yearly index, for example, the annual
electricity bill to evaluate the economic performance [15,17,39].
Seldom studies considered the investment cost and profit return of the
hybrid renewable system in a long-term base using net present value
index. How the on-shore PV and wind turbine and off-shore FPV impact
the technical and economic performance of two separated hybrid
building systems is an attractive question remains uncovered.

Secondly, when the ZEB possessed the function of B2V and V2B,
researchers like Liu et al. [28] and David Borge-Diez et al. [30] mainly
analyzed the interaction between the EVs and one building. The in-
teractions between the EVs and two neighboring buildings with different
renewable combinations are still unknown, especially on how the dif-
ferences in building renewable energy systems will affect the perfor-
mance of two ZEBs with V2B functions. Furthermore, seldom research
has been concentrated on the impact of the different schedules of EVs
owned by different types of buildings. The EVs owned by different types
of buildings have different usage patterns and parking schedules,
therefore will largely impact the building-to-vehicle-to-building in-
teractions outcome when the stakeholders use the EVs as mobile energy
storages.

Thirdly, building on the initial point discussed, there has not been
any research dedicated to examining the technical and economic aspects
(such as grid interaction, investment and operational costs, net present
value, etc.) of various energy sharing approaches (like instantaneous
and predictive micro-grid-based and local EV-based energy-sharing)
across two building types (residence and office). Most studies mainly
focused on only one type of integrated energy-sharing method such as
micro-grid conducted by Pei Huang et al. [34] and EV sharing conducted
by David Borge-Diez et al. [30] and Giovanni Barone et al. [35]. For the
micro-grid sharing method, very limited studies were investigating the
energy interactions between different kinds of buildings with various
operation patterns. For the EV sharing method, most existing studies
were about the interactions between one building and EVs. How EV
sharing will affect two buildings’ performance remains an appealing
topic. Moreover, most previous research studied building energy-
sharing owned by the same stakeholder. There are very few studies
focusing on energy sharing and trading between two neighboring
buildings belonging to two different stakeholders, making the under-
standing of the influence of different sharing methods a worthwhile
research objective.

This paper addresses the abovementioned three identified scientific
gaps by examining a residential and an office zero-energy building.
These buildings are supported by diverse combinations of hybrid on-
shore BIPVs, wind turbines, and off-shore floating PV renewable en-
ergy systems, each owned by two stakeholders. The contributions of this
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paper are listed below:
The first contribution of this paper is to provide a detailed technical

and economic analysis using some comprehensive index such as net
present value to evaluate the impact of investment cost and profit return
of both on-shore and off-shore renewable energy systems.

The second contribution is to demonstrate the interactions and per-
formance influence of different building renewable energy systems and
distinct EV schedules on two different types of neighboring buildings.

The third contribution is that it illustrated the technical and eco-
nomic performance of various kinds of energy-sharing controls between
two different types of buildings with diverse operation patterns based on
multi-objective indexes. The research also revealed the financial impact
on energy trading with different building stakeholders.

The following Section 2 of this paper will present the weather con-
ditions, building demands, and the simulation environment. This will be
followed in Section 3 by detailed descriptions of the building services,
energy system control strategies, and renewable energy systems. Section
4 will delineate the analytical criteria, while Section 5 will present the
simulation outcomes, accompanied by comprehensive evaluation, ana-
lyses and discussions. Finally, the conclusions of this study will be
delineated in Section 6.

2. Weather, building demands, and methodology

The studied two buildings are both coastal buildings in Hong Kong,
which are located in the southern part of China within subtropical
climate zones. These two buildings are neighboring buildings, for one is
an office building, and the other is a residential building. The mixture of
different building types like offices and residences is commonly seen in
Hong Kong suburban areas such as Chai Wan, Repulse Bay, Stanley, etc.
The weather file comprises hourly data on temperature, humidity ratio,
wind speed, and solar radiation, all of which are critical inputs for
building energy simulations. Utilizing Metronome weather data specific
to Hong Kong, it is noted that the annual total solar radiation on a
horizontal surface amounts to 1423 kWh/m2. Fig. 1 further depicts both
the total horizontal solar radiation and the average wind speeds for
twelve months. The peak solar radiation is observed in July, reaching
168.5 kWh/m2, while the minimum occurs in February, at 63.9 kWh/
m2, reflecting the typical summer-winter cycle characteristic of the
subtropical zone in China. Relatively more stable wind speed can be
observed at around 4.6–5.7 m/s in whole year except for July at 3.6 m/s.

The simulation of the floating photovoltaic (FPV) system incorpo-
rated seawater temperature data obtained from the Hong Kong Obser-
vatory. Based on this data, the average seawater temperature in Hong

Kong ranges from 16.20 ◦C to 29.55 ◦C, with an annual average value
reaching 22.90 ◦C, showing much stable temperature fluctuation
compared to the air.

The studied office and residential buildings are set to be owned by
two different stakeholders, with the same layout with 5 floors above
ground. Each floor was in a 20m × 20m rectangular shape with a 3-m
floor height. The architectural design of the building envelopes, insu-
lation, service systems, and operational schedules were all developed
following the Performance-based Building Energy Code of Hong Kong
[40] as listed in Appendix A. The window-to-wall ratio of the external
facade was established at 0.21 to prevent unnecessary solar heat gain
through glazing in alignment with recommendations from the Hong
Kong Green Office Guide [41]. The total energy demand and the peak
power demand in one year of building services systems such as the
different cooling and heating systems, domestic hot water (DHW)
heating as well as the building electricity demand exclusive of any
energy-conserving strategies and REe generation system of each build-
ing were illustrated in Table 1 and Table 2. Fig. 2 presents their duration
curves of one year, respectively. The electric demands including illu-
mination, equipment operation and ventilation fan usage are presented
in Table 1, Table 2 and Fig. 2, excluding the contributions from the
buildings’ cooling and heating systems.

Each building has one local electric vehicle (EV) owned by each
stakeholder and one charging pile on its ground floor, respectively. For
the EV owned by the office building, it is assumed that the office EV
parks at the office building during the period of 0:00–8:00, and
18:00–24:00 and stays in the residential building from 11:00–16:00 on
weekdays. At 8:00 and 16:00 from Monday to Friday, the office EV will
go on a 3-h (30 km), and 2-h (20 km) business trip, respectively. During
the weekend, the office EV remains parked in the office. As for the
residential EV, it is scheduled to park in the residential building from
20:00 to 8:00 on the next morning and park in the office building during
working hours from 8:00 to 18:00 during weekdays. The residential EV
will take a 25 km (2 h) ride to dinner outside every working day. It will
also go for a 60 km trip every Sunday while staying in the residential
building for the remaining period of weekends. Detailed schedules of
each EV are illustrated in Fig. 3. The product of both two EVs is the
“Tesla Model S" equipped with a 100 kWh-capacity lithium-ion battery
supporting charging and discharging rates up to 1C [42]. The EV con-
sumes 0.2 kWh per kilometer when cruising [43]. The latter Section
3.2.3 elaborates on the details of the EV control strategies.

The research is based on computer simulation using the advanced
simulation software TRNSYS 18. TRNSYS is a renowned energy simu-
lation software designed to model various types of energy systems,

Fig. 1. The monthly horizontal total solar radiation and the monthly average wind speed in Hong Kong.
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including their consumption, as well as the generation and storage of
renewable energy. This software utilizes the capabilities of the TRNSYS
Simulation Studio, which is complemented by a built-in parametric
analysis function and the energy simulation environment known as
TRNBuild. Two buildings’ hybrid energy systems integrated with micro-
grid and two EVs are all configured with the TRNSYS 18 simulation
environment. A parametric analysis is conducted first to analyze the

impact of different renewable generation combinations. The impact of
instantaneous and predictive micro-grid-based sharing and local EV-
based sharing and their respective trading business model are further
studied. Detailed methodology is described in Section 5. The time step of
this study is set to 0.125 h to guarantee a stable and accurate simulation.

Table 1
The total energy and peak power demands of cooling, heating, and electric demands of the office building.

Office Cooling Heating Electric

AHU Cooling Space Cooling Total cooling AHU Heating Space Heating DHW Heating Total Heating Electric (with Aux_tank)

Total Energy (kWh/m2. a) 192.13 56.38 248.51 0.05 0.01 20.74 20.80 133.78
Peak Power (kW) 269.97 82.69 306.38 10.52 18.33 15.00 19.59 68.00

(a) Lighting, equipment, and ventilation fans except for the cooling and heating system and the electric vehicle system are included in the electric demand. (b)
Reheating load by the cooling coil is not included in the AHU heating demand.

Table 2
The total energy and peak power demands of cooling, heating and electricity demands of the residential building.

Residence Cooling Heating Electric

AHU Cooling Space Cooling Total cooling AHU Heating Space Heating DHW Heating Total Heating Electric (with Aux_tank)

Total Energy (kWh/m2.a) 278.34 37.66 316.01 0.09 0.00 20.95 21.04 131.07
Peak Power (kW) 184.21 40.04 213.53 8.05 0.00 16.67 16.79 57.70

(a) Lighting, equipment, and ventilation fans except for the cooling and heating system and the electric vehicle system are included in the electric demand. (b)
Reheating load by the cooling coil is not included in the AHU heating demand.

Fig. 2. The duration curves of cooling, heating, and electric demands of two buildings. (a) The duration curves of the office building of cooling and electric demand,
(b) The duration curves of the office building of heating demand, (c) The duration curves of the residential building of cooling and electric demand, and (d) The
duration curves of the residential building of heating demand.
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3. Building services systems

3.1. The primary elements and the system design principles

The primary elements of the compound system for two buildings
consist of renewable energy generation systems, building energy con-
sumption devices, and an integrated electric vehicle (EV) system, which
are illustrated in Fig. 4. The renewables generation systems for both
buildings include building-integrated photovoltaic systems (BIPV),
floating photovoltaic systems (FPV), and onshore wind turbines, with
specific details outlined in Section 3.3. The energy consumption devices
within the buildings comprise water-cooled chillers (deployed in both

the air-handling unit (AHU) cooling and space cooling systems), cooling
towers, electric heaters for air and water, and other building operational
equipment. The water-cooled chillers are responsible for charging the
cooling storage tanks to meet the cooling requirements of the AHU and
space cooling systems. Furthermore, each building’s roof hosts a solar
thermal hot water system supported by a hot water storage tank and an
additional heater powered by electricity to fulfill the buildings’ hot
water demands. Due to each building’s limited rooftop space, the area
for solar thermal collectors is confined to 12 m2, allocating the
remainder for BIPV installations. In Table 3, the detailed information of
the abovementioned components is given. For these two buildings, the
EV integrated system consists of the building-to-vehicle (B2V) and

Fig. 3. The EV schedule of one week.

Fig. 4. The diagram of one grid-tied zero-energy building that incorporates the REe generation system, building service systems, and an integrated EV system.
“CWST” and “HWST” refer to “cold water storage tank” and “hot water storage tank”, respectively.
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vehicle-to-building (V2B) functions. The two EVs can be charged via the
B2V technologies of the EV-integrated system in all three energy sharing
methods but can only be discharged via the V2B function in the local EV-
based sharing mode.

Based on the general schematic shown in Fig. 4, three kinds of energy
sharing methods, instantaneous and predictive micro-grid-based and
local EV-based energy-sharing are novelly developed for each building.
The performance of the three sharing methods will be discussed in the
latter Section 5.2, 5.3 and 5.4. Both instantaneous micro-grid-based and
local EV-based integrated energy-sharing methods are designed to
encourage energy sharing between the two neighboring buildings. The
control principles governing the buildings’ hybrid system are slightly
different due to the implementation of two different energy-sharing
methods, which are outlined briefly as follows. On one hand, the con-
trol system initially assesses the amount of electricity produced by the
renewable energy system and compares it to the electric demand of
building devices and equipment. In instantaneous micro-grid-based
sharing method, if the renewable electricity (REe) exceeds the need of
own building electricity demand, the control system will divert the
surplus electricity to the parked own EV charging. In the local EV-based
sharing method, REe surplus after satisfying own building demands will
be used to charge any local EV’s battery. Thereafter, if the remaining
surplus REe is still larger than zero, the remaining REe will be diverted
to fulfill the demand of the neighboring building and its parked own EV
by micro-grid in instantaneous micro-grid-based sharing method. In the
local EV-based sharing scenario, the remaining REe will be transferred
to the external grid. Alternatively, in case the REe cannot fully meet the

electric demands of its building, the shortage gap will be covered by the
micro-grid sharing first, then followed by importing electricity from the
external grid if the micro-grid sharing amount is still not sufficient. For
EV sharing, the local EV will discharge its battery to meet the electricity
shortage in case REe is not enough if the condition allows. The building
will import electricity from the electric grid if the discharging still
cannot fill the gap. As for the predictive micro-grid-based energy sharing
method, it has nothing different from the instantaneous micro-grid-
based energy sharing except that is based on the presumption that the
future energy generation and demand information of the residential
building is already known beforehand. The execution of micro-grid
sharing is determined by the future energy condition and trading price
to maximize one of the stakeholder’s economic interests. The detailed
expatriation of these three energy-sharing control strategies is described
in the latter Section 3.2.

3.2. The elaborated control strategies for energy-sharing between the two
neighboring buildings

3.2.1. The instantaneous micro-grid-based energy-sharing method
In instantaneous micro-grid-based energy-sharing method, the only

energy sharing method between two neighboring buildings is by micro-
grid. In order to study the influence of micro-grid sharing, there is no
V2B function in this sharing mode. Under the instantaneous micro-grid-
based energy-sharing method, the energy management system makes all
decisions of sharing energy by micro-grid based on current energy
condition of both buildings surplus or shortage. As the abovementioned
control principles of instantaneous micro-grid sharing illustrate, the
generated renewable electricity (REe) of each building will be firstly
used to fulfill the demand of its own building. When there is still
remaining surplus energy available, it will charge the parked own EV. In
case the own EV is not parked in its own building or the surplus REe
exceeds the maximum charging power 1C of the EV battery, the
remaining electricity will be transferred to the neighboring building by
micro-grid sharing if it is in energy shortage. Thereafter, after meeting
the demand for its own building along with its own EV and the shortage
of the neighboring building, if there is still a surplus left, the remaining
REe will charge the parked neighboring building’s EV. In the following
three scenarios that the REe of the neighboring building can fully sup-
port its own demands, or another stakeholder’s EV is not parked in its
own building, or the left surplus REe is beyond the maximum charging
power of the EV, the left surplus energy will be exported to the external
grid. On the contrary, when the REe generation fails to cover its own
building’s demands, the control strategy will consider transferring en-
ergy through micro-grid sharing from the neighboring building. If the
amount of micro-grid transferred electricity is not sufficient or the
neighboring building itself is in shortage, importing electricity from the
external grid will be the final option. Detailed control strategies logic
and general mathematics formula are presented in Fig. 5 and Table 4.

3.2.2. The predictive micro-grid-based energy-sharing method
The predictive micro-grid-based energy-sharing method is developed

based on the instantaneous micro-grid-based energy-sharing method.
Unlike instantaneous energy-sharing control that encourages energy
sharing between two buildings, predictive energy-sharing control make
sharing decisions in the line with one of the stakeholder’s economic
benefits instead of sharing whenever possible. This sharing method is
called “predictive” because that the decision is made based on the in-
formation of building’s future energy generation and demand that is
presumed already known beforehand. The decision of sharing is based
on the Decision-Making Index (DMI) that is determined by two vari-
ables, the future energy situation and the trading price value, which
details will be explained in the latter paragraph. There are 52 out of 81
cases in the residential building transfers more micro-grid sharing than
the office building in instantaneous micro-grid sharing, therefore in this
model the residential building is selected as the studied object about

Table 3
The setting index of chillers and solar thermal collectors in TRNSYS settings.

The contents The parameters

AHU and Space
Cooling Chillers
(Modelled by the Type
666 [44] in the
TRNSYS

Chiller type

AHU cooling chiller: Water-
cooled chiller. Product
parameters are based on “Daikin
WGZ090”(office), “Daikin
WGZ060”(residence)
Space cooling chiller: Water-
cooled chiller. Product
parameters are based on “Daikin
WGZ030”(office and residence)

Rated capacity(a) AHU cooling chiller: 307.7 kW
(office), 213.7 kW (residence)
Space cooling chiller: 106.0 kW
(office and residence)

Rated COP(a) AHU cooling chiller: 4.6 (office),
4.5 (residence)
Space cooling chiller: 4.5 (office
and residence)

Set point temperature
of the chilled water
leaving temperature

AHU cooling chiller: 5 ◦C (office
and residence)

Space cooling chiller: 13 ◦C
(office and residence)

Solar Thermal
Collectors (Modelled
by the Type 71 [44] in
TRNSYS

Type
Evacuated tube solar thermal
collector

The dimensions of
solar thermal systems

12 modules with each module at
1m2

Number in serious
times the number in
parallel

3 × 4

Flow rate at test
conditions 50 kg/(hr. m2)

Intercept efficiency 0.7
Negative of first order
efficiency coefficient

2.78 W/(m2.K2)

Negative of second
order efficiency
coefficient

8.33

(a) The rated condition includes an inlet cooling water temperature of 35 ◦C and
a chilled water set point temperature of 7 ◦C.
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how these two variables will affect the building systems’ efficacy in
technical and economic aspects. An additional 100 kWh building battery
is installed in the residential building as energy storage to provide

flexibility for the energy control system to reduce micro-grid sharing
amount and the trading fee. If the trading price is high, or the control
system predicts there will be much surplus energy in the coming future

Fig. 5. The instantaneous micro-grid-based energy-sharing control strategy chart. “MCM” refers to “Mandatory charging mode” as introduced in Section 3.2.3.
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based on the existing annual data of renewable generation and building
demand, or a combination of both, it tends to use the battery storage
energy instead of micro-grid sharing energy to avoid paying unnecessary
trading fee. On the contrary, if the trading price is low, or the building is
anticipated to face significant shortages in the future, or both, the con-
trol system will prioritize the utilization of micro-grid sharing initially,
reserving the stored energy in the battery for impending shortages to
save money from importing electricity from the external grid.

DMIR = 0.5 • FactorTP+0.5 • FactorFE (1)

FactorTP = − 0.64935 • TP+1 (2)

GAPstep = GENERATIONstep − DEMANDstep (4)

In this scenario, the Decision-Making Index of residential building
(DMIR) is introduced to evaluatewhether to use spare energy bymicro-grid
from another building based on the own building future situation (next 24
h) and the tradingprice.WhenDMIR is larger or equal to0.5, the residential
building use the energy from the office building by micro-grid if the
following two conditions are met: 1) the residential building has energy
shortages; 2) the office building has an energy surplus. Otherwise, the
system uses the residential battery to satisfy the building shortages.
FactorTP determines the impact of trading price change. When the price
equals to 0, then FactorTP equals to 1, DMIR is equal or larger than 0.5,
which means themicro-grid sharingwill be conducted asmuch as possible.
When the trading price is close to the external power grid price, it will
result in a lower FactorTP, hence lower chance for DMIR higher than 0.5.
FactorFE refers to the future 24-h energy situation. Based on the existing

data of building renewable generation anddemand,
∑step+192

i=step GAPstep means
the sum-up value of energy surplus (positive) or shortages (negative) for
the next 192 time step (each step equals to 0.125 h, 192 steps equal to 24 h)

at the current time step,whilemin
{∑step+192

i=step GAPstep|step ∈ [0, 69888]
}

and

max
{∑step+192

i=step GAPstep|step ∈ [0,69888]
}

represents the minimum and the

maximumaccumulated sum-upvalues of the considered future timeperiod
(24 h) in one year (total 70,080 steps), respectively. When the sum-up
value of the next 24 h energy is progressively closer to the maximum
annual accumulated sum-upvalue then FactorFEwill be increasingly closer
to 0, it indicates that the building is more likely to possess much surplus in
the coming 24 h, therefore the decision is made that it is not necessary to

receive micro-grid sharing electricity at this current time step. The logic is
opposite when the 24-h sum-up value is approximate to the minimum
annual accumulated sum-up value, causing higher possibilities to use
transferred electricity from micro-grid. There are two differences between
the instantaneous micro-grid-based control strategy mentioned in Section
3.2.1 and the predictive micro-grid-based control strategy. One of the
differences is that when the conditions are allowed to conduct micro-grid
sharing from office to residential building under instantaneous micro-grid-
based sharing, the predictive micro-grid-based control will judge whether
the DMIR is larger than 0.5. If the DMIR is lower than 0.5, which the future
24-h energy surplus is likely to be sufficient enough to meet the demand or
the tradingprice is highor a combinationof both, the residencewill decline
to accept office surplus through micro-grid to avoid paying unnecessary
trading fee, therefore the office surplus will be exported to the external
grid. Another difference is adding one building battery in the residential
building to provide control flexibility. As long as the residential building
has surplus energy, the residential battery will have the top priority to be

Table 4
Modelling formulation of renewable generation system, EV and grid interactions under instantaneous micro-grid-based energy-sharing method.

Equation Explanation
∫ 8760h

0 GenOffRe(t)dt =
∫ 8760h

0
[
GenOffBIPV(t) + GenOffFPV(t) + GenOffWT(t)

]
dt

∫ 8760h
0 GenResRe(t)dt =

∫ 8760h
0 [GenResBIPV(t) + GenResFPV(t) + GenResWT(t) ]dt

Generation of renewable energy of each
building

∫ 8760h
0 GapOff (t)dt =

∫ 8760h
0

[
GenOffRe(t) − DemandOff (t)

]
dt

∫ 8760h
0 GapRes(t)dt =

∫ 8760h
0 [GenResRe(t) − DemandRes(t) ]dt

Energy gap between the generation and
the demand of each building

∫ 8760h
0 CHOEV(t)dt =

∫ 8760h
0 If(FSOCOEV < 0.95, 1, 0)×

⎧
⎨

⎩

If
[
GapOff (t) ≥ 0 ,GapOff (t) ,0

]
dt

If
{
GapOff (t) < 0 , If

[
GapRes(t) − CHREV(t) −

⃒
⃒
⃒GapOff (t)

⃒
⃒
⃒ ≥ 0 ,GapRes(t) − CHREV(t) −

⃒
⃒
⃒GapOff (t)

⃒
⃒
⃒ ,0

]
,0

}
dt

∫ 8760h
0 CHREV(t)dt =

∫ 8760h
0 If(FSOCREV < 0.95, 1,0)×

{
If[GapRes(t) ≥ 0 ,GapRes(t) ,0]dt

If
{
GapRes(t) < 0 , If

[
GapOff (t) − CHOEV(t) − |GapRes(t) | ≥ 0 ,GapOff (t) − CHOEV(t) − |GapRes(t) | ,0

]
,0

}
dt

Each EV Charging energy amount

∫ 8760h
0 MGO2R(t)dt =

∫ 8760h
0

{
If
[
GapOff (t) − CHOEV(t) > 0 ,1,0

]
× If [GapRes(t) < 0 ,1, 0] ×

[
GapOff (t) − CHOEV(t)

] }
dt

∫ 8760h
0 MGR2O(t)dt =

∫ 8760h
0

{
If [GapRes(t) − CHREV(t) > 0 , 1,0] × If

[
GapOff (t) < 0 ,1, 0

]
× [GapRes(t) − CHREV(t) ]

}
dt

Energy sharing amount by micro-grid of
two directions

∫ 8760h
0 EOffimp.a(t)dt =

∫ 8760h
0

[
DemandOff (t) − GenOffRe(t) − MGR2O(t)

]
dt

∫ 8760h
0 EResimp.a(t)dt =

∫ 8760h
0 [DemandRes(t) − GenResRe(t) − MGO2R(t) ]dt

Energy import from power grid of each
building

∫ 8760h
0 EOffexp.a(t)dt =

∫ 8760h
0

[
GenOffRe(t) − DemandOff (t) − CHOEV(t) − MGO2R(t)

]
dt

∫ 8760h
0 EResexp.a(t)dt =

∫ 8760h
0 [GenResRe(t) − DemandRES(t) − CHREV(t) − MGR2O(t) ]dt

Energy export to power grid of each
building

FactorFE =
1

min
{∑step+192

i=step GAPi|step ∈ [0,69888]
}
− max

{∑step+192
i=step GAPi|step ∈ [0, 69888]

}

•
∑step+192

i=step
GAPi +

max
{∑step+192

i=step GAPi|step ∈ [0, 69888]
}

max
{∑step+192

i=step GAPi|step ∈ [0, 69888]
}
− min

{∑step+192
i=step GAPi|step ∈ [0, 69888]

} (3)
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charged, followed by the residential EV. When encountering residential
shortages, DMIR falls below 0.5 and no office surplus, the residential bat-
tery will discharge to address the shortages. Any remaining deficit will be
compensated by importing energy from the power grid. The detailed pre-
dictive micro-grid-based control strategy and the mathematic formula of
energy flow for the DMIR-applied management system are shown in Fig. 6

and Table 5, respectively.
The results of another control strategy called the instantaneous

micro-grid-based sharing with residential battery are also added in
Section 5.3. The design of this control strategy is nothing different from
the predictive micro-grid-based sharing control except that there is no
DMI control on the micro-grid sharing, so that the differences of

Fig. 6. The perfect predictive Micro-grid control strategy. “MCM” refers to “Mandatory charging mode” as introduced in Section 3.2.3.
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predictive control can be compared based on the same reference line. In
other words, this control strategy is an enhanced version of the instan-
taneous micro-grid-based energy-sharing described in Section 3.2.1.

3.2.3. The local electric-vehicle-based energy-sharing method
In local EV-based sharing mode, two neighboring buildings share

electricity through their two EVs’ charging and discharging functions at
different locations according to the schedule. There is no electricity
sharing by any physical cables so the sole impact of EV sharing can be
studied. Similar to the instantaneous micro-grid-based energy-sharing,
the management system makes decision of whether charging or dis-
charging EV solely based on current energy condition of the building. As
mentioned in Section 3.1, the REe will cover its own building demand
first similar to the micro-grid-based sharing method. If REe generation is
more than the need of own building, the remaining REe will be diverted
to charge the local EV if the conditions allow. In cases where there is no
EV parked in the building or the remaining surplus REe power exceeds
the maximum charging power, the unused electricity will be sent to the
external power grid. Inversely, if the own building needs more energy
than the renewable system can provide, the system will discharge the
local EV first if its FSOC level allows it. Otherwise, the deficit in building
energy will be addressed through the importation of electricity from the
external grid. The detailed control logic and equation formula are
illustrated in Fig. 7 and Table 6, respectively.

(1) The control strategy of the B2V process in three integrated
energy-sharing methods

As stated in Section 2, the EV model employed in this research is the
“Tesla Model S,” which has a battery capacity of 100 kWh. Type 47a in
TRNSYS software is a powerful model to simulate this battery [44]. The
fractional state of charge (FSOC) is used in this model to indicate the
available percentage of storage electricity in each battery. The
maximum charging limit for each EV battery is set to FSOC 0.95 and the
minimum of FSOC 0.30 to protect the lithium battery. Furthermore, the
FSOC for both the office EV and the residential EV should not be less
than 0.30 after the trips finish. Therefore, both EVs’ battery FSOC are
monitored at certain hours before the departure time depending on the
coming trip length. In case the FSOC at departure time is less than the

minimum required level to guarantee the FSOC is not lower than 0.30
when the trip ends, a “mandatory charging mode (MCM)” is activated
with a minimum charging power that ensures the EV battery can be
increased to the required FSOC for the upcoming trip. The minimum
charging power in this mode is preferentially supported by the renew-
able generation REe; when this surplus REe is less than the required
power, the rest gap will be filled by importation from the external grid.
Once the FSOC reaches the minimum required level for the incoming
trip, the “mandatory charging mode” is deactivated while the “normal
charging mode” kicks in. The “normal charging mode” is executed if the
conditions mentioned below are all met: (a) The own building’s
renewable generation exceeds its building demand in all sharing modes
or the condition of energy-sharing by micro-grid allows in two micro-
grid-based sharing mode; (b) The EV is parked in any building in EV-
based sharing mode or in its own building in micro-grid-based sharing
mode; (c) The EV battery FSOC has not reached the upper limit 0.95.

(2) The control strategy of the V2B process

The EV battery discharges only in the local EV-based energy-sharing
mode. Discharging occurs when three following conditions are met: (a)
There is a shortage in the building’s electricity supply; (b) The EV is
parked in the building; (c) The EV battery’s FSOC is above the minimum
required level for the next planned trip.

3.3. The renewable electricity generation systems

In previous Section 3.1, the renewable electricity generation system
is described as consisting of three components: building-integrated
photovoltaic system (BIPV), floating photovoltaic system (FPV), and
wind turbine system. The specific features of these systems are described
below.

3.3.1. The system design of solar energy

(1) Building-Integrated Photovoltaics (BIPV)

Solar energy is one of the most effective renewables resources in
cities. Considering Hong Kong is a highly building-intensive city with

Table 5
Modelling formulation of renewable generation system, EV and grid interactions under predictive micro-grid-based energy-sharing method.

Equation Explanation
∫ 8760h

0 GenOffRe(t)dt =
∫ 8760h

0
[
GenOffBIPV(t) + GenOffFPV(t) + GenOffWT(t)

]
dt

∫ 8760h
0 GenResRe(t)dt =

∫ 8760h
0 [GenResBIPV(t) + GenResFPV(t) + GenResWT(t) ]dt

Generation of renewable
energy of each building

∫ 8760h
0 GapOff (t)dt =

∫ 8760h
0

[
GenOffRe(t) − DemandOff (t)

]
dt

∫ 8760h
0 GapRes(t)dt =

∫ 8760h
0 [GenResRe(t) − DemandRes(t) ]dt

Energy gap between the
generation and the demand of
each building

∫ 8760h
0 CHOEV(t)dt =

∫ 8760h
0 If(FSOCOEV < 0.95, 1, 0)×

⎧
⎨

⎩

If
[
GapOff (t) ≥ 0 ,GapOff (t) ,0

]
dt

If
{
GapOff (t) < 0 , If

[
GapRes(t) − CHRB(t) − CHREV(t) −

⃒
⃒
⃒GapOff (t)

⃒
⃒
⃒ ≥ 0 ,GapRes(t) − CHRB(t) − CHREV(t) −

⃒
⃒
⃒GapOff (t)

⃒
⃒
⃒ ,0

]
,0
}
dt

∫ 8760h
0 CHREV(t)dt =

∫ 8760h
0 If(FSOCREV < 0.95, 1,0)×

{
If[GapRes(t) − CHRB(t) ≥ 0 ,GapRes(t) ,0]dt

If
{
GapRes(t) < 0 , If

[
GapOff (t) − CHOEV(t) − |GapRes(t) | ≥ 0 ,GapOff (t) − CHOEV(t) − |GapRes(t) | , 0

]
, 0

}
dt

∫ 8760h
0 CHRB(t)dt =

∫ 8760h
0 {If(FSOCRB < 0.95,1, 0) × If [GapRes(t) ≥ 0 ,GapRes(t) ,0] }dt

Each EV Charging energy
amount

∫ 8760h
0 MGO2R(t)dt =

∫ 8760h
0

{
If
[
GapOff (t) − CHOEV(t) > 0 ,1,0

]
× If [GapRes(t) < 0 ,1, 0] × If [DMIR > 0.5,1, 0] ×

[
GapOff (t) − CHOEV(t)

]}
dt

∫ 8760h
0 MGR2O(t)dt =

∫ 8760h
0

{
If [GapRes(t) − CHRB(t) − CHREV(t) > 0 ,1, 0] × If

[
GapOff (t) < 0 ,1,0

]
× [GapRes(t) − CHRB(t) − CHREV(t) ]

}
dt

Energy sharing amount by
micro-grid of two directions

∫ 8760h
0 EOffimp.a(t)dt =

∫ 8760h
0

[
DemandOff (t) − GenOffRe(t) − MGR2O(t)

]
dt

∫ 8760h
0 EResimp.a(t)dt =

∫ 8760h
0 [DemandRes(t) − GenResRe(t) − MGO2R(t) ]dt

Energy import from power grid
of each building

∫ 8760h
0 EOffexp.a(t)dt =

∫ 8760h
0

[
GenOffRe(t) − DemandOff (t) − CHOEV(t) − MGO2R(t)

]
dt

∫ 8760h
0 EResexp.a(t)dt =

∫ 8760h
0 [GenResRe(t) − DemandRES(t) − CHRB(t) − CHREV(t) − MGR2O(t) ]dt

Energy export to power grid of
each building
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little spare space, it is advisable to make use of the flat roof surface to
install BIPVs. In both office and residential buildings, if the renewable
energy system includes BIPV, these are installed on flat roofs, covering
86.6 % (346.44 m2) of the roof area. The remaining space is occupied by
solar thermal collectors and other roof-mounted devices. The surface of
BIPV is made of a glazing panel with an air gap between the panel and
the roof structure. The BIPV, which is a commercial product “FU 275 P"
manufactured by the FuturaSun Company [45], is modelled by the
TRNSYS Type190 [44] which employs a five-parameter circuit model.
This polycrystalline photovoltaic module can achieve 16.84 % efficiency
under the standard test condition (STC: 1000 W/m2, reference temper-
ature 25 ◦C) based on the product handbook [45]. Further details about
this BIPV product can be found in Table 7.

(2) Floating photovoltaics (FPV)
Given the limited roof surface area, the efficiency of existing solar

energy technologies is insufficient to satisfy building energy demands.
The need for land resources to install photovoltaics (PV) is contradictory

to the highly developed urbanization and population density in Hong
Kong. Hence, since the two buildings are both located on the shore, it is
reasonable to utilize the sea surface near the target buildings in case the
renewables system of each building is comprised of FPVs. Moreover, the
FPV panels are positioned horizontally to the calm sea surface to mini-
mize orientation changes caused by wind and waves. The selected
commercial product for FPV is also “FU 275 P" [45]and it is modelled in
TRNSYS by Type 567 [46] since it considers the impact of seawater
temperature on FPV generation efficiency, which can show the advan-
tages of FPV systems [47,48]. The detailed parameters of this product
under STC are shown in Table 7.

3.3.2. The system design of wind energy
The two buildings are located on the seashore, where there is plenty

of wind energy created by the land-ocean temperature difference and
the subtropical monsoon. So, the wind turbines are assumed to be locally
installed on the nearby seashore of these buildings. The selected on-

Fig. 7. The Local EV-based energy-sharing control strategy chart. “MCM” refers to “Mandatory charging mode” as introduced in Section 3.2.3.
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shore small-scale wind turbine product for these two buildings is “ET-
WT10KL-W [49]” with a rated power of 10 kW each. It features a
horizontal-axis design with three blades, a hub height of 22 m, and a
rotor diameter of 7 m. The working wind speed is from 3 to 30 m/s. The
wind turbine is simulated using the Type 90 model in TRNSYS [44] This
model calculates power generation primarily using a power-wind speed
curve, while also considering factors such as control mode, hub height,
land roughness and air properties. The number of wind turbines is one of
the parameters studied in subsequent parametric analyses. Table 7 de-
lineates the comprehensive index of the product as specified by the
manufacturer.

4. Analysis criteria

Multiple technical and economic analysis criteria are employed to
assess the results and compare the enhancements in techno-economic
performance investigated in this research. This section outlines the
definitions and equations associated with these analysis criteria.

Firstly, the concepts of on-site electrical energy faction (OEFe) and
electrical energy matching (OEMe) are introduced to evaluate the
matching capability between building systems and external electric grid.
OEFe is the indicator that shows the proportion of own building demand
satisfied by the local renewable energy generation without importing

from the grid. OEMe is the indicator that quantifies the percentage of
locally generated renewable energy that is utilized to meet the build-
ing’s own energy requirements. The WMI is the average value of OEFe
and OEMe that indicates the comprehensive matching capability be-
tween building and the grid. The simplified format of the OEFe, OEMe

Table 6
Modelling formulation of renewable generation system, EV and grid interactions
under local EV-based energy-sharing method. “OEVlocation” means the location of
office EV, which the value “1” means the office EV is parked in the office and the
value “0” means the office EV is parked in the residence. “REVlocation” means the
location of residential EV, which the value “0” means the residential EV is
parked in the residence and the value “1” means the residential EV is parked in
the office.

Equation Explanation
∫ 8760h

0 GenOffRe(t)dt =
∫ 8760h

0
[
GenOffBIPV(t) + GenOffFPV(t) +

GenOffWT(t)
]
dt

∫ 8760h
0 GenResRe(t)dt =
∫ 8760h

0 [GenResBIPV(t) + GenResFPV(t) + GenResWT(t) ]dt

Generation
of renewable
energy of
each building

∫ 8760h
0 GapOff (t)dt =

∫ 8760h
0

[
GenOffRe(t) − DemandOff (t)

]
dt

∫ 8760h
0 GapRes(t)dt =

∫ 8760h
0 [GenResRe(t) − DemandRes(t) ]dt

Energy gap
between the
generation
and the
demand of
each building

∫ 8760h
0 CHOEV(t)dt =

∫ 8760h
0 If(FSOCOEV < 0.95, 1, 0)×

{

If [OEVlocation = 1, 1, 0] × If
[
GapOff (t) ≥ 0 ,GapOff (t) ,0

]
dt

If[OEVlocation = 0,1, 0] × If [GapRes(t) ≥ 0 ,GapRes(t) ,0]dt
∫ 8760h

0 CHREV(t)dt =
∫ 8760h

0 If(FSOCREV < 0.95, 1,0)×
{
If[REVlocation = 0,1, 0] × If [GapRes(t) ≥ 0 ,GapRes(t) ,0]dt
If [REVlocation = 1, 1, 0] × If

[
GapOff (t) ≥ 0 ,GapOff (t) ,0

]
dt

Each EV
Charging
energy
amount

∫ 8760h
0 DisCHOEV(t)dt =

∫ 8760h
0 If(FSOCOEV > 0.3, 1,0)×

{

If [OEVlocation = 1, 1, 0] × If
[
GapOff (t) < 0 ,

⃒
⃒
⃒GapOff (t)

⃒
⃒
⃒ ,0

]
dt

If[OEVlocation = 0,1, 0] × If [GapRes(t) < 0 , |GapRes(t) | ,0]dt
∫ 8760h

0 DisCHREV(t)dt =
∫ 8760h

0 If(FSOCREV > 0.3, 1,0)×
{

If[REVlocation = 0,1, 0] × If [GapRes(t) < 0 , |GapRes(t) | ,0]dt
If [REVlocation = 1, 1, 0] × If

[
GapOff (t) < 0 ,

⃒
⃒
⃒GapOff (t)

⃒
⃒
⃒ ,0

]
dt

Each EV
Discharging
energy
amount

∫ 8760h
0 EOffimp.a(t)dt =

∫ 8760h
0

[
DemandOff (t) − GenOffRe(t) −

DisCHOEV(t) − DisCHREV(t)
]
dt

∫ 8760h
0 EResimp.a(t)dt =
∫ 8760h

0 [DemandRes(t) − GenResRe(t) − DisCHREV(t) − DisCHOEV(t) ]dt

Energy
import from
power grid of
each building

∫ 8760h
0 EOffexp.a(t)dt =

∫ 8760h
0

[
GenOffRe(t) − DemandOff (t) −

CHOEV(t)
]
dt

∫ 8760h
0 EResexp.a(t)dt =
∫ 8760h

0 [GenResRe(t) − DemandRES(t) − CHREV(t) ]dt

Energy
export to
power grid of
each building

Table 7
The index of BIPV, FPV and wind turbine in TRNSYS settings.

The contents The parameters

BIPV

Type model 5 parameters equivalent circuit
model

MPPT mode
The PV is equipped with a
maximum power point tracking
(MPPT) device

Module short-circuit current at
reference conditions

9.11 A

Module open-circuit voltage at
reference conditions

38.65 V

Reference cell temperature 298 K
Reference insolation 1000 W/m2

Module current at max power
point and reference conditions 8.73 A

Module voltage at max power
point and reference conditions

31.52 V

Temperature coefficient of Isc (ref.
cond)

0.0474 %

Temperature coefficient of Voc
(ref. cond) − 0.285 V/K

Module temperature at NOCT 313 K
Ambient temperature at NOCT 293 K
Insolation at NOCT 800 W/m2

Module area 1.474 m2

The product of the module cover’s
transmittance and the substrate’s
absorptance for solar radiation
normal to the plane of the module.

0.95

Semiconductor bandgap 1.12 eV
Value of parameter “a” at
reference conditions 1.976

Value of parameter I_L at reference
conditions

5.417 A

Value of parameter I_0 at reference
conditions 1.104× 10− 9

Module series resistance 0.5195 Ω
Shunt resistance at reference
conditions 161 Ω

Floating
PV

PV efficiency mode
Linear modifiers for off-rated
cell temperature and incident
radiation

The PV surface absorptance 0.9
Product dimensions 1650 × 990 × 35 mm
The transparent cover material
refractive index 1.526

The reference PV efficiency under
the reference conditions (the
incidence radiation at 1000 W/m2
and the reference temperature at
25 ◦C)

16.84 %

Efficiency modifier regarding to
the temperature − 0.0037/C

Efficiency modifier regarding to
the radiation m2/W
The glazing cover surface
emissivity

0.9

The glazing cover conductivity 0.8 W/(m.K)
The glazing cover thickness 0.0032 m

Wind
turbine

The type of the wind turbine

3-blade horizontal-axis wind
turbine (based on the
commercial product “ET-
WT10KL-W [49]”)

Rated power 10 kW
Hub height 22 m
Rotor diameter 7 m
Cut-in wind speed 3 m/s
Cut-out wind speed 30 m/s
The site shear exponent 0.1
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and WMI are as follows, while the detailed calculation methods are
defined in the Ref. [50,51]:

OEFe = 1 −

∫ t2
t1 Pimp(t)dt

∫ t2
t1 [Lelec(t) + PB2V(t) ]dt

,0 ≤ OEFe ≤ 1 (5)

OEMe = 1 −

∫ t2
t1 Pexp(t)dt

∫ t2
t1 PREe(t)dt

,0 ≤ OEMe ≤ 1 (6)

WMI = (OEFe+OEMe)/2,0 ≤ WMI ≤ 1 (7)

where“Pimp(t)” and “Pexp(t)” are the interaction power of importation
and exportation with the grid, respectively. “t1” and “t2”, which
respectively represents the integral’s lower and upper limits, are the
start and end point of the studied period. The “Lelec(t)” is the sum-up
electric power demand of each building including the cooling and
heating system and the building operational equipment without the B2V
demand of EVs. The “PB2V(t)” is the B2V power demand to charge the
local EVs. The“PREe(t)” refers to the power generated by building REe
generation systems, which includes BIPVs, FPVs and/or the wind
turbines.

Moreover, two criteria will be applied to study the interactions of the
B2V and the V2B of each building. As presented below Eq., “EB2V” refers
to the electricity transferred from the building to the EV annually, and
“EV2B” represents the annual electricity discharged from EV to building
through the EV-integrated system.

EB2V =

∫ t2

t1
PB2V(t)dt (8)

EV2B =

∫ t2

t1
PV2B(t)dt (9)

where the“PB2V(t)” is the charging power for the EV batteries, and the
“PV2B(t)” represents the discharging power of EV batteries to meet
building energy demands.

Additionally, in order to examine the interactions between two
sharing methods—micro-grid and local EV sharing—three criteria are
employed to evaluate each method separately. For micro-grid sharing
mode, “EO2R MG” and “ER2O MG” show the total shared electricity value
from office building to residential building and the opposite sharing
direction by micro-grid in a year, respectively. “PO2R MG” and “PR2O MG”
indicate the sharing power from office to residence and inverse direction
by micro-grid in each time step. “EB2B MG” is the sum-up value of
“EO2R MG” and “ER2O MG” to show the total energy sharing amount by the
micro-grid. For local EV sharing, three indices are used similarly to the
micro-grid sharing. “EO2R LEV” indicates that the total amount of elec-
tricity transferred in a year by charging local EVs from the office
building then discharging it to the residential building. “PO2R LEV” is the
energy sharing power from office to residence by two EVs which is
defined by based on the cumulative charging energy proportion inside
the EV batteries that have been charged from the office building in the
past, to determine the ratio of the office-to-residence shared energy
being discharged in the residential building in each time step. “PR2O LEV”
represents the sharing power from residence to office with alike logic as
“PO2R LEV”. “ER2O LEV” indicates the inverse electricity sharing from the
residential building to the office building with similar sharing calcula-
tions method as “EO2R LEV”. The total annual electricity sharing amount
under local EV sharing mode is presented as “EB2B LEV” as following Eq.:

EO2R MG =

∫ t2

t1
PO2R MG(t)dt (10)

ER2O MG =

∫ t2

t1
PR2O MG(t)dt (11)

EB2B MG = EO2R MG +ER2O MG (12)

EO2R LEV =

∫ t2

t1
PO2R LEV(t)dt (13)

ER2O LEV =

∫ t2

t1
PR2O LEV(t)dt (14)

EB2B LEV = EO2R LEV +ER2O LEV (15)

Lastly, this study employs the net present value (NPV) as the primary
economic indicator to examine the influence of different renewable
energy combinations and energy-sharing methods on the financial
viability of hybrid systems. Specifically, the NPV considered is the ab-
solute value of the net cash flows from the life-cycle costs of the building
systems over 20 years, following the payback phase. Therefore, the
formula of the absolute NPV of the building system is shown as follows,
while the detailed calculation methods are defined in the Ref. [18]:

NPV = PRVoperation − CREeini +PRVMGshare − PRVBATrep +PRVBATres (16)

where “CREe ini” is the amount of the initial investment capital of the
renewable generation systems.

PRVoperation =
∑N

t=1

(
CFiT − Cbill − CREeini × FO&M

)

(1 + i)t
(17)

PRVMGshare =
∑N

t=1

(
CMGexp − CMGimp

)

(1 + i)t
(18)

PRVBATrep =
∑j=J

j=1

CBAT ini

(1 + i)j*l
(19)

PRVBATres = CBAT ini ×
lres
l
×

(
1

1 + i

)N

(20)

where the “CFiT” is the income of the Feed-in tariff for the annual total
generation of renewable systems given by the Hong Kong government
[52], and the “Cbill” is the electricity bill in one year due to the impor-
tation from the grid based on a simple constant import tariff 1.5440
HKD/kWh [53]. The “FO&M” represents the ratio of annual operation and
maintenance costs to the initial investment in renewable energy, with
specific details provided in Table 8. “N” represents the considered sys-
tem lifetime period of 20 years. The “PRVMGshare” is the present value
result of micro-grid sharing, which is only activated in micro-grid
sharing mode and may be positive or negative, based on whether
there is a net import or export through the micro-grid. The “PRVBATrep” is
the present value of replacement cost of EV batteries. Other variables
such as “l”, “j”, “J” are lifetime, specific replacement instance and total

Table 8
Economic index of the REe generation systems.

Components BIPV
[54]

FPV [55] Wind
turbine
[16]

EV &
Building

battery [42]

Micro-
grid

Initial cost
6227
HKD/
kW

26,520
HKD/kW

39,837
HKD/kW

266,163
HKD/unit

16,640
HKD/30

m
O&M ratio of

initial cost
1.20 % 1.92 % 0.80 % N.A. N.A.

Feed-in Tariff
in Hong
Kong

3 HKD/kWh [52]

Interest Rate 2.96 % [56]
USD to HKD

exchange
rate

7.8 [57]
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number of replacements, respectively. The initial investment of batteries
is defined as “CBAT ini”. “PRVBATres” is the present value of the residual
battery. “lres” and “i” represent the residual lifetime and the annual in-
terest rate, respectively.

5. Results and discussions

This research aims to thoroughly assess the impact of energy and
financial performance enhancement through three energy sharing
methods—instantaneous micro-grid-based, predictive micro-grid-based
and local EV-based sharing—between two adjacent grid-tied zero-en-
ergy buildings equipped with different renewable electricity generation
combinations. To facilitate this analysis, five research groups have been
established, as detailed in Table 9. According to Table 9, Groups 1–2 and
Group 4 encompass 81 options for renewable electricity generation.
Each building has nine combinations of renewable electricity generation
systems as illustrated in Table 10, so each group of Groups 1–2 and 4 has
a total of 81 combinations. Group 3 is established for two purposes, for
Group 3.1 is to study the impact of adding one building battery in
residence, while another Group 3.2 is to analyze the impact of the pre-
dictive control method. For each combination of REe options, the unit
numbers of BIPVs only have two kinds of status, fully installed on the
roof (235 units) or none, while the unit numbers of FPVs and wind
turbines range from zero to maximum which fully covers the entire
annual demand of each building. In terms of differences among Groups 1
to 4: In Group 1, neither the functionality of “EV-based sharing” with
V2B capability nor the implementation of “Micro-grid-based sharing” is
operational; whereas in Group 2, solely the “Instantaneous Micro-grid-
based sharing” is activated, whereas “EV-based sharing” remains inac-
tive; in the subsequent Group 3.1, one residential building battery is
added based on Group 2, while the micro-grid-based sharing control is
still instantaneous; for Group 3.2, the predictive micro-grid-based con-
trol is applied based on Group 3.2; and finally, in Group 4, the “EV-based
sharing” is operational, but there is an absence of “Micro-grid-based”
sharing. In addition, this study incorporates a baseline reference case
designated as “Ref,” which excludes any REe generation system. In this
reference scenario, neither the “Micro-grid-based sharing” nor the “EV-
based sharing” is operational or activated.

Fig. 8 presents a flowchart outlining the research steps. Initially,
Section 5.1 delves into the influence of various combinations of
renewable electricity (REe) generation systems. In the following Section
5.2.1, the enhancement of the instantaneous micro-grid-based energy-
sharing of various renewable combinations is presented. The brief
studies about the trading business model of these two buildings are
introduced in the subsequent Section 5.2.2. Thereafter, Section 5.3.1
introduces the comparison results between the instantaneous micro-
grid-based energy-sharing control with and without the residential
building battery and the predictive micro-grid-based sharing, followed
by Section 5.3.2 presenting the impact of the trading under predictive
micro-grid-based sharing. Then Section 5.4.1 explores how the local EV-

based sharing method influences the building compound system and the
interactions between the building and vehicles. In Section 5.4.2, the
impact of the trading price on net present value is analyzed. In the end,
the comparison between the three sharing methods is introduced in
Section 5.5. Fig. 8 displays the involvement of research groups 1–4, as
detailed in Table 9, for each section discussed. Additionally, it outlines
the analysis criteria previously presented in Section 4. To evaluate the
technical performance of the building hybrid system, the assessment
focuses on annual matching capabilities, which include “OEFe,”
“OEMe,” and “WMI.” The evaluation of building-vehicle interactions
primarily considers criteria related to interactive energy (“EB2B_MG”,
“EO2R_MG”, “ER2O_MG”, “EB2B_LEV”, “EO2R_LEV” and “ER2O_LEV”). It is worth
noting that the EV schedules of parking positions, commuting, and
parking time will impact the V2B functionality.

5.1. The impact of the hybrid REe systems

The combined simulation results of all 81 cases in Group 1 about the
annual technical and economic performance are listed in Fig. 9. In
addition, the best and worst cases regarding the WMI and NPV as well as
the reference case are also illustrated in Table 11 for analysis.

Fig. 9 shows that the total WMI index, which measures the matching
capabilities of all scenarios in Group 1 without energy sharing between
buildings, ranges from 0.463 to 0.692. This variation indicates that
different combinations of renewable energy sources significantly affect
the matching performance of the building hybrid system. As shown in
Table 11, Cases 60, 15, and 55can achieve the top 3 best matching re-
sults, more than 14.52 % higher than the average WMI values of all
cases. The renewable generation systems of these cases are mainly
supported by the wind turbines (from 7 to 11 units) since the renewables
generation profile combined majorly by wind turbines and minorly by
PVs can better consist with the buildings’ demand profile. On the con-
trary, Cases 31, 36, and 76 show poor technical performance (over 23 %
below the average) resulting from the high proportion of PV-supported
REe generation systems. The nature of PV generation determines the
building can only import electricity from the grid at nighttime and
produce more electricity than demand in the daytime, resulting in lower
OEFe and OEMe values. On the economic aspect of all cases in Group 1,
Cases 5, 1, and 41 acquire the top 3 largest NPV values, over 90 % higher
than the average NPV values. The majority of the renewable generation
in these cases is powered by wind turbines (from 11 to 13 units). Due to
the relatively low investment and maintenance cost per kw capacity of
wind turbines compared to PV, the cases with more wind turbines tend
to achieve a better performance in the economic aspect. As above-
mentioned owing to the consistency of the combined renewable gener-
ation profile and the building demand profile, the cases completely
powered by the wind turbines do not have the matching capabilities as
good as the cases mixed with a large proportion of wind turbines and a
small proportion of PV renewable generation. It turns out that the cases
with large proportions of wind turbine renewables but not 100 % wind

Table 9
The variables explored in this research.

REe option B2V
function

V2B
function

Instantaneous micro-grid-based
energy-sharing

Predictive micro-grid-based
energy-sharing

Local EV-based
energy-sharing

Residential building
battery

Case:
Ref

None Y N N N N N

Group 1 BIPV+FPV +

WT
Y N N N N N

Group 2 BIPV+FPV +

WT
Y N Y N N N

Group
3.1

BIPV+FPV +

WT
Y N Y N N Y

Group
3.2

BIPV+FPV +

WT
Y N N Y N Y

Group 4 BIPV+FPV +

WT
Y Y N N Y N
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turbine-supported achieve the best economic performance. On the other
hand, Case 81 fully supported by FPV has the poorest economic per-
formance, followed by Case 36 and 76, which are also mainly powered
by the FPV. FPV possesses the highest investment cost (26,520 HKD/
kW) and annual operational cost (1.92 % of the total investment cost)
among the three renewable types, partially resulting in the worst
financial outcome. The generation nature of PV also contributes to poor
technical performance, causing higher importation and exportation with
the grid, which makes the financial outcome even worse. It is worth
noting that this economic result may be slightly different in other places
because of the different installation and operation costs.

5.2. The instantaneous micro-grid-based energy-sharing method

5.2.1. The impact of the instantaneous micro-grid-based energy-sharing
To improve the technical and economic efficacy of the building

hybrid system, the instantaneous micro-grid-based (Group 2) is intro-
duced to study its impact on energy sharing in this section, followed by
the instantaneous micro-grid sharing with residential battery (Group
3.1) and the predictive micro-grid-based sharing analysis (Group 3.2) in
Section 5.3. The control strategy of this sharing method is elaborated in
previous Section 3.2.1. First, as depicted in Fig. 10 and Table 12, two
neighboring buildings sharing excess energy through a connected cable
known as a micro-grid result in the total WMI and total NPV for the two
buildings in Group 2 averaging increases of 7.19 % and 1,109,602 HKD,

Table 10
Combinations of renewable electricity (REe) generation systems of office and residential buildings.

Office Office Office Office Residence Residential Residential Residential

BIPV FPV WT BIPV FPV WT

Case 1–9 Combination 1 235 0 11 Combination 1 235 0 11
Case 10–18 Combination 2 235 465 7 Combination 2 235 494 7
Case 19–27 Combination 3 235 981 3 Combination 3 235 1010 3
Case 28–36 Combination 4 235 1367 0 Combination 4 235 1396 0
Case 37–45 Combination 5 0 0 13 Combination 5 0 0 13
Case 46–54 Combination 6 0 154 11 Combination 6 0 183 11
Case 55–63 Combination 7 0 670 7 Combination 7 0 699 7
Case 64–72 Combination 8 0 1185 3 Combination 8 0 1214 3
Case 73–81

Combination 9 0 1572 0 Combination 9 0 1601 0

Fig. 8. The flowchart of the research groups, methodology and the analysis criteria. “G1”- “G4” refer to the Groups 1–4 listed in the Table 9.
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respectively, across 81 cases compared to Group 1. The OEFe and OEMe
values, which serve as indicators to illustrate the technical performance
of building systems as mentioned in Section 4, also show the simulta-
neous improvement in the WMI index of both buildings. Activating
energy sharing through the micro-grid, it enhances the use of generated
renewable energy, decreasing the necessity to import and export elec-
tricity from the external grid. This results in improved OEFe, OEMe, and

WMI for all cases in Group 2. The improvement of the total WMI by
instantaneous micro-grid sharing ranges from 0.97 % to 33.59 %
depending on the renewable energy generation combinations of each
building. Cases 45, 40 and 54 represent the largest enhancement of WMI
from 26.75 % to 33.59 % by the micro-grid as presented in Table 12. For
these cases that have more wind turbines on one side, especially the
office side and all PVs on the other residence side, the micro-grid serves

Fig. 9. Total NPV and total WMI of all 81 combination cases in Group 1. (a) Total NPV of all 81 combination cases, and (b) Total WMI of all 81 combination cases.
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as a powerful tool for the office side to share its energy surplus generated
by wind turbines at night to meet the demand of the residential side
without any renewable energy at night. In contrast to the great im-
provements, Cases 76, 31 and 81 fully powered by the PV show the
poorest technical improvements by micro-grid. The mismatching char-
acteristics between the PV generation nature and the building demand
in these cases are hard to optimize significantly by instantaneous micro-
grid sharing, since the micro-grid can only conduct instant sharing.

As for the economic performance of Group 2, similar results align
with the technical outcomes. The top 3 largest enhancement cases of
NPV presented in Table 12 correspond with the WMI improvement
cases, ranging from 3,096,741 HKD to 3,764,380 HKD. Both WMI and
NPV improvements chiefly attribute to the increasing utilization of the
wind turbine surplus generation from the office side to the residential
side at nighttime as well as the PV surplus generation from the opposite
direction in the daytime, saving much imported energy and electricity
bills. The energy flow of one typical week of top WMI and NPV Case 45 is
selected to demonstrate in Fig. 11 about how night-time office surplus
generated by wind turbine and day-time residential surplus generated
by PV is utilized by the micro-grid sharing to improve building perfor-
mance of both sides. Cases 40 and 54 are two typical cases to show that
one of the building’s NPV switch from negative to positive when the
micro-grid is applied, indicating that the instantaneous micro-grid
sharing is capable of changing some cases from non-profitable to
financially feasible. These cases also show that when two neighboring
buildings are equipped with complementary renewable generation sys-
tems, the micro-grid can greatly enhance their both technical and eco-
nomic performance. However, the micro-grid shows weak economic
enhancement down to 246,448 HKD when two buildings have similar
combinations as presented in Cases 1, 76 and 81 in Table 12. The
matching performance of Case 1 without micro-grid sharing already
reaches a good level, therefore the micro-grid sharing improvement is
limited. Cases 76 and 81 are the typical cases to indicate micro-grid can
bring negative results for one of the buildings compared to those without
micro-grid, due to its improvement on matching cannot compensate for
the added investment cost of the micro-grid cable. It can also be further
concluded from the energy sharing amount between two buildings that
the increasing renewables combination diversity brings higher micro-
grid sharing amount, particularly those cases with one building sup-
ported solely by wind turbines and another supported only by PVs.
Consequently, higher micro-grid sharing value means less energy being
imported and exported, therefore leading to better improvements in
technical and economic performance.

5.2.2. The impact of the instantaneous micro-grid-based trading business
model

As concluded in Section 5.2.1, the technical and economic perfor-
mance of two neighboring buildings can be improved by connecting

them with a micro-grid cable. However, these two buildings are owned
by two different stakeholders, therefore it is reasonable to consider the
trading price between these two buildings for the instantaneous micro-
grid-based sharing. As mentioned in previous Section 3.2, the energy
control system transfers energy between buildings by micro-grid
whenever it is possible. The trading price for energy sharing is the
same for both stakeholders based on mutual agreement and ranges from
0 to a maximum of 1.5 HKD per kWh, taking into account that the
trading price should not exceed the electricity price of the power grid
(1.544 HKD/kWh). Case 5 is selected in Fig. 12 to show the pattern after
the trading price application. As the price increases, the NPV of the
building receiving more energy annually from another building con-
tinues to decrease. The decreasing part of NPV in this building becomes
the increasing part of NPV in another building that transfers more en-
ergy to micro-grid, while the total NPV remains the same. In this busi-
ness model, the building with more surplus electricity transferred by
micro-grid earns more profits by sharing. On the other hand, the
stakeholder of the building receiving more energy by micro-grid pays
more for the energy sharing. However, it is still profitable for this
stakeholder due to the lower price of micro-grid trading compared to the
power grid price.

5.3. The predictive micro-grid-based energy-sharing method

5.3.1. The comparison between the instantaneous micro-grid-based energy-
sharing method without and with residential battery and predictive micro-
grid-based energy-sharing method

Based on the instantaneous micro-grid-based energy-sharing method
of Group 2, one extra battery is added to the residential building in
Group 3.1 to better compare the performance between the instantaneous
micro-grid-based sharing and predictive micro-grid-based sharing, as
presented in Table 9. The instantaneous micro-grid-based energy-
sharing control with added residential building battery is the same as the
predictive micro-grid-based energy-sharing control except that the
instantaneous one does not have DMI control. The detailed control
strategies and differences of these two strategies are described in above
Section 3.2.2. Three typical cases such as Case 5 (Top NPV perfor-
mance), Case 45 (Top Enhancement) and Case 76 (Worst Enhancement)
are selected in Table 13 to demonstrate the general trend of impact
brought by the added residential building battery on the instantaneous
micro-grid-based sharing. All three cases show positive on both WMI
(from 3.65 % to 11.52 %) and NPV (from 21,076 HKD to 271,479 HKD)
enhancement on residence side. The residential building battery served
as an energy storage contributes to higher utilization of renewable
generation, providing time-shift ability for energy usage, therefore
resulting in better matching capability. On the other hand, the added
residential battery brings negative effect on both technical and eco-
nomic aspect of office building from − 0.29 % to − 1.79 %, since the

Table 11
Typical top and worst 3 cases of total NPV and total WMI in Group 1.

Case
number

Office Residence Technical performance Economic performance

Number
of BIPV

Number
of FPV

Number
of WT

Number
of BIPV

Number
of FPV

Number
of WT

Total
OEF

Total
OEM

Total
WMI

Office NPV
(HKD)

Residence
NPV

(HKD)

Total NPV
(HKD)

Top 3
WMI
cases

60 0 670 7 0 183 11 0.690 0.694 0.692 6,903,488 9,514,764 16,418,252
15 235 465 7 0 183 11 0.689 0.693 0.691 8,332,914 9,514,764 17,847,677
55 0 670 7 235 0 11 0.692 0.691 0.691 6,903,488 11,056,104 17,959,592

Top 3
NPV
cases

5 235 0 11 0 0 13 0.665 0.643 0.654 11,182,637 11,122,898 22,305,536
1 235 0 11 235 0 11 0.673 0.662 0.668 11,182,637 11,056,104 22,238,741
41 0 0 13 0 0 13 0.647 0.616 0.631 11,053,936 11,122,898 22,176,834

Worst 3
WMI
cases

31 235 1367 0 235 1396 0 0.462 0.464 0.463 1,129,045 − 194,206 934,839
36 235 1367 0 0 1601 0 0.462 0.465 0.464 1,129,045 − 1,630,466 − 501,420
76 0 1572 0 235 1396 0 0.462 0.465 0.464 − 305,471 − 194,206 − 499,677

Worst 3
NPV
cases

81 0 1572 0 0 1601 0 0.463 0.465 0.464 − 305,471 − 1,630,466 − 1,935,936
36 235 1367 0 0 1601 0 0.462 0.465 0.464 1,129,045 − 1,630,466 − 501,420
76 0 1572 0 235 1396 0 0.462 0.465 0.464 − 305,471 − 194,206 − 499,677
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residential battery stores or discharges some energy which is supposed
to be transferred to or from office under instantaneous micro-grid-based
control. In general, three cases show positive technical improvement,
while only the worst enhancement Case 76 shows that the overall
technical improvement does not guarantee a better total economic
performance unless the residential NPV increasement outnumbers the
office NPV reduction.

Case 5 has the largest total NPV and the renewables investment on
both buildings is considered financially feasible, so it is selected as the
typical case to demonstrate the technical and economic impact of pre-
dictive micro-grid-based sharing control. As shown in Table 14, two
extrema and one middle trading price are chosen to compare the dif-
ferences between the instantaneous micro-grid-based energy-sharing
method without residential battery (Group 2), with residential battery

Fig. 10. The NPV and technical performance improvement with and without instantaneous micro-grid-based sharing of all 81 combination cases in Group 2. (a)
Total NPV improvement with and without instantaneous micro-grid-based sharing of all 81 combination cases, and (b) Technical performance improvement with and
without instantaneous micro-grid-based sing of all 81 combination cases.
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(Group 3.1) and predictive micro-grid-based energy-sharing method
(Group 3.2). As previously mentioned in Section 3.2.2, unlike the
instantaneous micro-grid-based control, the predictive micro-grid-based
control is designed for the financial benefit of residential stakeholder by
controlling the shared energy amount from office side. When there is no
trading price of micro-grid sharing, the DMIR is always equal or greater
than 0.5, therefore the predictive micro-grid-based control is the same as
the instantaneous micro-grid-based control with residential battery.
With the trading price increases, the residence uses DMIR to control the
amount of shared energy, resulting in an increasing deterioration on
both buildings’ matching capabilities, while the decreasing sharing
amount has more impact on office building side than residence. The
detailed trading price analysis on technical and economic performance
is presented by Case 5 in the following Section 5.3.2.

Fig. 13 (a) and (b) display the outcome difference around Time 880
h. It demonstrated the impact of DMIR by comparing the residential
building energy flow between two extrema of the trading price of the
typical two-day period (February 5th-February 7th). As shown in Fig. 13
(a), DMIR exceeds 0.5 for two days when trading price is at minimum 0.1
HKD. Therefore, when there is a shortage of residence at around hour
880, it is first met by adopting the sharing power from the office.
However, at the same time in Fig. 13(b) when the trading price reaches
1.5 HKD, the residential building discharges the residential battery to
meet the shortage first instead of transferring power from the micro-grid
due to low DMIR. In these two cases, though by definition the DMIR is
determined by both trading price and future energy conditions, the se-
lection of extrema trading price weakens the impact of future energy
conditions on the index.

5.3.2. The impact of the predictive micro-grid-based trading business model
As the trading price augments, the annual electricity sharing amount

by the micro-grid from office to residence (as indicated by MGO2R in
Fig. 14 decreases, especially when the trading price is larger than 0.40
HKD. When the price is 1.50 HKD, the MGO2R almost reaches zero,
showing that the price control factor is functioning, and it is not as
economical as low trading price cases for the residential building to
receive electricity from the office in high trading price cases. The tech-
nical performance of the office building indicated by WMI-O shows the
matching capability deteriorates while the trading price rises. The
principal factor is the growing exportation of surplus renewable elec-
tricity, driven by decreased micro-grid sharing from office buildings to
residential ones. However, residential WMI, which is an average value of
OEF-R and OEM-R, shows a different trend of small fluctuations first
then a downward trend. The decreasing OEF-R illustrates an increase in
the amount of imported electricity, while the improvement in OEM-R
presents a higher utilization rate of renewable energy as the trading
price enlarges. The combination of these two variables’ changes leads to
the result of WMI-R.

Moreover, the economic performance of the office illustrated by the
NPV index indicates an upward trend first then a downward trend as the
trading price increases. The office NPV reaches a peak point at 0.5 HKD.
On the other hand, the residential NPV shows the opposite trend of
downward trend first then the upward trend. The going upward trend of
office comes from the larger micro-grid sharing profits within low
trading price ranges below 0.50 HKD. After the trading price exceeds
0.50 HKD, the gap between the office and residential sharing profits
reduces and eventually the residential sharing profits overtake, since the
predictive control of micro-grid sharing only focuses on the MGO2R and
with very limited influence on MGR2O. What’s more, by applying the
residential micro-grid sharing predictive control, it is not financially
attractive for office stakeholders. The added residential battery expands
the flexibility of residential energy management but unavoidably re-
duces the transfer of the surplus renewable energy to the office side due
to battery self-storage, therefore these reductions must be imported by
the office and bring higher electricity bills. Nonetheless, the impact of
predictive control on the residential building varies from differentTa

bl
e
12

To
p

an
d

w
or

st
3

en
ha

nc
em

en
tc

as
es

of
to

ta
lN

PV
an

d
to

ta
lW

M
Iu

nd
er

in
st

an
ta

ne
ou

s
m

ic
ro

-g
ri

d-
ba

se
d

sh
ar

in
g

re
sp

ec
tiv

el
y

in
G

ro
up

2.
Re

ne
w

ab
le

co
m

bi
na

tio
ns

Te
ch

ni
ca

lp
er

fo
rm

an
ce

Ec
on

om
ic

pe
rf

or
m

an
ce

Ca
se

nu
m

be
r

O
ffi

ce
Re

si
de

nc
e

O
ffi

ce
Re

si
de

nc
e

To
ta

l
O

ffi
ce

Re
si

de
nc

e
To

ta
l

N
um

be
r

of
BI

PV
N

um
be

r
of

FP
V

N
um

be
r

of
W

T
N

um
be

r
of

BI
PV

N
um

be
r

of
FP

V
N

um
be

r
of

W
T

O
ffi

ce
O

EF
O

ffi
ce

O
EM

O
ffi

ce
W

M
I

Re
si

de
nt

ia
l

O
EF

Re
si

de
nt

ia
l

O
EM

Re
si

de
nt

ia
l

W
M

I
To

ta
l

O
EF

To
ta

l
O

EM
To

ta
l

W
M

I
En

ha
nc

em
en

t
ra

te
O

ffi
ce

N
PV

(H
KD

)
Re

si
de

nc
e

N
PV

(H
KD

)

To
ta

lN
PV

(H
KD

)
En

ha
nc

em
en

t
va

lu
e

(H
KD

)

To
p

3
W

M
I

en
ha

nc
em

en
t

ca
se

s

45
0

0
13

0
16

01
0

0.
78

9
0.

79
8

0.
79

4
0.

59
7

0.
54

5
0.

57
1

0.
69

2
0.

67
4

0.
68

3
33

.5
9

%
12

,7
86

,5
28

40
1,

32
2

13
,1

87
,8

50
3,

76
4,

38
0

40
0

0
13

23
5

13
96

0
0.

78
9

0.
79

8
0.

79
3

0.
59

6
0.

54
4

0.
57

0
0.

69
2

0.
67

4
0.

68
3

33
.5

9
%

12
,7

82
,3

53
1,

83
8,

93
6

14
,6

21
,2

89
3,

76
1,

56
0

54
0

15
4

11
0

16
01

0
0.

77
9

0.
83

3
0.

80
6

0.
56

2
0.

51
6

0.
53

9
0.

66
9

0.
67

3
0.

67
1

26
.7

5
%

10
,8

40
,9

99
39

,1
09

10
,8

80
,1

07
3,

09
6,

74
1

To
p

3
N

PV
en

ha
nc

em
en

t
ca

se
s

45
0

0
13

0
16

01
0

0.
78

9
0.

79
8

0.
79

4
0.

59
7

0.
54

5
0.

57
1

0.
69

2
0.

67
4

0.
68

3
33

.5
9

%
12

,7
86

,5
28

40
1,

32
2

13
,1

87
,8

50
3,

76
4,

38
0

40
0

0
13

23
5

13
96

0
0.

78
9

0.
79

8
0.

79
3

0.
59

6
0.

54
4

0.
57

0
0.

69
2

0.
67

4
0.

68
3

33
.5

9
%

12
,7

82
,3

53
1,

83
8,

93
6

14
,6

21
,2

89
3,

76
1,

56
0

54
0

15
4

11
0

16
01

0
0.

77
9

0.
83

3
0.

80
6

0.
56

2
0.

51
6

0.
53

9
0.

66
9

0.
67

3
0.

67
1

26
.7

5
%

10
,8

40
,9

99
39

,1
09

10
,8

80
,1

07
3,

09
6,

74
1

W
or

st
3

W
M

I
en

ha
nc

em
en

t
ca

se
s

76
0

15
72

0
23

5
13

96
0

0.
53

7
0.

53
3

0.
53

4
0.

39
8

0.
40

7
0.

40
3

0.
46

7
0.

46
9

0.
46

8
0.

97
%

19
,4

13
−

19
9,

67
2

−
18

0,
25

9
31

9,
41

8
31

23
5

13
67

0
23

5
13

96
0

0.
53

6
0.

53
2

0.
53

4
0.

39
8

0.
40

8
0.

40
3

0.
46

6
0.

46
9

0.
46

8
0.

98
%

1,
45

4,
40

5
−

19
9,

93
0

1,
25

4,
47

5
31

9,
63

6
81

0
15

72
0

0
16

01
0

0.
53

7
0.

53
2

0.
53

5
0.

39
9

0.
40

8
0.

40
4

0.
46

7
0.

47
0

0.
46

9
0.

98
%

21
,0

49
−

1,
63

6,
60

0
−

1,
61

5,
55

1
32

0,
38

5
W

or
st

3
N

PV
en

ha
nc

em
en

t
ca

se
s

1
23

5
0

11
23

5
0

11
0.

69
1

0.
67

3
0.

68
2

0.
68

2
0.

67
7

0.
67

9
0.

68
6

0.
67

5
0.

68
1

1.
92

%
11

,3
17

,7
80

11
,1

67
,4

09
22

,4
85

,1
89

24
6,

44
8

76
0

15
72

0
23

5
13

96
0

0.
53

7
0.

53
3

0.
53

5
0.

39
8

0.
40

7
0.

40
3

0.
46

7
0.

46
9

0.
46

8
0.

97
%

19
,4

13
−

19
9,

67
2

−
18

0,
25

9
31

9,
41

8
31

23
5

13
67

0
23

5
13

96
0

0.
53

6
0.

53
2

0.
53

4
0.

39
8

0.
40

8
0.

40
3

0.
46

6
0.

46
9

0.
46

8
0.

98
%

1,
45

4,
40

5
−

19
9,

93
0

1,
25

4,
47

5
31

9,
63

6
A

ve
ra

ge
/

0.
68

6
0.

67
7

0.
68

2
0.

61
1

0.
61

5
0.

61
3

0.
64

8
0.

64
6

0.
64

7
7.

19
%

6,
87

5,
11

2
5,

87
8,

86
0

12
,7

53
,9

72
1,

10
9,

60
2

S. Liu and S. Cao Applied Energy 380 (2025) 124952 

20 



trading prices as shown in Fig. 15. In this selected Case 5 as depicted in
Fig. 15(b), the residential NPV unveils a U-shape profile, which con-
tinues to drop as the trading price is going up until the price equals 1.30
HKD with the exception at 1.00 HKD, then it climbs again. When the

trading price is lower than 0.90 HKD, the reasons of residential NPV
drop come from both the increase in electricity import and the trading
fee of higher micro-grid sharing from office to residential. However, the
residential NPV still shows better performance when trading price

Fig. 11. Case 45: Typical week energy flow of two buildings from February 4th to February 11th. Time 840–864 means the first day (Monday) of the typical week.
“PMGOtoR” means the sharing power from office to residence, and “PMGRtoO” means the sharing power from residence to office. (a) Office building, and (b)
Residential building.

Fig. 12. Office and residential NPV change with different trading prices under instantaneous micro-grid-based sharing.
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Table 13
The comparison of three selected cases in instantaneous micro-grid-based control (Group 2) and instantaneous micro-grid-based control with residential battery (Group 3.1).

Renewable combinations Technical performance Economic performance

Case
number

Office Residence Office Residence Total Office Residence Total

Number
of BIPV

Number
of FPV

Number
of WT

Number
of BIPV

Number
of FPV

Number
of WT

Office
OEF

Office
OEM

Office
WMI

Resid-
ential
OEF

Resid-
ential
OEM

Resid-
ential
WMI

Total
OEF

Total
OEM

Total
WMI

Office NPV
(HKD)

Residen-ce
NPV (HKD)

Total NPV
(HKD)

Top NPV case 5 235 0 11 0 0 13 Instantaneous
micro-grid-based

control

0.687 0.669 0.678 0.662 0.636 0.649 0.674 0.652 0.663 11,273,135 11,205,665 22,478,800

Instantaneous
micro-grid-based

control with
residential battery

0.683 0.669 0.676 0.688 0.660 0.674 0.685 0.664 0.675 11,229,184 11,226,741 22,455,925

Change rate/
amount

− 0.61
%

0.00 % − 0.31
%

3.75 % 3.55 % 3.65 % 1.59
%

1.79
%

1.69
%

− 43,951 21,076 − 22,875

Top Enhance-
ment case

45 0 0 13 0 1601 0 Instantaneous
micro-grid-based

control

0.789 0.798 0.794 0.597 0.545 0.571 0.692 0.674 0.683 12,541,946 401,322 12,943,268

Instantaneous
micro-grid-based

control with
residential battery

0.764 0.796 0.780 0.643 0.573 0.608 0.703 0.687 0.695 12,283,681 624,982 12,908,663

Change rate/
amount

− 3.38
%

− 0.26
%

− 1.79
%

7.14 % 4.86 % 6.06 % 1.47
%

1.83
%

1.65
%

− 258,265 223,659 − 34,606

Worst Enhance-
ment case

76 0 1572 0 235 1396 0 Instantaneous
micro-grid-based

control

0.537 0.533 0.535 0.398 0.407 0.403 0.467 0.469 0.468 − 225,169 − 199,672 − 424,841

Instantaneous
micro-grid-based

control with
residential battery

0.533 0.533 0.533 0.449 0.461 0.455 0.491 0.497 0.494 − 257,995 71,807 − 186,189

Change rate/
amount

− 0.60
%

0.02 % − 0.29
%

11.39
%

11.65
%

11.52
%

4.93
%

5.47
%

5.20
%

− 32,826 271,479 238,653
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Table 14
The comparison of three selected trading price cases in instantaneous micro-grid-based control (Group 2), instantaneous micro-grid-based control with residential battery (Group 3.1), and predictive micro-grid-based
control (Group 3.2).

Case 5 TP Office
WMI

Change
rate

Residential
WMI

Change
rate

Total
WMI

Change
rate

MGO2R MGR2O Office NPV
(HKD)

Change
amount

Residential
NPV

(HKD)

Change
amount

Total NPV
(HKD)

Change
amount

Instantaneous micro-grid-based
control

0

0.6780 REF 0.6492 REF 0.6634 REF 2546 2616 11,273,135 REF 11,205,665 REF 22,478,800 REF

Instantaneous micro-grid-based
control with residential

battery
0.6759 − 0.31 % 0.6738 3.79 % 0.6748 1.72 % 3888 2455 11,229,184 − 43,951 11,226,741 21,076 22,455,925 − 22,875

Predictive micro-grid-based
control with residential

battery
0.6759 0.00 % 0.6738 0.00 % 0.6748 0.00 % 3888 2455 11,229,184 0 11,226,741 0 22,455,925 0

Instantaneous micro-grid-based
control

0.8

0.6780 REF 0.6492 REF 0.6634 REF 2546 2616 11,272,294 REF 11,206,506 REF 22,478,800 REF

Instantaneous micro-grid-based
control with residential

battery
0.6759 − 0.31 % 0.6738 3.79 % 0.6748 1.72 % 3888 2455 11,246,295 − 25,999 11,209,630 3123 22,455,925 − 22,875

Predictive micro-grid-based
control with residential

battery
0.6745 − 0.20 % 0.6737 − 0.01 % 0.6741 − 0.10 % 2658 2446 11,233,035 − 13,261 11,207,638 − 1991 22,440,673 − 15,252

Instantaneous micro-grid-based
control

1.5

0.6780 REF 0.6492 REF 0.6634 REF 2546 2616 11,271,558 REF 11,207,242 REF 22,478,800 REF

Instantaneous micro-grid-based
control with residential

battery
0.6759 − 0.31 % 0.6738 3.79 % 0.6748 1.72 % 3888 2455 11,261,268 − 10,291 11,194,657 − 12,585 22,455,925 − 22,875

Predictive micro-grid-based
control with residential

battery
0.6715 − 0.65 % 0.6718 − 0.29 % 0.6717 − 0.46 % 0 2425 11,184,369 − 76,899 11,205,510 10,853 22,389,879 − 66,046
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ranges in 0.2 to 0.4 HKD compared to the instantaneous micro-grid
sharing with residential battery enhanced. The micro-grid trading
profits turn positive and start to boost for the residential stakeholder
when the trading price exceeds 0.90 HKD. However, the trading profits
cannot surpass the rise of the electricity bill until the trading price
outruns 1.3 HKD.

In conclusion, based on the abovementioned results, the optimal
trading price for the office stakeholder in Case 5 under predictive micro-
grid-based control mode is below 0.5 HKD. As for the residential
stakeholder, lower trading price shows better economic attractions. To
minimize the loss of profits of the office stakeholder as well as maintain
positive profit of the residential stakeholder compared to normal
instantaneous micro-grid sharing, it is recommended to set the mutual-
agreed trading price in a low range. Exploring the integration of building
batteries and implementing precise micro-grid predictive control in both
buildings presents an intriguing avenue for future research.

5.4. The local electric-vehicle-based sharing method

5.4.1. The impact of the local electric-vehicles-based energy-sharing
As outlined in Section 5.2 and Section 5.3, an analysis of the per-

formance on instantaneous micro-grid-based sharing (Group 2),
instantaneous micro-grid-based sharing (Group 3.1) and predictive
micro-grid-based sharing (Group 3.2) have been addressed. This section
delves into the technical and economic performance of the local electric-
vehicle (EV) based sharing method between the two buildings identified
as Group 4 in Table 9. The elaborated control strategies and detailed
logic are presented in previous Section 3.2.3. The local EV-based sharing
does not have any physical electric cable connecting these two build-
ings, so the energy sharing is purely dependent on the EV charging in
one building and discharging in another building. Therefore, unlike the
micro-grid-based sharing, the energy sharing between these two build-
ings is not instantaneous transferred but in time intervals influenced by
both EV schedules. Moreover, the EV battery also serves as an energy
storage, so it is feasible to regulate the energy surplus and shortage at
different times and parked positions. As mentioned in Section 4, the EV
battery cycle number is considered in the NPV calculations to analyze

Fig. 13. Case 5: Typical two-day energy flow of residential building from February 5th to February 7th with different trading prices. “PMGOtoR” means the sharing
power from office to residence, and “PMGRtoO” means the sharing power from residence to office. (a) Trading price equals 0.1 HKD, and (b) Trading price equals to
1.5 HKD.
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the impact of battery degradation both in micro-grid-based and local EV-
based sharing mode.

Firstly, when two buildings are considered as a united hybrid system,
the average technical and economic performance of 81 cases indicated
by the total WMI and total NPV increase 6.86 % and 5.70 % compared to
Group 1 respectively as shown in Fig. 16 and Table 15. Similar to
instantaneous micro-grid-based sharing, the total OEF and OEM also
show positive average improvement at 7.66 % and 6.06 %, respectively.
The improvement of the total WMI by local EV sharing, ranging from
3.75 % to 12.02 %, is tremendously affected by the renewable energy
combinations of the two buildings. As shown in Table 15, Cases 31, 36
and 76 are the typical best WMI improvement cases by local EV-based
sharing with an average increase of WMI over 12 %. The EV-based
sharing method operates on a mechanism where surplus REe from
each building is charged and stored within EVs. This stored energy is
subsequently discharged in another building when the EVs switch
parking spots. This dynamic results in a time lag effect, enabling the
utilization of past surplus energy to address present energy shortages.
The time lag resulting from the EV schedule leads to better surplus-
shortage energy matching between two buildings when both renew-
able systems are entirely supported by PVs as shown by Case 31 in
Fig. 17. During the typical weekdays, allopatric charging and dis-
charging of two EVs actively increase the energy sharing amount be-
tween the two buildings. On the contrary, the cases with renewable
systems majorly supported by wind turbines, such as Cases 6, 1 and 51,
are less impacted by integrating the local EV-based sharing. The
renewable systems have already achieved good matching capabilities
without any sharing, so the enhancement of EV-based sharing is limited.

Regarding the economic performance of Group 4, the cases with the
office building only powered by PVs and the residential building
partially powered by wind turbines have better total NPV improvements
above 865,000 HKD as indicated in Cases 80, 35 and 75 in Table 15. The
cases with better NPV enhancements have shown a high positive cor-
relation with the cases with better WMI improvements. Cases 80 and 75
are also typical cases in which the NPV of the office building turns from
negative to positive when local EV-based sharing is applied, showing

that equipping the existing EV with a discharging function in some cases
can make the renewables generation system investment from a bad
bargain to a financially feasible deal. Conversely, when the office
building exhibits a higher proportion of wind-turbine-generated energy,
the EV sharing has a limited positive impact on NPV growth as indicated
in Table 15. Based on the discussion in Section 5.2, the buildings’
renewable combination with a higher proportion of wind turbines can
already achieve favorable economic performance in terms of no sharing
for their appropriate matching between generation and needs, so there is
little room for EV sharing to improve in the economic aspects. It can be
further concluded from the energy sharing amount between the two
buildings that the residential building shares more energy to the office
building by EV, and the higher percentage of PV generation of office
buildings results in a higher energy sharing amount from residence to
office, and therefore leading to bigger improvements on both technical
and economic enhancements.

5.4.2. The impact of the trading business model
From previous sections, it is concluded that the local EV-based

sharing method has a positive impact on both the technical and eco-
nomic performance of these two neighboring buildings. Since two
buildings have two different stakeholders, they are not obligated to
share the electricity for free and tend to gain economic benefits by EV
sharing. So in this section, the trading price between two buildings EV
sharing is considered. Unlike the instantaneous sharing of micro-grid-
based cable that the building receives and consumes energy at the
same time, EV sharing has the time-lag effect. It means that the energy
storage of the EV battery is mixed with multiple charging and dis-
charging from different charging ports at different times, so it is difficult
to differentiate the specific sharing amount from one building to
another. In order to understand the sharing trend, as mentioned above in
Section 4, the sharing proportion of each EV discharge in another
building at this time step is defined as the same proportion of the cu-
mulative own-building-energy-charging in the past. In this section, the
trading business model studies the NPV impact after trading price
application based on the previous result in Section 5.4.1, and the control

Fig. 14. The relationship between import, export, micro-grid sharing amount and technical performance of two buildings under micro-grid predictive control
sharing. “MGO2R” means the annual energy-sharing amount from office to residence. “MGR2O” means the annual energy-sharing amount from residence to office.
“WMI-O", “OEF-O" and “OEM-O" refer to the WMI, OEF and OEM index of the office building, respectively. “WMI-R", “OEF-R" and “OEM-R" refer to the WMI, OEF and
OEM index of the residential building, respectively.
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strategy of EV sharing outlined in Section 3.2.3 remains consistent. The
EV will charge or discharge whenever the parked building has a surplus
or shortage. Two stakeholders make a mutual agreement for the trading
price ranging from 0 to 1.5 HKD per kWh. The pattern of NPV changes
under trading is similar to the micro-grid sharing first business model as
presented by Case 5 in Fig. 12. Fig. 18 also indicates that the building
sharing more energy with another building gets a higher NPV value as
the trading price increases. Inversely, the NPV enlargement of this
building becomes the subtraction part of another building’s NPV

without affecting the total NPV. In this business model, the building with
more sharing gets extra benefits. It will be an interesting topic for future
research to apply predictive sharing control to make the charging and
discharging decision based on the future building energy conditions and
trading price.

5.5. The comparison between different sharing methods

In this section, three aspects of three sharing methods (instantaneous

Fig. 15. Two buildings’ NPV comparison with and without predictive control and residential annual sharing profit of micro-grid under different micro-grid trading
prices. (a) Office building, and (b) Residential building.
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micro-grid-based sharing, predictive micro-grid-based sharing and local
electric-vehicle-based sharing) between these two neighboring buildings
are compared. The first aspect is about the technical and economic
performance, followed by the second aspect on the characteristics of
energy sharing amounts, and the Feed-in Tariff (FiT) impact on NPV will
be the last topic.

Firstly, compared to the reference case without any sharing, both
instantaneous sharing methods bring a positive impact on the two
buildings’ system. As indicated in Table 16, the total WMI improvement

of instantaneous micro-grid-based sharing and local EV-based sharing
are 7.19 % and 6.86 % respectively, while the total NPV improvement is
9.53 % and 5.70 % respectively for these two methods. The degree of
improvement on WMI and NPV varies with different combinations of
two buildings. The instantaneity nature of micro-grid-based sharing
results in significant improvement for two buildings with great diversity
in renewables combinations, especially for the cases where one building
is totally supported by PVs and another building supported by wind
turbines, for example, Cases 45 and 40 in Table 12. These cases are the

Fig. 16. The NPV and technical performance improvement with and without local EV-based sharing of all 81 combination cases in Group 4. (a) Total NPV
improvement with and without local EV-based sharing of all 81 combination cases, and (b) Technical performance improvement with and without local EV-based
sharing of all 81 combination cases.
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top improvement cases on both technical and economic aspects. The
mismatching generation profile between the two buildings creates the
possibility of covering one’s energy shortage with another’s surplus
through instantaneous micro-grid sharing. Moreover, the performance
of the instantaneous micro-grid-based sharing is enhanced when the
building is equipped with the building battery. The predictive micro-
grid-based sharing results in a better economic outcome for residence
under low trading price. Conversely, for the cases which both buildings
with similar renewable proportions of PV and wind turbine combina-
tions such as Cases 31 and 80 in Table 15, they achieve the top
improvement on WMI and NPV values under the local EV-based sharing.
The performance improvement level increases along with the similarity
degree of renewable energy generation profile of each building. The
energy allocation through the time-lag of EVs charging and discharging
enables two buildings with similar generation profiles to have peak-
shifting energy sharing ability which the micro-grid instantaneous
sharing doesn’t have. Inversely, the worst improvement cases on WMI
and NPV of the two sharing methods follow the opposite logic as to the
best improvement cases. The higher similarity in the two buildings’
renewables portfolio causes poorer improvement in micro-grid-based
sharing cases, while the lower similarity induces little enhancement in
local EV-based sharing cases, as illustrated in Table 12 and Table 15.
Therefore, the characteristics of two instantaneous sharing methods lead
to different improvement results. Micro-grid-based sharing is better
when two buildings have completely different renewable energy com-
binations, while local EV-based sharing is more efficient if the buildings
share the same renewable portfolio. What’s more, the residence NPV
performance of Case 76 in Table 12 indicates that applying the micro-
grid sharing may not guarantee a positive outcome for the stake-
holder, considering the extra investment on the micro-grid itself exceeds
the limited saved electricity bills. Instead, both stakeholders always
benefit from applying the local EV-based sharing on account that there is
no additional investment for it. It reveals that local EV sharing has the
potential to improve economic performance only based on existing fa-
cilities without any further investment.

Secondly, different sharing methods show various trend of energy
sharing amount magnitude. Under the instantaneous micro-grid-based
sharing method, there is no significant difference between the average
annual sharing amount from office to residence (8228 kWh) and the
amount of the opposite direction (8127 kWh), but the two-way sharing
values of each separate case are various depending on the renewable
energy combinations. The renewable energy combination diversity af-
fects the micro-grid sharing value as concluded in Section 5.2.1. The
homogeneous combinations of two buildings result in lower sharing
value since both buildings have high similarity in generation profile and
there is less chance of energy surplus in one building and energy
shortage in another building at the same time, for example, Case 76 in
Table 12. Inversely, if the renewable combinations are diversified, the
imparity of PV and wind turbine generation profiles gives more possi-
bility for two buildings to utilize the other’s surplus energy to
compensate for their own shortage. Taking Case 45 in Table 12 as an
example, the building with more wind turbine installed number trans-
fers more energy to another building with more PV number due to the
nature of night-time energy generation ability of wind turbine. More-
over, the surplus of PV generation in daytime is capable of compensating
for the shortage in another buildings that wind turbines’ generation
cannot meet. These two factors lead to the larger amount of micro-grid
energy sharing of the cases with higher diversity in renewable combi-
nations. Moreover, under the predictive micro-grid-based sharing con-
trol, the sharing amount decreases with the increasing trading price,
resulted from the DMI control strategy design. As to the local EV-based
sharing, it is difficult to differentiate the actual transferring amount
between two buildings in local EV-based sharing method, thus the
sharing amount of local EV-based method cannot show the exact
quantitative value but only represents qualitative comparison according
to what has been mentioned in Section 4 and Section 5.4. Based on thisTa
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aspect, the simulation results show that the magnitude of average
annual energy shared from residence to office is much higher than in the
opposite direction. This feature comes from the characteristics of the
energy demand profile of each building and the EV schedule. The active
operation time of the office building is on weekday daytime, which
happens to be the time that the residential EV parked in the office. At
this time, the residential EV has been charged by the surplus energy the
night before, therefore it is highly possible to have a high FSOC level and
to discharge itself to fulfill the shortage of the office building. In another
way, the time that the office EV is parked in the residence during day-
time on weekdays is not the active period of the residential building, so
the need for discharging the office EV to meet the residence demand is
less. Unlike the micro-grid-based sharing that which direction has more
energy transferred depending on the renewable combinations of each
building, the residence-office transferred direction has a larger sharing
amount in most cases under the local EV-based sharing method. Only
few cases that the residence highly supported by PVs have similar two-
way sharing amounts due to insufficient energy charged to the resi-
dential EV at night-time when it is parked in the residence.

Thirdly, the Feed-in Tariff policy sponsored by the Hong Kong gov-
ernment holds significant importance in evaluating the value of
renewable energy investment. In Table 17, Case 1 is selected as the
typical case to demonstrate the comparison results between four situa-
tions as mentioned in Table 9. Except for the reference case without any

renewable energy systems, all combinations illustrated in Table 10 of
Group 1 (without any sharing between each building as illustrated in
Table 9) achieve positive NPV performance, except for one office
renewable combination (Combination 9) and two residential renewable
combinations (Combination 8 and 9). However, policies like FiT that
compensate for every kWh generation of renewable energy systems are
not commonly seen outside Hong Kong, so it is meaningful to study the
impact of the FiT policy on the economic aspect. If the FiT policy is
abolished, the NPV values of all the groups (Group 1 to 4) will become
negative. The reference case, whose NPV is calculated based on the sum-
up value of the interest-considered annual electricity bills for twenty
years, obtains the worst economic performance among all groups. Case 1
of Group 1 without FiT compensation achieves a 29.6 % improvement in
NPV compared to the reference case even with extra capital investment
on PVs and wind turbines. This result means the renewables generation
itself is capable of saving imported electricity and reducing the elec-
tricity bills. Regardless of the high capital investment, the saved elec-
tricity bills already bring attractive economic profits in the long-term
aspect. As for Case 1 of Group 2 and 4, the application of two instan-
taneous sharing methods still has a similar improvement rate compared
to Group 1, indicating that the sharing methods have the proximate
enhancement efficiency on economic performance. Moreover, the dif-
ferences of NPV improvement rate between two instantaneous sharing
methods may vary depending on the renewable energy combinations as

Fig. 17. Case 31: Typical week energy flow of two buildings from February 4th to February 11th. Time 840–864 means the first day (Monday) of the typical week.
“OEV” and “REV” refer to the office EV and residential EV, respectively. (a) Office building, and (b) Residential building.
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abovementioned in the first paragraph in this section. It can be further
concluded that it is worth investing in renewable energy systems even
without the FiT policy, since the long-term benefits brought by the
renewable energy already cover the investment of systems.

6. Conclusions

6.1. Conclusions of the research results

In pursuit of the decarbonization goal aiming for carbon neutrality
before 2050, the building and transportation sectors emerge as crucial
areas for attention. In this research, two neighboring buildings with
different ownership, one office building and one residential building,
that are supported by hybrid building-integrated photovoltaic (BIPV),
floating photovoltaic (FPV) and wind turbine systems and integrated
with one electric vehicle (EV) separately are studied. Three novel inte-
grated energy-sharing methods, instantaneous and predictive micro-
grid-based, and local EV-based sharing, are introduced to build
energy-sharing connections between two buildings. Besides the trading
price analysis on two instantaneous sharing methods, a special trading
model based on the predictive control strategy has been introduced to
regulate the energy sharing amount considering both trading price and
future energy conditions under predictive micro-grid-based sharing.
Extensive research has been conducted on the influence of various
combinations of renewable energy sources, the interactions between
two buildings employing three sharing methods, and the performance of
the business models. The simulation results reveal several critical find-
ings, which can be summarized as follows.

Firstly, while all the renewable energy combinations examined can
enable these two buildings to achieve grid-tied net-zero-energy status,
the technical and economic outcomes differ across the various mixes of
renewable sources. A high proportion (from 7 to 11 units of wind tur-
bines) of wind turbine generation leads to better technical performance
with 14.52 % higher than the average WMI, while the cases with the
number of wind turbines ranging from 11 to 13 achieve the best eco-
nomic performance that are more than 90 % over than the average NPV.
The mixed generation profile of a large proportion of wind turbines and
a small proportion of PV shows better matching capability with two
buildings’ demand. However, the matching of the total PV-supported
buildings is quite poor indicated by the WMI that is 23 % lower than
the average WMI, therefore also resulting in poor economic perfor-
mance, particularly for the full FPV-supported cases with 13,580,306
HKD less than the average NPV.

Secondly, by activating the instantaneous micro-grid-based sharing,

the cable energy sharing shows positive enhancement of the matching
capabilities indicated by the total WMI of all cases at the average level of
7.2 % improvement. The instantaneous micro-grid-based sharing also
improves the NPV values of most cases except for few cases that the
benefits brought by the technical improvement fail to compensate for
the micro-electric cable investment. The cases with one building sup-
ported solely by wind turbines and another supported only by PVs have
the largest energy-sharing amount and achieve the best enhancement up
to 33.59 % of WMI and 3,764,380 HKD of NPV improvement. On the
contrary, the cases with similar proportions of renewable energy are
hard to share large amount of energy therefore the enhancement on
technical and economic is limited. The results also indicate that with
additional residential building battery under instantaneous micro-grid-
based sharing, the residence shows significant technical and economic
improvement while the office suffers from minor deterioration of
matching capabilities and worse NPV performance as indicated by three
typical selected cases. When predictive micro-grid-based sharing control
is applied, the residential stakeholders can have positive financial
enhancement when the trading price is not within the middle range. As
for the energy trading by instantaneous micro-grid sharing, the building
with more energy transferred by micro-grid earns more profits. More-
over, the optimal trading price under the predictive micro-grid-based
sharing control of the typical selected Case 5 is below 0.5 HKD to
realize the highest possibility for an acceptable mutual agreement be-
tween two stakeholders.

Thirdly, in the case the local EV-based sharing method is activated, a
similar positive enhancement of an average 6.86 % improvement on
total WMI can be observed. Unlike the micro-grid-based sharing requires
investment on micro-electric cable, the local EV-based sharing utilizes
the existing EVs and requires no further investment, thus the NPV values
of all cases are improved at the average of 5.70 %. The cases that both
buildings are supported by PVs can have the largest enhancement up to
12.02 % of total WMI, while the cases with the office building entirely
supported by PVs and the residence supported by a large proportion of
PVs and a small proportion of wind turbines achieve the best enhance-
ment of NPV up to 866,690 HKD. On the flip side, an elevated proportion
of wind turbine renewable energy translates to limited improvements in
both WMI and NPV. On the aspect of energy trading, residential stake-
holder earns the most profits due to the larger sharing amount from
residence to office in most cases, except for few cases with a high PV
portion renewable energy system. The performance of local EV sharing
is highly related to the EV parking schedule, therefore the conclusions of
local EV sharing may differ with various EV parking schedules.

Fourthly, as for the comparison between these three sharing

Fig. 18. Office and residential NPV change with trading price under local EV-based sharing.
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methods, both instantaneous sharing controls bring positive impact on
technical and economic aspects, apart from very few cases that have
mentioned above under micro-grid-based sharing, while the local EV
sharing always yield financial profits for stakeholders. Another predic-
tive micro-grid-based sharing control deteriorates the technical perfor-
mance when trading price gets higher, and only bring positive financial
feedback for the residential stakeholder when trading price is within
optimal range. Different renewable energy combinations lead to
different enhancement results for different sharing methods. A larger
diversity of renewable energy combinations contributes to a higher
energy-sharing amount and brings better enhancement under micro-
grid-based sharing method but little enhancement under the local EV-
based sharing method. In contrast, high homogenization of renewable
energy combination causes a large amount of sharing to happen under
local EV-based sharing and links to greater enhancement but resulting in
limited improvements under micro-grid-based sharing. Furthermore,
the renewable energy system shows a positive attractiveness of investing
even without the Feed-in Tariff sponsorship for both sharing methods.

6.2. Recommendations and general transferable ability of research
outcome

The research results demonstrate a useful methodology for coastal
zero-energy building (ZEB) and micro-grid investors, designers and
operators. It is recommended for the investors or designers to use on-
shore wind turbines to cover as much energy demand of ZEB as
possible, for wind turbines show a better matching capabilities of
building’s demand and a shorter investment payback period. As for the
renewable energy combinations setting, the investors should pay
attention to the diversified energy demand pattern of different types of
buildings and is advised to choose those renewable resources that its
generation can better match the building demands. When it comes to the
operator to choose which sharing methods should be adopted for two
neighboring buildings, the micro-grid-based sharing is recommended
under the situation that the diversity of renewable energy of two
buildings is significant, otherwise the EV-based sharing is more suitable
for similar renewable combinations. Under any circumstances, applying
EV-based sharing always brings positive impact on both technical and
economic aspects since the discharging process only has limited influ-
ence on the cycle number of EV battery. The operators should also be
aware that the annual profit amount of sharing energy when trading
price is applied under instantaneous sharing, or to have a mutual-
agreement with another operator on a low trading price under predic-
tive micro-grid-based sharing.

This research is conducted based on the environmental and policy
background of Hong Kong. When the location of the studied buildings is
in other regions of the world, the differences of environmental condition
and policies may have impact on renewable energy and financial per-
formance. For example, in European Union where the yearly solar fluxes
are not as strong as Hong Kong, extra period for the PV investment
financial payback can be expected. The selection of the renewable en-
ergy types should be carefully analyzed based on on-site renewable
energy sources and local installation and operational cost. Secondly, this
research adopts the electricity price 1.5440 HKD per kWh of Hong Kong,
limiting the maximum trading price between two buildings. However,
the electricity price in European Union compared to Hong Kong is much
higher, therefore providing a larger space for better potential trading
profits, resulting in a more active sharing motivation for the building
operators. Thirdly, the Feed-in Tariff policy is a key element when
calculating the investment profits. If other regions’ governments provide
a higher FiT policy, it is more likely to attract the investors to invest on
renewable energy. Furthermore, the conclusion of the impact by various
characteristics of different renewable energy combinations on diverse
energy-sharing methods can also be a useful guide to other regions of the
world.Ta
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Appendix A

The setting parameters of the studied building envelopes, insulations and service systems are presented in Table 18

Table 18
The setting parameters of the studied building envelopes, insulations and service systems.

Parameters Values

Insulation (U-value, W/m2.K)(a) External roof 0.346
External wall 0.239
Ground floor layer 0.295
Window glazing 2.780

Infiltration (h− 1)(a) According to the guideline of the Performance-based Building Energy Code of Hong
Kong [40]
When the ventilation is on, the infiltration is 0 h− 1;
When the ventilation if off, the infiltration is 0.31 h− 1

Occupants
Number 31 occupants in each office floor

16 occupants in each residence floor
Ventilation, AHU cooling and AHU
heating Ventilation type(a) Mechanical supply and exhaust ventilation with return air mixing and heat recovery

Total supply flow rate (h− 1)
3 h− 1 for office (When the fan is on)
2 h− 1 for residence (When the fan is on)

Ventilation schedule As listed in [40] for the ventilation schedule
AHU cooling method(a) 7/12 ◦C cooling coil
AHU heating method(a) Electric heating
Sensible effectiveness of the heat recovery
device(a) 0.70

Specific ventilation fan power (W/(m3/s))(a) Supply fan: 800
Exhaust fan: 800

Space cooling(a) Type 13/15 ◦C hydronic chilled ceiling system
Room air set point (◦C) 25 ◦C for all thermal zones
Cooling schedule As listed in [40] for the cooling schedule

Space heating(a) Type Electric heating
(continued on next page)

Table 17
The comparison of different FiT applications.

Case
1

Office
(HKD)

Relative NPV
(HKD)

% Residential
(HKD)

Relative NPV
(HKD)

% Total
(HKD)

Relative NPV
(HKD)

%

REF NPV without
REW

− 13,726,495 0 − 13,974,029 0 − 27,700,524 0

G1

NPV without
sharing and

FiT
9,915,816 23,642,311 REF1 9,791,560 23,765,589 REF1 19,707,376 47,407,900 REF1

NPV without
sharing no

FiT
− 9,663,387 4,063,108 REF2 − 9,787,643 4,186,386 REF2 − 19,451,029 8,249,495 REF2

G2

NPV with
micro-grid
and FiT

10,063,730 23,790,225
1.5 %

(Compared
to REF1)

9,910,791 23,884,820
1.2 %

(Compared
to REF1)

19,974,521 47,675,045
1.4 %

(Compared
to REF1)

NPV with
micro-grid no

FiT
− 9,515,473 4,211,022

1.5 %
(Compared
to REF2)

− 9,668,412 4,305,617
1.2 %

(Compared
to REF2)

− 19,183,885 8,516,639
1.4 %

(Compared
to REF2)

G4

NPV with
local EV

sharing and
FiT

10,167,496 23,893,991
2.5 %

(Compared
to REF1)

9,952,854 23,926,883
1.6 %

(Compared
to REF1)

20,120,350 47,820,874
2.1 %

(Compared
to REF1)

NPV with
local EV
sharing
no FiT

− 9,411,707 4,314,788
2.6 %

(Compared
to REF2)

− 9,626,349 4,347,680
1.6 %

(Compared
to REF2)

− 19,038,056 8,662,468
2.1 %

(Compared
to REF2)
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Table 18 (continued )

Parameters Values

Room air set point (◦C) 21 ◦C for all thermal zones
Heating schedule As listed in [40] for the heating schedule

DHW heating(a) Set point (◦C) 60
Daily consumption volume (m3) 3.30 m3

DHW Schedule As listed in the [40] for the DHW schedule

(a) If the specific value of each building is not mentioned, the mentioned values are equal for both buildings.

Data availability

Data will be made available on request.
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