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A B S T R A C T

Interactive energy sharing networks with centralised coordinated energy management between buildings and
vehicles can increase eco-economics viability, while tracking battery degradations is critical to the assessment of
techno-economic performance and energy flexibility. In this study, a mathematical model was developed to
characterise the cycling aging of electrochemical battery storage in multidirectional interactions within inter-
active renewables–buildings–vehicles energy sharing networks, with classification of the cycle life into two
groups (slow degradation zone and acceleration zone). An advanced battery-protective energy control strategy
was developed that fully utilises inherent battery depreciation characteristics for flexible energy management.
Multi-criteria were investigated, including equivalent CO2 emissions, import cost, energy flexibility, and the
equivalent relative capacity of battery storage. With respect to the advanced battery-protective energy control
strategy, the grid-battery charging process can decrease the depth of discharge and thus slow down the battery
depreciation rate, but it will also lead to an increase in the number of cycles along with cycling aging. The
research results show that, in terms of cycling aging, the single-variable mathematical fitting method with
piecewise fitting curves (correlation coefficient of 0.9807) is more accurate than the bivariate mathematical
fitting method (correlation coefficient of 0.9206). In addition, the proposed battery-protective control strategy
can contribute to multi-criteria improvement. Furthermore, robust solutions for relative capacity improvement
have been proposed with a lower limitation of fractional state of charge at 0.7. This study formulated a sy-
nergistic interactive energy framework for flexible district energy management, involving complementary solar-
wind renewable systems, static and mobile battery storage, diversified energy demands in district buildings, and
an advanced battery-protective energy management strategy, which can provide technical guidance to designers,
operators, and stakeholders in terms of flexible participation in smart and resilient district energy networks.

1. Introduction

1.1. Background

The deteriorating environment, increasing energy demand, and in-
tensified energy shortages call for the necessary deployment of clean
power production, advanced energy storage, energy-efficient systems,
advanced energy management, and control strategies. Buildings and
transportation account for considerable amounts of total energy con-
sumption. For instance, in Hong Kong, buildings and transportation
account for more than 90% of total energy consumption [1]. The

formulation of flexible energy systems, such as interactive buildings–-
vehicles–buildings energy sharing networks, is also an effective solution
with respect to the intensified crisis of energy shortage and environ-
mental issues. Synergistic functions between buildings and vehicles are
good solutions for enhancing the resilience and flexibility of electric
grids with fluctuations in the energy supply of multi-energy systems.
Furthermore, flexible energy demand [2 3], diversified energy storage
[4], and robust control strategies for energy management [5-9] are
promising sources of flexibility for the utility grid.

With respect to energy storage, electric storage is more challenging
and promising than thermal energy storage due to the higher energy
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quality of electricity compared with that of thermal energy. Electric
storage systems include electrochemical energy storage, compressed air
storage, supercapacitor storage, and pumped storage. Because of ad-
vancements in technology and techno-economic competitiveness,
electrochemical energy storage has been widely accepted in the market,
e.g., lead-acid and lithium-ion batteries. Battery depreciation in the
interactive renewables–buildings–vehicles energy sharing network is
one of the most critical factors affecting renewable energy penetration,
the shifting capability of off-peak grid electricity, the coverage of
building demand, and the ramp rate of the power grid. In academia,
studies on battery depreciation under a hierarchical control strategy of
an interactive buildings–vehicles–buildings energy sharing network are
quite rare. The formulation of an advanced energy control strategy to
decelerate battery depreciation rate is highly desirable for system per-
formance enhancement.

1.2. Literature review

The deployment of renewable systems can promote eco-economic
performance, whereas the grid has to suffer from frequent import/ex-
port pressure, resulting from dynamically balancing renewable energy
and energy demands as a virtual energy storage. Solutions for the en-
ergy flexibility enhancement include the Predictive rule-based control
[10], controlled loads through multi-agent reinforcement learning [11]
and model predictive control [12], thermal mass storage [13], and so
on. Energy sharing between multi-energy systems is an effective solu-
tion to improve aggregated energy flexibility [14-16] provided by
buildings to the utility grid. Synergy between buildings can improve the
self-consumption and self-sufficiency ratios to 42% and 64%, respec-
tively [15]. The retired EV battery storage [17] and the integration of
various vehicles as energy carriers into multi-energy systems [18] of
different high-rise buildings can expand the energy boundary from
isolated single buildings to renewables–buildings–vehicles, which can
increase renewable energy penetration [19], improve the reliability and
robustness of demand coverage [19], decrease reliance on the grid [20],
and improve resilience to the fluctuating energy supply of the grid.
Several researchers have focused on the formulation and energy

interaction mechanisms of interactive energy sharing networks. A col-
laborative energy interaction model was developed by Quddus et al.
[21], including charging stations, commercial building clusters, and a
power grid. The proposed technique was useful in guiding decision-
makers on the development of interactive multi-energy systems. Cao
[22] investigated the impact of boundary expansions on zero-emission
office buildings. Research results indicated that the boundary expansion
can enhance matching capabilities, building–vehicle energy interac-
tions, and the renewable coverage of EV storage. Flores et al. [23] in-
dicated that building-to-vehicle energy interaction can simultaneously
reduce energy consumption and total operational costs. Barone et al.
[24] investigated the techno-economic performances of a building-to-
vehicle-to-building system with electric vehicles (EVs) as electric en-
ergy carriers. Their results indicated that the formulated building-to-
vehicle-to-building system was promising in terms of decreasing grid
reliance, reducing grid electricity consumption, and enhancing energy-
matching indexes. Zhou et al. [25] provided a state-of-the-art literature
review on energy interactions among different types of buildings and
multi-diversified energy-fuelled vehicles. Several technical challenges
were identified and clarified, including vehicle depreciation and power
fluctuation of grids [25]. It is noteworthy that, as critical components in
multi-energy systems, vehicle batteries suffer from accelerated depre-
ciation rates when being integrated into building energy systems due to
frequent charging/discharging cycles. Studies are quite limited on the
dynamic characterization of battery performance in multidirectional
energy interactions, such as in buildings-to-vehicles, vehicles-to-build-
ings, grid-to-buildings, buildings-to-grid, and grid-to-vehicles.

In academia, battery degradation in building energy systems has
increasingly attracted researchers’ interests. Tang et al. [26] experi-
mentally tested Lithium-ion battery depreciation, with respect to dif-
ferent temperatures and aging levels. The results indicated that the
voltage prediction error could be controlled within ± 20 mV. Ahma-
dian et al. [27] proposed a state-of-the art review on battery degrada-
tion, including calendar aging and cycling aging. The review can pro-
mote the development of smart grids through vehicle-to-grid (V2G)
interactions. With the implementation of a genetic algorithm, Yang
et al. [28] proposed a novel method to dynamically predict the

Nomenclature

Symbols

E energy [kWh]
ED electric demand [kWh]
end ending of the entire simulation process
G renewable electricity generation [kWh]
P power [kW]
t time [h]

Greek

η efficiency
time-duration step [h]

Subscripts

eg Electricity grid
exp export
gen generation
imp import from the electricity grid
off-peak off-peak period
peak peak period
surp,REe surplus renewable electricity
toSB,REe renewable electricity to static battery

toEV,REe renewable electricity to electric vehicles
toShutBus,REe renewable electricity to shuttle buses
toSB,grid grid electricity to static battery
toEV,grid grid electricity to electric vehicles
toShutBus,grid grid electricity to shuttle buses

Acronyms

AHU air handling unit
BIPVs building integrated photovoltaics
DHW domestic hot water
Cap storage capacity
CEF CO2 emission factor
DOD depth of discharge
ECE equivalent CO2 emission
EV electric vehicle
FSOC fractional state of charge
GSR off-peak grid shifted ratio
G2B grid-to-battery
IC import cost
RSR off-peak surplus renewable shifted ratio
REe renewable electricity
RC relative capacity
SB static battery
V2X Vehicle-to-Grid/Building/Home
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performance of lithium-ion batteries. Research results indicated that
the proposed method was accurate with the maximum capacity and
state-of-charge errors lower than 5.0% and 2.1%, respectively. Liu et al.
[29] proposed a battery charging management strategy for techno-
economic performance improvement. Thompson et al. [30] conducted a
systematic literature review on the economic feasibility of Li-ion bat-
tery degradation in a vehicle-to-(grid/building/home) (V2X) system.
According to their results, degradation mechanisms can be classified as
calendar aging and cycling aging behaviours. Uddin et al. [31] in-
dicated that there is no economic benefit when considering battery
degradation. Salpakari et al. [32] developed an optimal control model
following the characteristic of battery degradation to enhance the
flexibility of a buildings–vehicles system. According to their results, due
to increased battery degradation, the cost savings through V2G inter-
actions are minor. It is noteworthy that the economic feasibility for
integrating batteries in building energy systems is questionable when
considering the cost of battery depreciation.

The PV–battery–vehicles system and energy management are pro-
mising to improve techno-economic performance [33,34] and mitigate
reliance on micro-grids [35]. Mehrjerdia et al. [33] studied the system
performance of a net-zero energy building with hybrid renewable en-
ergies and hydrogen storage. The cogeneration of hydro-solar systems
can reduce CO2 by approximately 39546 kg and the total cost by ap-
proximately 50.3%. Akhtari et al. [34] proposed an excess electricity
recovery strategy. Their results indicated that the extra electricity re-
covery could improve the renewable fraction by up to 35% and reduce
the cost of energy and CO2 emission by 7.1% and 10.6%, respectively.
When considering the recycling of the battery systems of retired ve-
hicles for building energy storage, Assunção et al. [35] studied the
techno-economic feasibility of a retired EV battery for residential PV
energy storage. Salpakari et al. [32] developed an optimal control
model to improve the techno-economic performances of net-zero en-
ergy houses and plug-in EV systems, considering thermal dynamics and
battery degradation. The results indicated that due to increased battery
degradation, the cost savings from vehicle-to-grid is minor compared to
those of smart charging, even though the self-sufficiency can be in-
creased. According to their results, for the 10th year of operation, the
grid exportation was reduced from 82.1% to 79.7% for a large Nissan
Leaf battery and from 78.8% to 69.9% for a small Citroen C0 battery. It
is noteworthy that there are few studies on advanced control strategies
for battery performance enhancement in multidirectional energy in-
teractions with comprehensive considerations of renewable energy
management, time-of-use grid electricity, the management of battery
charging/discharging (i.e., depth of discharge and charging power),
and the dynamic resilience of the grid.

Due to the sophisticated power flows in grid-connected renew-
ables–buildings–vehicles energy sharing networks, the roles of renew-
able systems, hybrid batteries, and grids are complicated and dynami-
cally case-dependent. Power flowing into battery systems can be either
from renewable energy to improve renewable penetration [36] or from
off-peak grid electricity for shifting capability enhancement [37]. The
battery can contribute to a more flattened demand profile, with a peak
shaving and valley-filling strategy, and contribute to the mitigation of
reliance on micro-grids. Likewise, in addition to dynamically balancing
real-time energy demands, the grid can improve the reliability of the
battery for demand coverage with an improved storage capacity.
However, the synergistic function between micro-grid and battery re-
quires flexible operation of the charging power and the state of the
charge of batteries. Otherwise, techno-economic performances are not
desirable due to the energy-related contradiction: the grid-battery
charging process can improve the depth of discharge, which slows
down the battery depreciation rate, whereas the grid-battery charging
process will lead to an increase in the number of cycles together with
battery degradation. Therefore, systematic and parametric studies are
necessary.

1.3. Scientific gaps and contributions of this paper

Generally speaking, three scientific gaps can be noted: 1) empirical
formulas with constant coefficients in academia [30] for dynamic cy-
cling aging are not feasible during frequent charging/discharging cycles
of electrochemical battery storage in interactive buildings–vehicles
systems; 2) energy management strategies in academia for grid-con-
nected buildings and vehicle energy systems fail to systematically
consider battery depreciation, renewable energy management, time-of-
use grid electricity, management of battery charging/discharging (i.e.,
depth of discharge and charging power), and the dynamic resilience of
micro-grids; and 3) the grid-responsive charging strategy proposed in
academia [37] fails to consider the cycling aging characteristic in terms
of the depth of discharge and the number of cycles. The energy con-
tradiction through the synergistic function between renewable systems
and the micro-grid for the improvement of battery relative capacity has
not been effectively addressed. To be more specific:

1) In academia, studies on the dynamic characterization of cycling
aging of electrochemical battery storage are quite limited, and ex-
isting methodology is normally based on empirical formulas with
constant coefficients [30]. However, dynamic cycling aging is quite
complicated, and coefficients in empirical formulas are dependent
on depth-of-discharge and number of cycles during the processes of
multidirectional energy interactions, such as buildings-to-vehicles,
vehicles-to-buildings, grid-to-buildings, buildings-to-grid, grid-to-
vehicles, and between vehicles. Therefore, empirical formulas with
constant coefficients are not feasible for interactive buildings and
vehicle systems.

2) For the enhancement of renewable penetration and mitigation of the
grid reliance of grid-connected buildings and vehicle energy sys-
tems, multi-criteria performances are involved, including equivalent
CO2 emission, import cost, system energy flexibility, and equivalent
relative battery capacity. There have been few studies on the de-
velopment of advanced control strategies systematically considering
the cycling aging of electrochemical battery storage, renewable
energy management, time-of-use grid electricity, management of
battery charging/discharging processes (i.e., depth of discharge and
charging power), and the dynamic resilience of micro-grids.

3) With regard to the synergistic function between renewable systems
and the micro-grid for the improvement of battery relative capacity,
an energy contradiction can be noted: the grid-battery charging
process can decrease the depth of discharge and thus slow down the
cycling aging rate, whereas the grid-battery charging process will
lead to an increase in the number of cycles together with battery
degradation. However, this contradiction has been rarely discussed
and effectively addressed in current academia.

The above-mentioned scientific gaps were addressed in this study.
An interactive renewables–buildings–vehicles energy sharing network
was formulated, systematically integrating hybrid renewable energy
sources, diversified thermal and electric energy storage systems, and
multidirectional power exchanges within buildings, vehicles, and grids.
A mathematical model was developed and implemented in the renew-
ables–buildings–vehicles system to characterise real-time battery de-
gradation during the process of multidirectional interaction. An ad-
vanced battery-protective energy control strategy was proposed and
implemented in an interactive renewables–buildings–vehicles energy
sharing network for building energy management by fully utilising the
inherent battery depreciation characteristics (i.e., renewable-battery
and grid-battery charging in a slow degradation zone and the avoidance
of grid-battery charging in an acceleration zone), the time-of-use grid
electricity, and the management of battery discharging for energy
shifting. With respect to battery charging and energy management in
the interactive renewables–buildings–vehicles energy sharing network,
the above-mentioned energy contradictions, as listed in item 3, are
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presented and discussed together with effective technical solutions.
The novelty and contributions of this study are as follows:

1) A dynamic mathematical model was developed to characterise the
cycling aging of electrochemical battery storage in multidirectional
interactions within interactive renewables–buildings–vehicles en-
ergy sharing networks, with classification of the cycle life into two
groups (slow degradation zone and acceleration zone). Compared to
empirical formulas with constant coefficients, the proposed single-
variable mathematical fitting method with piecewise fitting curves
is more flexible for the dynamic transition of coefficients on em-
pirical formulas, in accordance with the depth-of-discharge and
number of cycles.

2) Based on the inherent cycling aging characteristics, an advanced
battery-protective energy control strategy was proposed to improve
the relative battery capacity, i.e., the renewable-battery and grid-
battery charging in the slow degradation zone and the avoidance of
grid-battery charging in the acceleration zone. Furthermore, the
proposed battery-protective energy control strategy can improve
techno-economic performance through the shifting of the off-peak
grid electricity to the peak period and the management of depth of
discharge and charging power for the battery discharging.

3) In terms of the contradiction of the grid-battery charging process
(i.e., the grid-battery charging can decrease the depth of discharge
and thus slow down the cycling aging rate, whereas the grid-battery
charging process will lead to an increase in the number of cycles
together with battery degradation), trade-off solutions have been
proposed through comprehensive and systematic parametric ana-
lysis. The proposed solution can provide effective technical gui-
dance to designers, operators, and stakeholders of multi-criteria
performance improvement.

The remainder of this paper is organised as follows: the system is
briefly described and demonstrated in Section 2; specifically, the
building energy system, vehicle energy system, hybrid storage, and
energy interactions are described. The system configuration and energy
control strategy of the formulated interactive energy sharing network
are presented, together with a reference case for comparative analysis
purposes. In Section 3, both the mathematical model of battery de-
preciation and multi-criteria for the system assessment are described.
Results and discussion are presented in Section 4. Conclusions are
summarised in Section 5.

2. System description—building energy systems, vehicles, hybrid
storage systems, and multidirectional energy interactions

2.1. Meteorological parameters

Meteorological parameters are presented in Fig. 1 [38]. The annual
average ambient temperature in Hong Kong is 23 °C, while the ambient
temperature is between 15 and 34.6 °C for approximately 91% of the
year. The cooling and heating degree days (base temperature of 18 °C)
are 2025 and 247, respectively [38]. The monthly average wind speed
is between 3.6 and 5.7 m/s, together with a monthly solar radiation
between 63.6 and 168 kWh/m2.a.

2.2. HVACs, internal gains, and energy storage in high-rise offices and hotel
buildings

In this study, two high-rise buildings were investigated: 30-floor
office building and 30-floor hotel building. The geometrical parameters
for each floor were 400 m2 (20 m × 20 m) net floor area and 3.2 m
height. Specifications of the cooling systems for both buildings are
listed in Table 1, and the rated capacities of AHU cooling chillers for the
office and hotel were 293 kW (Carrier 30RB302 [39]) and 93.9 kW
(CGAD090 [40]), respectively. The rated capacities of space cooling

chillers for the office and hotel were 506 kW (Carrier 30RB522 [39])
and 293 kW (Carrier 30RB302 [39]), respectively. The flow rates of
fresh air were 8 L/s/person for the office building and 15 L/s/person for
the hotel building, as in the Performance-based Building Energy Code
[41]. The set-point temperature of the hot water supply was 55 °C.

Table 2 lists the design parameters of the storage systems. Static
batteries were designed in each building for two purposes: dynamically
balancing the energy demands and shifting the renewable and grid
electricity from off-peak to peak periods.

2.3. Energy systems of vehicles

There were three groups of EVs (10 vehicles in each group) and
three groups of public shuttle buses (three buses in each group) em-
ployed for this study. The battery storage capacity was 24 kWh for each
EV [44] and 46 kWh for each public shuttle bus [45]. Table 3 lists
detailed information for all vehicles in the vehicle fleets according to
the available commercial products on the market.

2.4. Basic demand of the hybrid buildings–vehicles system

The duration curves of the energy demand in the interactive renew-
ables–buildings–vehicles energy sharing network are shown in Fig. 2. Due to
domestic heating usage, such as showers, the domestic hot water (DHW)
heating demand in the hotel was much higher than that in the office.
Furthermore, the peak power of the electric vehicle fleets was 96.3 kW. As
shown in Fig. 3(a), the annual basic electricity demands of the high-rise
office building and high-rise hotel building were 145.4 kWh/m2.a and
135 kWh/m2.a, respectively. As shown in Fig. 3(b), the peak powers of
space cooling, AHU cooling, and total electricity demand were 599.6, 358.6,
and 428.8 kW for the office building, respectively, and 301.6, 95.6, and
408.6 kW for the hotel building, respectively.

2.5. Hybrid wind-solar renewable system

In this study, a hybrid wind-solar complementary system was de-
signed to address energy demands of buildings and vehicles. Building
integrated photovoltaics (BIPVs) were integrated with vertical building
façades to shade the solar radiation and to generate renewable energy.
The total area of BIPVs for each building was 6140 m2. The normalised
power–wind speed curve was referenced from a typical commercial
product [48]. The power-wind speed curve of the wind turbine is shown
in Table 4. The wind turbine was installed off-site, as with off-shore
wind turbine systems. Table 4 lists detailed parameters of renewable
systems, i.e., wind turbine, BIPVs, and solar thermal collectors. It
should be noted that the impact of performance degradation on re-
newable generation has not been considered. This was because for a
one-year operation in this study, the system performance was more
subjected to battery degradation than the renewable systems.

Fig. 1. Monthly wind velocity and monthly solar radiation in Hong Kong [38].
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2.6. Local electric grid information

An off-peak and peak time-of-use electricity tariff was available for
the economic assessment, as shown in Table 5 [49]. No grid feed-in

tariff was considered. The ‘off-peak period’ was 21:00 PM-09:00 AM for
working days, and 24/7 for holidays. The ‘peak period’ was 09:00 AM-
21:00PM for working days.

Table 1
Parameters of chillers in hotel and office buildings.

High-rise hotel High-rise office

Space cooling chiller AHU cooling chiller Space cooling chiller AHU cooling chiller

Commercial product Carrier 30RB302 [39] CGAD090 [40] Carrier 30RB522 [39] Carrier 30RB302 [39]
Nominal COP 2.8 3.2 2.6 2.8
Rated capacity 293 kW 93.9 kW 506 kW 293 kW
Set-point temperature 15 °C 7 °C 15 °C 7 °C
Type in the TRNSYS Type 655 [42]

Table 2
Parameters of thermal and electric storage systems for the reference design.

Energy system Building Storage Storage capacity Thermal loss coefficient Type in the TRNSYS

Thermal system High-rise office building AHU cooling tank 25 m3 0.3 W/(m2 K) Type 534 [43]
Space cooling tank 15 m3

DHW tank 0.45 m3

High-rise hotel building AHU cooling tank 25 m3

Space cooling tank 15 m3

DHW tank 4.5 m3

Electric system High-rise office building Battery 300 kWh Self-developed model
High-rise hotel building Battery 300 kWh

Table 3
Energy system of vehicles in each group.

Commercial product Battery capacity (kWh) Daily travelling distance (km/
day)

Electricity consumption (kWh/km)

EV Group 1 Private electric vehicle/NISSAN LEAF [44] 24 [44] 45.5 0.15 [44]
EV Group 2 35.5
EV Group 3 25.5
Mini-bus in each group Autonomous mini-bus/ST Autobus (RD 3154 K)

[45]
46 [45] 31.2 1.2 [45]

Fig. 2. Duration curves of demand for the renewables–buildings–vehicles system:
(a) cooling and electrical demands and (b) heating and transportation demands.

Fig. 3. Energy demands and peak powers. (Note: the total heat load included
the hydronic AHU and DHW heating load. Electricity demand included lighting,
equipment, ventilation fans, and pumps).
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2.7. System configuration and control strategy

2.7.1. Systematic configuration of the interactive
buildings–vehicles–buildings energy sharing network

The configuration of the formulated interactive renew-
ables–buildings–vehicles energy sharing network is shown in Fig. 4,
consisting of a wind-solar complementary system, static energy storage
systems (hybrid heating/cooling storage systems and static batteries),
EV system, and flexible multidirectional power interactions. It is note-
worthy that within the renewables–buildings–vehicles energy sharing
network, the vehicle systems were fully utilised with two purposes: 1)
coverage of mobility consumption and 2) energy carriers between dif-
ferent buildings. In this sense, the vehicles as flexible mobility storage
systems further improved the renewable penetration and reduced grid
reliance. Note that in this study, off-site wind turbines were within the
office and hotel building boundaries. The renewable energy from BIPVs
and off-site wind turbines in the office building cannot be directly
transferred to the hotel building, but it can be by the vehicle fleets for
the energy sharing purpose. The electric grid is a virtual storage to
dynamically balance the energy for each building through the grid’s
interactions.

2.7.2. Grid-responsive control strategy
The main difference between this study and our previous study [50]

is that in our previous study [50], battery depreciation was not con-
sidered during charging/discharging processes, and the grid-responsive
battery charging strategy was independent of the dynamic performance
of battery systems [50]. In this study, the battery depreciation during
charging/discharging processes was considered, and the grid-re-
sponsive battery charging strategy was dependent on the dynamic
performance of the batteries. The energy management of the for-
mulated interactive renewables–buildings–vehicles energy sharing
network is shown in Fig. 5. As shown in Fig. 5, in the grid-responsive
control strategy, according to the grid information, as listed in Table 5,
both the renewable generation and grid electricity were classified into
peak and off-peak energy. Depending on the management of the power
flow, the grid-responsive control strategy included the hierarchical
control strategy and battery-protective control strategy.

With respect to the hierarchical control strategy, at the peak time,
the building electricity demand was covered by renewable energy, then
by electrical storage. The remaining electric demand was covered by
the grid electricity. For the management of surplus renewable energy, it
was used to charge vehicles and then static batteries, before being

Table 4
Parameters of the renewable systems.

Parameters Value

Wind turbine (off-site) Type in TRNSYS 18 90 [47]
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Wind speed (m/s)

Type of the wind turbine 3-blade [48]
Hub height (m) 50
Rated power (MW) Case dependent
Rotor diameter (m) 54
Rated wind speed (m/s) 10
Cut-in/cut-out wind speed (m/s) 3.5/25
Site shear exponent 0.22

BIPVs Type in TRNSYS 18 567 [46]
Reference PV efficiency 0.1427
Reference temperature 25
Reference radiation (W/m2) 1000
Absorptance of the PV surface for solar radiation 0.9
Extinction coefficient (m−1) 4
Cover emissivity 0.9
Channel emissivity - bottom 0.9
Channel emissivity - top 0.09
Efficiency modifier - radiation (m2/W) 0.00009
Cover thickness 0.00635
Cover conductivity 5.04
Efficiency modifier - temperature −0.005
Channel height 0.0508
Refractive index 1.526
Substrate resistance 0.422
Back resistance 0.1204

Solar thermal collector Type in TRNSYS 18 71 [47]
Intercept efficiency 0.7
Area of the evacuated solar thermal collector (m2) 45
Negative first-order efficiency coefficient (W/m2K) 2.78
Negative second order efficiency coefficient (W/m2K2) 0.008

Table 5
Grid electricity cost for high-rise buildings in Hong Kong [49].

Eimp (each month, kWh) Cgrid,imp1
a (HK$/kWh) Ppeak,max (each month, kVA) Cgrid,imp2

b (HK$/kVA) Fuel surcharge cost, Cgrid,imp3
c (HK$/kWh)

Off-peak period Peak period Off-peak periodd Peak periode 0.278
< 200,000 0.649 0.726 ≤ 650 kVA 0 68.4
greater than200,000 0.71 greater than 650 kVA 26.8 65.4

a ‘Cgrid,imp1′ is the energy charge price.
b ‘Cgrid,imp2′ is the demand charge price.
c ‘Cgrid,imp3′ is the fuel cost.
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exported to the electricity grid. During the off-peak period, for the
purpose of shifting the off-peak renewable energy/grid electricity to
peak time, the hybrid electrical storage systems were charged by re-
newable energy and grid electricity for building usage at peak time.

Regarding the battery-protective control strategy, the energy man-
agement strategy was similar to the hierarchical control strategy during
peak periods. The main difference was that at off-peak time, the battery
charging strategy was dependent on the battery depreciation zones. For
the purpose of energy shifting from off-peak to peak periods and the
deceleration of battery depreciation rate, the hybrid electrical storage
systems were charged by both renewable energy and grid electricity in
the slow degradation zone, whereas the hybrid electrical storage sys-
tems were only charged by the surplus renewable energy in the accel-
eration zone.

The main difference between the hierarchical and battery-protective
control strategy was that the off-peak grid-battery charging (Poff-
peak,EVs, Poff-peak,Office, and Poff-peak,Hotel, as marked by dashed rectangles
in Fig. 5) was only in the slow degradation zone in the battery-pro-
tective control strategy, whereas the off-peak grid-battery charging
occurred during the entire off-peak period in the hierarchical control
strategy. The slow degradation zone will be clearly shown in Section
3.1 as battery degradation modelling-determination of relative capa-
city.

Fig. 6 shows the power flow for the hierarchical and battery-pro-
tective control strategy. With respect to the simplified diagram, as
shown in Fig. 6(a), during the peak period, to protect the vehicle bat-
tery, the first priority for discharging the battery is given to the static
battery (as the vehicle battery is normally more expensive than the
static battery). The first priority for charging the battery is given to the
vehicle battery for the coverage of transportation demand and energy
sharing. During the off-peak period, the hybrid electrical storage sys-
tems were charged by the off-peak grid electricity, which can be shifted
to a peak period. The readers are highly recommended to refer to
Fig. 6(b) for a more detailed description. As shown in Fig. 6(b), with
respect to the hierarchical control strategy, at off-peak time, for the
purpose of shifting the off-peak grid electricity to peak period, the
hybrid electrical storage systems were charged by the off-peak grid

electricity whenever the FSOC was lower than 0.9, as marked by the red
and dashed diamonds in Fig. 6(b). Regarding the battery-protective
control strategy, at off-peak time, the hybrid electrical storage systems
were charged by the off-peak grid electricity when the FSOC was lower
than 0.9 and the relative capacity was higher than 0.96, as marked by
the red and dashed diamonds in Fig. 6(b). The reason for the avoidance
of grid-battery charging in the battery-protective control strategy was
that the battery depreciation rate was relatively fast when the relative
capacity was lower than 0.96. In summary, the main difference between
the hierarchical and battery-protective control strategy was that, as
marked by the red and dashed diamonds, off-peak grid-battery charging
only occurred when the relative capacity was higher than 0.96 in the
battery-protective control strategy, whereas off-peak grid-battery
charging was independent of the battery relative capacity in the hier-
archical control strategy.

2.8. Reference case

In comparative energy studies, the reference case is the traditional
control strategy according to the dynamic renewable-demand re-
lationship for the energy management of formulated interactive re-
newables–buildings–vehicles energy sharing networks. Fig. 7 shows a
schematic diagram and the energy flow of the reference case. When the
renewable generation was higher than demand, the surplus energy was
used to charge the vehicle batteries and then static batteries before
being exported to the grid. In contrast, the shortage was covered by
electricity from the static battery, then from vehicle batteries, and then
imported from the grid.

3. Methodology

3.1. Battery degradation modelling-determination of the relative capacity

The mathematical model of battery degradation was developed
according to the relative capacity performance of the commercial pro-
duct RA12-200D [51]. The RA12-200D was an absorbent glass mat
(AGM) deep-cycle battery designed for frequent cyclic discharge usage.

Fig. 4. Schematic diagram of the interactive renewables–buildings–vehicles energy sharing network. (Note: B2V and V2B indicate the building-to-vehicles and
vehicles-to-building interactions, respectively. G2V indicates grid-to-vehicles interaction. The ‘grid-building boundary’ and ‘grid-vehicles boundary’ indicate
boundaries of the conventional isolated system. The ‘grid-buildings and vehicles boundary’ indicates the boundary of the formulated interactive renew-
ables–buildings–vehicles energy sharing network. The grid switch was on whenever there was grid importation and exportation and was off whenever there was no
grid interaction.)
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The AGM deep-cycle battery was specially designed for the vehicles
system due to its high performance and enhanced electrical reliability
[52].

Several factors may affect the length of cyclic service, including the
depth of discharge (DOD), ambient temperature, and charging/dis-
charge power [53]. It is noteworthy that the annual average ambient
temperature is 23 °C in Hong Kong, while the ambient temperature
varies between 15 and 34.6 °C for approximately 91% of the year
(according to the duration curve in Fig. 1(a)). Correspondingly, ac-
cording to [51], the battery capacity factors are marginally sensitive

with respect to the aforementioned temperature range in Hong Kong.
Therefore, in this study, the impact of the ambient temperature on
dynamic battery depreciation was not considered. The most critical
factors for the cycling aging, i.e., the depth of discharge and charging/
discharge power, were considered, following the mathematical model,
as shown in Fig. 8. As the materials used in the cathode and anode in
the batteries suffered from oxidation and reduction reactions during
charging and discharging cycles, the performance of the electrode
materials depreciated with different magnitudes, which was the un-
derlying mechanism of the capacity degradation of the battery. As

Fig. 5. Grid-responsive control strategy: hierarchical control strategy and battery-protective control strategy [50]. (Note: Pmand,EVs and Poff-peak,EVs denote the
charging power of the vehicles in the mandatory mode and grid-to-battery charging during the off-peak period, respectively).
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shown in Fig. 8, there were two regions in the battery degradation
curve, i.e., the slow degradation zone (early cycles) and acceleration
zone. In the slow degradation zone, the depreciation rate was less
sensitive to the number of cycles, as indicated by the slow curve slope.
In the acceleration zone, the depreciation rate was sensitive to the
number of cycles, and the decreasing magnitude of the relative capacity
accelerated with the increasing number of cycles.

To quantitatively and accurately characterize the relative capacity
with respect to the DOD and number of cycles, two lsqcurvefit (least
square curve fitting) estimation-based fitting methodologies were
adopted and compared, i.e., bivariate mathematical fitting method and
single-variable mathematical fitting method with piecewise fitting
curves. The fitting equation using the bivariate mathematical fitting
method is shown in Equation (1). As shown in Equation (1), for re-
gression using the bivariate mathematical fitting method, the two-way
interaction of two variables was considered:

=+
= =

RC k x · k' yDoD,t
m 0

n

m
n m

m 0

n

m
n m

(1)

where n is the exponential power (n = 1, 2, and 3), km and k'm are
coefficients, and x and y refer to the number of cycles and depth of
discharge, respectively.

The DOD indicates how deeply the battery is discharged. The larger
the DOD, the smaller the available number of cycles will be. In this
study, the dynamic DOD was updated for each time step using Equation
(2). Regarding the single-variable mathematical fitting method with
piecewise fitting curves, as expressed in Equation (3), the fitting
equations included the linear fitting equation in the slow degradation
zone and the parabolic fitting equation in the acceleration zone. The
underlying mechanism of the battery depreciation is demonstrated in
Fig. 8(b). As a critical parameter, the lower fractional state of charge
(FSOClower) refers to the low fractional state of charge during the

charging/discharging processes. In other words, the grid charged the
battery system whenever the fractional state of charge was lower than
the FSOClower. The first step was to characterize the number of cycles of
two DOD-based adjacent curves using the inverse function of the re-
lative capacity function (CycleNumDOD1,t and CycleNumDOD2,t, as
shown in Fig. 8(b)) according to the dynamic DOD. Afterwards, the
numbers of cycles in the follow-up time step (CycleNumDOD1,t+τ and
CycleNumDOD2,t+τ) were updated, as shown in Equations (4). Based on
the updated CycleNumDOD1,t+τ and CycleNumDOD2,t+τ, the relative
capacity at the next time step t+τ ( +RCDOD1,t and +RCDOD2,t ) could be
calculated using Equation (3). Thereafter, the relative capacity at the
dynamic DOD ( +RCDOD,t ) could be calculated, following the linear in-
terpolation, as shown in Equation (6).

=DOD 1-FSOCvalley,cycle n (2)

where FSOCvalley,cycle n is the lowest FSOC for the nth cycle.
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where k and k' are coefficients of the fitting equation in the slow de-
gradation zone and acceleration zone, respectively. The subscript,
i,DoD, indicates the ith coefficient of the curve at the DOD. RC is the

Fig. 6. Energy flow chart of the hierarchical control strategy and battery-protective control strategy: (a) a simplified diagram and (b) detailed energy flow chart with
constraints. (Note: ‘RC’ is the abbreviation for the ‘relative capacity’. ‘SB’ is the abbreviation for the ‘static battery’, which includes the batteries in the office and the
hotel.)
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relative capacity. t and t+ τ indicate the time at t and one-time step (τ)
later. Capbattery,ini and Capbattery,t are battery storage capacities at the
initial state and time t, respectively. Ebattery,t→t+τ is the net energy
charging to or discharging from the battery for one time step.

The correlation results of the relative capacity are shown in Fig. 22,
Appendix. As shown in Fig. 22, compared to the bivariate mathematical
fitting method with the highest correlation of determination at 0.9206,
the single-variable mathematical fitting method with piecewise fitting
curves improved the correlation coefficient to 0.9807. Thereafter, the
single-variable mathematical fitting method was adopted to develop the
battery depreciation model.

The five statistical indicators were calculated to evaluate the prediction
accuracy on the dynamic battery cycling aging, including the coefficient of
determination (R2), mean absolute error (MAE), root mean square error

(RMSE), normalized mean bias error (NMBE), and coefficient of variation
for the root mean-square error (CV-RMSE). As listed in Table 6, the single-
variable mathematical fitting model with piecewise fitting curves is more
robust than the bivariate mathematical fitting model with the R2, MAE,
RMSE, NMBE, and CV-RMSE at 0.981, 0.010, 0.018, 1.15%, and 2.01%,
respectively. This indicates that the developed single-variable mathematical
fitting model with piecewise fitting curves is accurate for the prediction of
dynamic battery cycling aging.

3.2. Assessment criteria for the interactive energy sharing network—import
cost, equivalent CO2 emissions, and energy flexibility

In this study, multi-dimensional assessment criteria were involved
with respect to different perspectives, including the energy flexibility

Fig. 6. (continued)
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performance (i.e., off-peak surplus renewable shifted ratio (RSR), and
off-peak grid-shifted ratio (GSR)), economic performance (i.e., import
cost of the buildings–vehicles system (IC)), and emission performance
(i.e., annual net equivalent CO2 emission (ECE)).

3.2.1. Energy flexibility
The off-peak surplus RSR is the ratio of renewable electricity stored

during the off-peak period, Eoff-peak,REe, to the total on-site surplus re-
newable electricity, Esurp,REe. The off-peak GSR is the ratio of grid

electricity stored during the off-peak period, Eoff-peak,grid, to the total
amount of electricity imported from the grid, Eimp [37].

= + +E [P (t) P (t) P (t)]dtoff peak REe, 0

t
toSB,REe toEV,REe toShutBus,REe

off-peak

(7)

=E P (t)dtsurp REe, 0

t
surp,REe

end
(8)
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E

E
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= + +E [P (t) P (t) P (t)]dtoff peak grid, 0

t
toSB,grid toEV,grid toShutBus,grid

off-peak
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=E P (t)dtimp 0

t
imp

end
(11)

=GSR
E

E
off-peak,grid

imp (12)

3.2.2. Economic performance
To investigate the economic feasibility, the economic performance

of the renewables–buildings–vehicles system was calculated as follows:

=IC P (t)·C (t)dt1 ti

te
imp,office eg,imp (13)

=IC P (t)·C (t)dt2 ti

te
imp,hotel eg,imp (14)

=IC P (t)·C (t)dtVehicles ti

te
imp,vehicles eg,imp (15)

= + +IC IC IC IC1 2 Vehicles (16)

where IC1, IC2, ICVehicles, and IC are import costs of the offices, hotel,
vehicles, and buildings–vehicles system (HK$/m2), respectively. Ceg,imp
is the import electricity price from the grid. P (t)imp,office , P (t)imp,hotel , and
P (t)imp,vehicles are the instantaneous imported power from the grid in the
offices, hotel, and vehicles (kW), respectively.

3.2.3. Annual net equivalent CO2 emissions
The annual net equivalent CO2 emissions of the renew-

ables–buildings–vehicles system was calculated as follows:

=ECE [P (t)·CEF (t)-P (t)·CEF (t)]dt1 ti

te
imp,office eg exp,office eg (17)

=ECE [P (t)·CEF (t)-P (t)·CEF (t)]dt2 ti

te
imp,hotel eg exp,hotel eg (18)

=ECE [P (t)·CEF (t)]dtVehicles ti

te
imp,vehicles eg (19)

= + +ECE ECE ECE ECE1 2 Vehicles (20)

where P (t)exp,office and P (t)exp,hotel are the instantaneous exported power to
the grid in the offices and hotel building (kW), respectively. The default
value of CEFeg is 0.7 kg CO2,eq/kWhend [54]. ECE1, ECE2, and ECEVehicles
are equivalent CO2 emissions of the offices, hotel buildings, and ve-
hicles, (kg/m2), respectively. ECE is the equivalent CO2 emission of the
integrated system (kg/m2). Other variables are defined above.

Fig. 7. Traditional control strategy of the renewables–buildings–vehicles en-
ergy system.

Fig. 8. (a) Evolution of the relative capacity of the battery with respect to DOD
and number of cycles and (b) demonstration of the battery depreciation me-
chanism. (Note: the dashed green lines indicate the state at current time t, and
the solid red lines indicate the state at the next time step t + τ).

Table 6
Cycling aging prediction errors between different models.

R2 MAE RMSE NMBE CV-RMSE

Bivariate mathematical fitting model (power at 1) 0.598 0.058 0.075 6.26% 8.12%
Bivariate mathematical fitting model (power at 2) 0.828 0.036 0.050 3.94% 5.37%
Bivariate mathematical fitting model (power at 3) 0.921 0.025 0.034 2.65% 3.66%
Single-variable mathematical fitting model with piecewise fitting curves 0.981 0.010 0.018 1.15% 2.01%
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3.2.4. Equivalent relative capacity
To characterise the dynamic performance of hybrid battery systems,

the equivalent relative capacity (RCtotal,end) of the battery was proposed
and calculated by Equation (21):

= ×
=

RC
Cap

Cap
RCtotal,end

i 1

8
i,ini

total,ini
i,end

(21)

where i refers to the ith battery group. As there were a total of eight
batteries (two static batteries in the offices and hotel, three battery
groups of EVs, and three groups of public shuttle buses), the range of i
was 1 to 8. Capi,ini is initial storage capacity (without any depreciations)
of the ith battery group (such as the static battery in offices and hotel,
batteries of electric vehicles within the three groups, and batteries of
shuttle buses within the three groups). Captotal,ini is the accumulated
storage capacity of the entire battery system.RCi,end is the relative ca-
pacity of the ith battery group at the end of simulation.

4. Results and discussion

4.1. Comparison of system performance and battery depreciation between
control strategies

4.1.1. Hierarchical charging mechanism with same settings of charging
power and lower limitation of fractional state of charge (FSOClower)

With respect to the adoption of the formulated grid-battery charging
process to protect the battery in this study, one critical contradiction
must be noted, i.e., the grid-battery charging process could improve the
depth of discharge and thus slow down the battery depreciation rate,
whereas the grid-battery charging process leads to an increase in the
number of cycles together with battery degradation. In this section, the
technical feasibility of the grid-battery charging process was in-
vestigated through a comparative analysis with the reference case. A
systematic and comprehensive parametric analysis was conducted to
provide technical guidance to system managers with respect to the
multi-criteria of the renewables–buildings–vehicles system.

Fig. 9 shows the annual electricity in hybrid battery systems. As
shown in Fig. 9(a), compared to the traditional control strategy with the
total annual electricity charged to vehicle batteries at 25.7 kWh/m2.a,
the total annual electricity charged to vehicle batteries in the hier-
archical control and battery-protective control was much higher at
approximately 35.3 kWh/m2.a. This is due to the implementation of the
grid-battery charging strategy to shift off-peak grid electricity to peak
time, as introduced in Section 2.7.2 (Fig. 5). Overall, the total annual
electricity charged to battery systems was 31, 37.1, and 37 kWh/m2.a
for the traditional, hierarchical, and battery-protective control strategy,
respectively. The total annual electricity from batteries was 27.9, 33.4,
and 33.3 kWh/m2.a, as shown in Fig. 9(b), for the traditional, hier-
archical, and battery-protective control strategy, respectively.

Fig. 10 shows the proportion of annual electricity charged to the
hybrid battery systems. As shown in Fig. 10(a) and (c), vehicle batteries
accounted for 85.6% and 94.1% of the total annual electricity charged
in battery systems for the traditional and battery-protective control

strategy, respectively. This indicates that the battery-protective control
strategy was more competitive than the traditional control strategy in
terms of improving the capability of shifting off-peak electricity to peak
time through the vehicle battery systems. This is due to the enhance-
ment of the battery relative capacity, which is shown in Fig. 11(a).

Fig. 11 shows the battery and the system performances in terms of
different control strategies. As shown in Fig. 11 (a), by adopting the
grid-responsive control strategy (i.e., the hierarchical and battery-pro-
tective control strategy), the transition of the battery degradation zone
from the slow degradation zone to the acceleration zone could be
prolonged from 6375 to 6750 hrs. Furthermore, compared to the
hierarchical control strategy, the proposed battery-protective control
strategy decreased the battery degradation rate with an improved re-
lative capacity of batteries, i.e., the equivalent relative capacity at the
end of one year’s operation increased from 0.849 to 0.921, as shown in
Fig. 11(a). This indicates that by removing the grid-battery charging
power in the battery acceleration zone, the equivalent relative capacity
could be improved. As shown in Fig. 11 (b), the implementation of the
grid-battery charging in the hierarchical control resulted in an increase
in the ECE from 138.3 to 144.5 kg/m2.a (4.5%) and the annual IC from
194.3 to 210.9 HK$/m2.a (8.5%). The underlying mechanism was that
compared to the traditional control strategy, the grid-battery charging
strategy increased the battery charging losses from 3.1 to 12 kWh/m2.a.
The increase in battery charging losses resulted in an increase in ECE
and IC.

To characterise the relative capacity of the battery systems, para-
metric analysis was conducted on various renewable capacities and
different values of FSOClower. As shown in Fig. 12(a), when the in-
tegrated wind turbine capacity was 0.2 MW, the increase in FSOClower

from 0.4 to 0.85 could increase the equivalent relative capacity of the
battery system from 0.751 to 0.996. The underlying mechanism was
that with the increase in FSOClower from 0.4 to 0.85, the depth of dis-
charge would decrease from 0.6 to 0.15, which could contribute to the
decrease in the battery degradation rate, as illustrated in Fig. 8.

In addition, the comparison between the hierarchical control
strategy (as shown in Fig. 12(a)) and the battery-protective control
strategy (as shown in Fig. 12(b)) indicated that the equivalent relative
capacity was more sensitive to the integrated wind turbine capacity in
the battery-protective control strategy than in the hierarchical control
strategy. For instance, when FSOClower was 0.55, with the increase in
the integrated wind turbine capacity from 0.2 MW to 0.8 MW, the
equivalent relative capacity was increased from 0.757 to 0.758 in the
hierarchical control strategy and to 0.815 in the battery-protective
control strategy. Here, the underlying mechanism is that according to
the grid-responsive control strategy introduced in Fig. 5, with the
avoidance of a grid-battery charging strategy in the battery degrada-
tion-acceleration zone, the depth of discharge of the battery systems
was more sensitive to renewable energy. Compared to the hierarchical
control strategy, the battery-protective control strategy could decrease
the annual average DOD from 0.527 to 0.403 when the rated capacity
of the integrated wind turbine was 0.8 MW.

To comparatively investigate the system performance with respect

Fig. 9. Electricity flows in the static and vehicle
battery systems: (a) annual total energy charged
to the battery systems and (b) annual total en-
ergy discharged from the battery systems. (Note:
the renewable system is BIPVs only. The lower
limitation of the fractional state of charge,
FSOClower, is 0.7, and the off-peak grid-battery
charging power, PG2B,off-peak, is 20 kW).
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to the proposed hierarchical and battery-protective control strategy,
Fig. 13 shows the impact of FSOClower on the IC and ECE. As shown in
Fig. 13, when FSOClower was 0.4, compared to the hierarchical control

strategy with the equivalent CO2 emissions at 94.2 kg/m2.a, the bat-
tery-protective control strategy increased the equivalent CO2 emissions
to 94.8 kg/m2.a. Here, the underlying mechanism was that the im-
plementation of the battery-protective control strategy avoided the
grid-battery charging in the battery degradation-acceleration zone, and
the equivalent relative capacity of the batteries could be increased from
0.7511 to 0.7514. Correspondingly, the battery charging loss increased
from 3.1 to 4.1 kWh/m2.a. Furthermore, the avoidance of the grid-
battery charging in the battery degradation-acceleration zone also in-
creased the annual import cost. For instance, when FSOClower was 0.4,
the annual import cost was increased from 166.6 to 167.3 HK$/m2.a.
This was due to the decrease in the Eoff-peak,grid from 12.2 to 10.5 kWh/
m2.a. It can also be noted that the differences in the ECE and IC between
different control strategies were smaller with respect to the increase in
FSOClower. As shown in Fig. 13, with the increase in FSOClower from 0.4
to 0.85, the difference in equivalent CO2 emissions decreased from 0.6
to 0 kWh/m2.a, and the difference in the IC decreased from 0.7 to 0 HK
$/m2.a. This is because the relative capacity of the battery was always
within the slow degradation zone, and the relative capacity of the
battery at the end of the full year was 0.996.

4.1.2. Hierarchical charging mechanism with similar charging energy in
battery systems

To further investigate the effectiveness of battery-protective control
strategies, the battery relative capacity was characterised and com-
pared between different control strategies with similar charging energy
in the battery systems. The motivation for this section was to quanti-
tatively demonstrate the superiority of the battery-protective control
strategy in terms of battery relative capacity and system performance
under similar charging energy. To keep similar charging energies in the
hybrid battery systems, both FSOClower and grid-to-battery charging
power were adjusted thusly: (1) in the traditional control strategy,

Fig. 10. Proportion of electricity in the static and vehicle battery systems: (a) traditional control strategy (reference case), (b) hierarchical control strategy, and (c)
battery-protective control strategy. (Note: the renewable system is BIPVs only, the FSOClower is 0.7, and the PG2B,off-peak is 20 kW).

Fig. 11. Impact of different control strategies on (a) the equivalent relative
capacity of the battery and the equivalent CO2 emissions and annual import
cost. (Note: the renewable system is BIPVs only, thee FSOClower is 0.7, and the
PG2B,off-peak is 20 kW).

Fig. 12. Parametric analysis of rated wind turbine capacity and FSOClower on the equivalent relative capacity: (a) hierarchical control strategy and (b) battery-
protective control strategy.
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FSOClower was kept at 0.55, (2) in the hierarchical control, FSOClower

and grid-to-battery charging power were approximately 0.7 and 12 kW,
respectively, and (3) in the battery-protective control, FSOClower and
grid-to-battery charging power were approximately 0.7 and 15 kW,
respectively.

Fig. 14 shows the annual electricity in hybrid batteries. As shown in
Fig. 14, the total annual electricity charged to the battery systems was
31.2, 31.1, and 31.0 kWh/m2.a for the traditional, hierarchical, and
battery-protective control strategy, respectively. The total annual
electricity discharged from battery systems was 28.4, 28.0, and
27.9 kWh/m2.a for the traditional, hierarchical, and battery-protective
control strategy, respectively.

Furthermore, compared to the traditional control strategy with the
total annual electricity charged to static batteries (in offices and hotel)
at 1.42 kWh/m2.a, the total annual electricity charged to the static
batteries in the hierarchical control and battery-protective control was
much higher at 5.32 kWh/m2.a. The underlying mechanism was that in
order to shift the off-peak grid electricity to peak time, the grid-battery
charging strategy was implemented to charge static batteries in the
hierarchical control and battery-protective control, as introduced in
Section 2.7.2 (Fig. 5). Thereafter, more off-peak grid electricity could
be stored in the static batteries.

Fig. 15 shows the proportion of annual electricity charged to the
hybrid battery systems. As shown in Fig. 15, compared to the tradi-
tional control strategy with the proportion of annual electricity charged
to the static batteries (in offices and hotel) at 4.5%, the proportions of
annual electricity charged to the static batteries in the grid-responsive
control strategy, as shown in Fig. 15(b) and (c), were much higher at
17.1% and 17.2%, respectively. Meanwhile, the vehicle batteries ac-
counted for more than 80% of the total annual electricity charged in
battery systems. This indicates that the integration of vehicle battery
systems in building energy systems is promising in terms of shifting off-
peak electricity to peak time.

As shown in Fig. 16(a), by adopting the grid-responsive control

strategy (i.e., the hierarchical and battery-protective control strategy),
the transition of the battery degradation zone from the slow degrada-
tion zone to the acceleration zone could be prolonged from 7625 to
8125 hrs. Furthermore, compared to the hierarchical control strategy,
the proposed battery-protective control strategy decreased the battery
degradation rate with an improved equivalent relative capacity. For
instance, compared to the equivalent relative capacity at 0.94 and 0.98
in the traditional control strategy and hierarchical control strategy,
respectively, the equivalent relative capacity could be increased to
0.986 in the battery-protective control strategy. This indicates that by
removing the grid-battery charging power in the acceleration zone, the
equivalent relative capacity could be improved. The underlying me-
chanism was that compared to the traditional control strategy, the
proposed battery-protective control strategy reduced the energy
charged to the vehicle systems from 30.2 to 25.7 kWh/m2.a.

It can also be noted that compared to the case with the same settings
of charging power and FSOClower, as shown in Fig. 11, the effectiveness
of the battery-protective control strategy on the improvement of
equivalent relative capacity was less obvious in the case with nearly the
same charging energy. To be more specific, compared to the increasing
magnitude of equivalent relative capacity from 0.743 to 0.921, as
shown in Section 4.1.1 (Fig. 11), the increasing magnitude of equiva-
lent relative capacity was less obvious, from 0.940 to 0.986. This is due
to the difference in total energy charged to the battery systems between
different control strategies, i.e., 6 kWh/m2.a (from 37 to 31 kWh/m2.a)
in the case with the same settings of charging power and FSOClower, as
shown in Fig. 11, and 0.6 kWh/m2.a (from 28.5 to 27.9 kWh/m2.a) in
the case with nearly the same charging energy.

Fig. 16 (b) indicates that the implementation of the battery-pro-
tective control strategy decreased the ECE from 144.5 to 143.1 kg/m2.a
and the IC from 211 to 201.4 HK$/m2.a. The reason for the similar
equivalent CO2 emissions between different control strategies was due
to the virtually similar battery charging losses of approximately
2.8 kWh/m2.a. The reason for the IC saving was due to the

Fig. 13. Impact of FSOClower on the import cost and equivalent CO2 emissions. (Note: the integrated renewable was a hybrid solar-wind renewable system: BIPVs and
a 0.2-MW wind turbine).

Fig. 14. Electricity flows in the static and ve-
hicle battery systems: (a) annual total energy
charged to the battery systems and (b) annual
total energy discharged from the battery sys-
tems. (Note: the renewable system was BIPVs
only. In the traditional control strategy,
FSOClower was kept at 0.55. FSOClower and grid-
to-battery charging powers were approximately
0.7 and 12 kW, respectively, for the hierarchical
control. FSOClower and grid-to-battery charging
powers were approximately 0.7 and 15 kW, re-
spectively, for the battery-protective control.)
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improvement of the relative capacity from 0.940 to 0.986, as shown in
Fig. 16 (a).

4.2. Sensitivity analysis of the battery-protective control strategy

Based on the above discussions, a critical contradiction can be no-
ticed: the grid-battery charging process improved the depth of dis-
charge and thus slowed the battery depreciation rate, whereas the grid-
battery charging process led to an increase in the number of cycles
together with battery degradation. In this section, parametric analysis
was conducted specifically for the battery-protective control strategy, to
provide technical guidance to system operators in terms of this con-
tradiction.

4.2.1. Impact of the off-peak grid-battery charging power and the lower
limitation of the fractional state of charge on system performance and
battery depreciation

Parametric analysis results of the equivalent CO2 emissions,

economic performance, flexibility, and battery relative capacity are
shown in Fig. 17 in terms of the off-peak grid-battery charging power
(PG2B,off-peak) and FSOClower. As shown in Fig. 17 (a) and Fig. 17 (b),
when PG2B,off-peak was 5 kW, the increase in FSOClower from 0.4 to 0.85
increased the ECE from 139.6 to 146.1 kg/m2.a and the IC from 200.1
to 214 HK$/m2.a. The underlying mechanism was due to the increase in
battery charging loss from 3.7 to 12.2 kWh/m2.a. Furthermore, both the
ECE and IC were less sensitive to PG2B,off-peak in terms of increasing
FSOClower. This was indicated by the flattened contour curve shown in
Fig. 17 (a) and (b). This is because with the increase in FSOClower, the
grid-battery charging process in the slow degradation zone could re-
duce the depth of discharge and thus slow the battery depreciation rate.
The similar value of equivalent battery relative capacity with respect to
PG2B,off-peak, as shown in Fig. 17 (e), made the total energy charged to
the battery system less sensitive to PG2B,off-peak (at approximately
37 kWh/m2.a). Regarding the contradiction resulting from the grid-
battery charging, such as the deceleration of the battery depreciation
rate (due to the decrease in DOD) and the real-time battery degradation
(due to the increase in the number of cycles), a trade-off could be
reached when FSOClower was 0.7.

As for the energy flexibility in the formulated interactive energy
sharing network, as shown in Fig. 17 (c) and (d), when PG2B,off-peak was
10 kW, with the increase in FSOClower from 0.4 to 0.85, the off-peak
RSR was reduced from 0.332 to 0.177 and the off-peak GSR was re-
duced from 0.0719 to 0.0667. The underlying reason for the decrease in
the RSR was that as the battery storage capacity was limited, the in-
crease in FSOClower from 0.4 to 0.85 reduced Eoff-peak,REe from 12.6 to
6.8 kWh/m2.a. The underlying reason for the decrease in the GSR was
that the increase in FSOClower from 0.4 to 0.85 reduced Eoff-peak,grid from
18.2 to 16.8 kWh/m2.a. Furthermore, when FSOClower was 0.4, the
increase in PG2B,off-peak from 5 to 20 kW resulted in a decrease in RSR
from 0.410 to 0.222 and an increase in GSR from 0.0573 to 0.0847. The
underlying reason for the decrease in RSR was that as the battery sto-
rage capacity was limited, the increase in PG2B,off-peak from 5 to 20 kW
reduced Eoff-peak,REe from 16.6 to 8.9 kWh/m2.a. The underlying reason
for the increase in GSR was that the increase in PG2B,off-peak from 5 to
20 kW increased Eoff-peak,grid from 18.2 to 21.3 kWh/m2.a.

With respect to the equivalent relative capacity, as shown in Fig. 17
(e), the equivalent relative capacity was highly dependent on FSOClower

and was less sensitive to PG2B,off-peak. This indicated that when oper-
ating the battery storage system, FSOClower should be given priority for
consideration to reduce battery degradation during charging/dischar-
ging cycles.

As shown in Fig. 17 (f), it is noteworthy that in terms of energy
management through PG2B,off-peak and FSOClower, the increase in
equivalent relative capacity increased GSR but decreased RSR. In the
PG2B,off-peak-dependent scenarios, with an increase in equivalent relative
capacity from 0.8505 to 0.8569, GSR increased from 0.0573 to 0.0847,
whereas RSR decreased from 0.41 to 0.222. This because with the in-
crease in PG2B,off-peak from 5 to 20 kW, Eoff-peak,grid increased from 18.2
to 25.3 kWh/m2.a, whereas Eoff-peak,REe decreased from 12.6 to

Fig. 15. Proportion of electricity in the static and vehicle battery systems: (a) traditional control strategy (reference case), (b) hierarchical control strategy, and (c)
battery-protective control strategy.

Fig. 16. Effect of control strategies on (a) equivalent relative capacity of the
battery and (b) ECE and annual import cost. (Note: the renewable system was
BIPVs only. In the traditional control strategy, FSOClower is kept at 0.55.
FSOClower and grid-to-battery charging power were approximately 0.7 and
12 kW, respectively, for the hierarchical control. FSOClower and grid-to-battery
charging power were approximately 0.7 and 15 kW, respectively, for the bat-
tery-protective control.)
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10.8 kWh/m2.a. In the FSOClower-dependent scenarios, with the in-
crease in equivalent relative capacity from 0.8505 to 0.9964, GSR in-
creased from 0.0573 to 0.0668, whereas RSR decreased from 0.41 to
0.178. This was because with the increase in PG2B,off-peak from 5 to
20 kW, Eoff-peak,grid increased from 18.2 to 29.6 kWh/m2.a, whereas Eoff-
peak,REe decreased from 12.6 to 9.2 kWh/m2.a.

4.2.2. Impact of static battery and integrated wind turbine on system
performance and battery depreciation

Parametric analysis results of ECE, economic performance, energy
flexibility, and equivalent relative capacity of batteries are shown in
Fig. 18. Note that the increase in the static battery capacity increased
the ECE and decreased the annual IC. For instance, as shown in
Fig. 18(a) and (b), when the renewable capacity was 0.2 MW, with the
increase in static battery capacity of each floor from 3 to 15 kWh, the
ECE increased from 98.3 to 100 kg/m2.a, whereas the IC decreased
from 180.3 to 170.1 HK$/m2.a. The underlying reason for the increase

in equivalent CO2 emissions was due to the increase in battery charging
loss from 3.4 to 5.8 kWh/m2.a, whereas the decrease in the annual
import cost was due to the increase in RSR from 0.131 to 0.132, as
shown in Fig. 18 (c), and the increase in GSR from 0.03 to 0.05, as
shown in Fig. 18 (d).

Regarding the equivalent relative capacity, as shown in Fig. 18 (e),
the increase in battery storage capacity and integrated wind turbine
capacity increased the equivalent relative capacity. This is because,
with respect to the increase in renewable capacity, the discharging
cycles of the battery storage system were reduced, as the demand could
be directly covered by the integrated renewable generation. Further-
more, the increase in the static battery capacity reduced the number of
cycles, thus prolonging the relative capacity of the battery. These re-
sults can guide system managers to decelerate battery degradation and
provide economic viability to the interactive renew-
ables–buildings–vehicles energy-sharing network.

As shown in Fig. 18 (f), in terms of energy management through the

Fig. 17. Effect of off-peak grid-battery charging power (PG2B,off-peak) and FSOClower on: (a) equivalent CO2 emissions, (b) annual import cost, (c) off-peak RSR, (d) off-
peak GSR, (e) equivalent relative capacity of the battery, and (f) impact of battery depreciation on energy flexibility. (Note: the renewables–buildings–vehicles system
was only supported by BIPVs).
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integrated wind turbine capacity and static battery capacity, the impact
of battery depreciation on energy flexibility indexes was complicated.
In the static battery capacity-dependent scenarios, with the increase in
equivalent relative capacity from 0.899 to 0. 95, GSR increased from
0.0306 to 0.0491 and RSR increased from 0.0689 to 0.0992. This is
because with the increase in the static battery capacity from 3 to 15
kWh, Eoff-peak,grid increased from 10.3 to 14.8 kWh/m2.a and Eoff-peak,REe
decreased from 10.9 to 17.6 kWh/m2.a. In the renewable capacity-de-
pendent scenarios, with the increase in equivalent relative capacity
from 0.877 to 0.96, GSR increased from 0.0297 to 0.0324, whereas RSR
decreased from 0.410 to 0.222. The reason for this is that with the
increase in integrated wind turbine capacity from 0.2 to 0.8 MW,
Esurp,REe increased from 3.6 to 90.8 kWh/m2.a, whereas Eoff-peak,grid
increased from 15.7 to 28.2 kWh/m2.a.

Fig. 19 demonstrates the parametric analysis of the static battery
capacity and integrated renewable capacity. With respect to the

increase in the static battery capacity from 3 to 15 kWh, the equivalent
CO2 emission was improved from 14 to 15.5 kg/m2.a (as shown in
Fig. 19(a)), whereas the annual import cost decreased from 148.6 to
147 HK$/m2.a (as shown in Fig. 19(c)). The underlying mechanism is
due to the increased battery charging loss from 9.6 to 11.7 kWh/m2.a.
From the perspective of energy flexibility, as shown in Fig. 19(f), the
increase in the static battery capacity from 3 to 15 kWh will result in an
increase in the RSR from 0.042 to 0.067 and increase in the GSR from
0.032 to 0.048. This indicates that the increase in the static battery
capacity will contribute to the improvement of renewable electricity
and grid electricity stored during the off-peak periods. However, the
increase in the renewable capacity (from 0.2 to 0.8 MW) will reduce the
ECE (from 100.5 to –23 kg/m2.a, as shown in Fig. 19(b)) and the import
cost (from 172.7 to 139.3 HK$/m2.a, as shown in Fig. 19(b)), whereas
the energy flexibility is decreased (RSR is decreased from 0.131 to
0.056, as shown in Fig. 19(d), and GSR is decreased from 0.050 to

Fig. 18. Impact of the static battery capacity and integrated renewable capacity on (a) equivalent CO2 emission, (b) annual import cost, (c) off-peak RSR, (d) off-peak
GSR, (e) the equivalent relative capacity of the batteries, and (f) the impact of battery depreciation on energy flexibility. (Note: the renewables–buildings–vehicles
system was only supported by BIPVs for (f). The charging power was 20 kW and FSOClower was 0.7).
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0.049, as shown in Fig. 19(d)). The reason is similar to that of Fig. 18. It
is noteworthy that effective solutions for the relative capacity im-
provement include the enhancement of the static battery capacity and
integrated renewable capacity.

4.2.3. Uncertainty and sensitivity analysis on mobile battery capacity
Fig. 20 demonstrates the impact of mobile battery capacity on the

multi-criteria performances of the interactive buildings–vehicles
system. As shown in Fig. 20, the increase in the mobile battery capacity
will result in a decrease in the import cost, increase in the ECE, and
increase in the energy flexibility indicators. Furthermore, an almost
saturated tendency can be noticed when the mobile battery capacity of
electric vehicle is increased to 60 kWh (as shown in Fig. 20(a)(c)) and
the shuttle bus to 70 kWh (as shown in Fig. 20(b)(d)). This is mainly
due to the almost saturated total energy charged in the battery systems
at 35.3 kWh/m2.a, which is independent of the further increase in the
mobile battery capacity. It is noteworthy that the enhancement of the
mobile battery capacity can also be an effective solution for the im-
provement of equivalent relative capacity (as shown in Fig. 20(e, f)).

4.2.4. Uncertainty and sensitivity analysis on equivalent CO2 emission
factor (CEFeg) and electricity price

Fig. 21 shows the impact of different equivalent CO2 emission fac-
tors (CEFeg) and grid electricity prices on multi-criteria performances of

the interactive buildings–vehicles system. As shown in Fig. 21(a), for a
nearly zero-energy buildings–vehicles system, the decrease in CEFeg
from 0.9 to 0.1 kg/kWh will contribute to the decrease in the ECE from
19.9 to 2.2 kg/m2.a by 88.9%. This indicates that the transition from
the carbon coal powered dirty grid to the renewable powered cleaner
grid is fairly necessary for the promotion of the renewable and sus-
tainable buildings–vehicles system. Meanwhile, the import cost is in-
dependent on CEFeg at 147 HK$/m2.a. Furthermore, as shown in
Fig. 21(b), the decrease in grid electricity price from 1.5 to 0.3 HK
$/kWh will contribute to a decrease in import cost from 245 to 49 HK
$/m2.a by 80%. This indicates that solutions for the decrease in the grid
electricity price are fairly necessary for the promotion of the econom-
ically competitive buildings–vehicles system. It is also noteworthy that
the ECE is independent of the grid electricity price at 15.5 kg/m2.a.

5. Research results comparison and accuracy assessment

In comparison with the research results in academia, the import cost
is more sensitive to the grid electricity price. For instance, with an in-
crease in grid electricity price from 0.3 to 0.9 HK$/kWh, the import
cost will be increased from 78.5 to 112 HK$/m2.a [37], whereas a more
obvious increase can be noticed from 49 to 245 HK$/m2.a in this study.
The main reason for this is that the aggregated demands of buildings in
this study are much higher than the demand of a single office building

Fig. 19. Multi-criteria performances of the interactive buildings–vehicles system with respect to the (a)(c)(e) static battery capacity and (b)(d)(f) integrated re-
newable capacity.
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in [37]. Furthermore, with the increase in the renewable capacity from
0.2 to 0.8 MW, the ECE will be decreased from approximately 30 to
−110 kg/m2.a in [37], whereas a more slight decrease can be noticed
from 100 to –23 HK$/m2.a in this study. This is mainly due to the
higher battery charging losses of the aggregated buildings–vehicles
system in this study than the single building–vehicles system in [37].
Furthermore, according to research results [55-60], the increase in the
renewable penetration will reduce the operation cost and ECE, whereas

the increase in the battery charging losses will result in the increase in
ECE.

From the perspective of energy flexibility, in order to improve the
Zhou and Cao [61] adopted integrated solutions to enhance the
building energy flexibility, including hybrid thermal and electric
storages and diversified energy conversion strategies. Results indicated
that, through the integrated thermal and electrical storage systems, the
enhancement of the storage capacity will improve the on-site flexible

Fig. 20. Uncertainty and sensitivity analysis on multi-criteria performances of the interactive buildings– vehicles system with respect to mobile battery capacity of (a)
(c)(e) EVs and (b)(d)(f) shuttle buses. (Note: the integrated renewable capacity is a 0.6-MW wind turbine system).

Fig. 21. Uncertainty and sensitivity analysis on multi-criteria performances of the interactive buildings– vehicles system with respect to (a) different equivalent CO2

emission factors and (b) grid electricity prices. (Note: the integrated renewable capacity is a 0.6-MW wind turbine system.)
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surplus renewable fraction ratio and the on-site flexible electric load
fraction. The conclusions of this study find a similar trend but with
different magnitudes, as in academia [37], i.e., the increase in battery
capacity will increase the GSR, whereas the increase in the integrated
renewable capacity will reduce the RSR and GSR. The reason for the
different magnitudes is mainly due to the expansion of the system en-
ergy boundary and the implemented battery-protective control
strategy. Furthermore, the increase in the grid-battery charging power
will increase the GSR but decrease the RSR. In addition, the increase in
the battery storage will reduce the grid’s reliance, similar to the results
in [62].

The academic literature also indicates that, the multi-criteria per-
formances (the energy matching between renewable and demand, the
operational cost and so on) are highly dependent on the battery de-
gradation and the battery energy management strategy. Salpakari et al.
[32] indicated that, the neglection of battery degradation will over-
estimate the V2B cost saving, although the renewable penetration can
be increased. Aelenei et al. [63] studied the energy flexibility provided
by the battery energy storage systems coupled with vertical BIPV and
rooftop PV systems. Research results indicated that, a 13.5 kWh battery
can realise the positive net present value of 1416.1 EUR, with the self-
consumption and self-sufficiency ratios at 56.3% and 62.4%, respec-
tively. Phan et al. [64] optimised the battery charging and discharging
rate to reduce the operational cost. With the adoption of the genetic
algorithm, the average daily operating cost can be reduced by 31%. Liu
et al. [65] conducted the multi-objective optimisation on charging
modes (charging speed, energy conversion efficiency as well as tem-
perature variations) for intelligent battery management, in respect to
the charging time, energy loss and temperature rise. The proposed
Pareto fronts-based solutions can provide technical guidance to system
operators.

From the perspective of the adopted technology, the latest research
works also indicate that the effective strategies for techno-economic
performance improvement of integrated building energy systems in-
clude integrated PV-thermal systems [59], energy sharing technology in
buildings and districts [60], V2B interactions [18,25], and grid-re-
sponsive control strategies [66]. Khatib et al. [67] conducted the
comprehensive and systematic literature review on optimal sizing
methods for PV and battery systems. The adopted methods include the
software tools, numerical methods and artificial intelligence methods.
Compared to the other methods, the artificial intelligence methods are
more efficient due to the large search space and high computational
efficiency. These latest technologies support the research results in this
study.

6. Research applications, limitations, and future studies

This study thoroughly investigated the techno-economic perfor-
mances of a grid-connected buildings–vehicles system with multi-
directional energy interactions, comprehensively considering the cy-
cling aging of battery storage during frequent charging/discharging
cycles. A mathematical model was developed to characterise the cycling
aging of electrochemical battery storage. An advanced battery-protec-
tive energy control strategy was developed that fully utilises inherent
battery depreciation characteristics for flexible energy management. In
terms of the advanced battery-protective energy control strategy, the
grid-battery charging process can decrease the depth of discharge and
thus slow down the battery depreciation rate, whereas the grid-to-
battery charging will accelerate the cycling aging. The proposed tech-
niques can be widely applied in the energy management of district ZEB
and ZEV systems, grid-responsive power control, battery-protective
solutions, and more. However, the calendar aging of battery systems
has not been considered in this study. Furthermore, the development of
the dynamic off-peak grid-to-battery charging strategy, in accordance
with the dynamic renewable-demand signal and dynamic relative ca-
pacity signal of battery systems, has not been developed, especially

considering the increase in acceleration rate of battery cycling aging
with the increase in the number of cycles. Future studies will be focused
on mathematical model development of battery degradation, including
calendar aging and cycling aging. Furthermore, the development of a
metaheuristic self-learnt grid-to-battery charging strategy will be in-
vestigated by dynamically adjusting the off-peak grid-to-battery char-
ging power in accordance with the dynamic renewable-demand signal
and dynamic relative capacity signal of battery systems.

7. Conclusions

In this study, a resilient energy network called the interactive re-
newables–buildings–vehicles energy sharing network was managed
through a centralised collaborative controller for renewable energy and
grid electricity in response to the coverage of both mobility consump-
tion and energy demands of buildings. A mathematical model was de-
veloped to characterise the real-time battery degradations for multi-
directional energy interactions, including buildings-to-vehicles,
vehicles-to-buildings, grid-to-buildings, buildings-to-grid, and grid-to-
vehicles. A comparison between a bivariate mathematical fitting
method and a single-variable mathematical fitting method with piece-
wise fitting was conducted to accurately characterise the cycling aging
of battery storage in terms of the number of cycles and depth of dis-
charge. To reduce the battery depreciation rate in the multidirectional
energy interaction process, a heuristic battery-protective energy control
strategy was developed by allocating resilient and flexible grid-to-bat-
tery charging schemes according to the inherent battery depreciation
characteristics (i.e., renewable-battery charging, grid-battery charging
in the slow degradation zone, and the avoidance of grid-battery char-
ging in the acceleration zone). The developed battery-protective energy
control strategy was thereafter compared with traditional and hier-
archical control strategy to show its reliability and robustness in terms
of multi-criteria performance enhancements (including equivalent CO2

emission, import cost, system energy flexibility, and relative battery
capacity). With respect to battery depreciation, a critical energy con-
tradiction was presented, i.e., that the grid-battery charging process
improved the depth of discharge and thus slowed the battery depre-
ciation rate, whereas the grid-battery charging process led to an in-
creased number of cycles together with battery degradation. This was
discussed together with effective technical solutions. To provide tech-
nical guidance to system designers, operators, and stakeholders, a sys-
tematic and comprehensive analysis was conducted on associated
parameters, including off-peak grid-battery charging power, the lower
limitation of the fractional state of charge, battery capacity, and re-
newable capacity. The main conclusions are as follows:

1) With respect to the accuracy of the developed mathematical model,
compared to the bivariate mathematical fitting method with the
highest R2 of 0.9206, the single-variable mathematical fitting
method with piecewise fitting curves shows more robustness and
reliability with R2 of 0.9807.

2) In the grid-connected buildings–vehicles system, the proposed grid-
responsive strategy can improve the equivalent relative capacity of
battery systems through the mechanism for the decrease in the
depth of discharge. Depending on the resilient and flexible grid-to-
battery charging scheme, the grid-responsive strategy includes the
hierarchical control strategy and battery-protective control strategy.
In the scenario with the same settings of charging power and lower
limitation of fractional state of charge, compared to traditional
control strategies, the equivalent relative capacity can be increased
from 0.743 to 0.849 when adopting the hierarchical control strategy
and be further increased to 0.921 when adopting the battery-pro-
tective control strategy. In the scenario with the same settings of
charging energy in battery systems, compared to traditional control
strategies, the equivalent relative capacity can be increased from
0.94 to 0.98 in the hierarchical control strategy and be further
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increased to 0.986 when adopting the battery-protective control
strategy.

3) With respect to the battery-protective control strategy, a contra-
diction can be observed, i.e., the grid-battery charging process can
improve the depth of discharge and thus slow the battery depre-
ciation rate, whereas the grid-battery charging process will lead to
an increase in the number of cycles together with battery degrada-
tion. A trade-off can be reached with FSOClower at 0.7, where the
relative capacity is not sensitive to the off-peak grid-battery char-
ging power. Furthermore, due to the decrease in the number of
cycles, the increase in battery storage capacity can also increase the
equivalent relative capacity. Other technical solutions for the im-
provement in battery relative capacity include increasing the lower
limitation of the fractional state of charge and increasing renewable
capacity.

4) In terms of intelligent battery energy management through the off-
peak grid-battery charging power and FSOClower, the increase in the
equivalent relative capacity will increase the off-peak GSR but de-
crease the off-peak surplus RSR. In the off-peak grid-battery char-
ging power-dependent scenarios, with the increase in the equivalent
relative capacity from 0.8505 to 0.8569, GSR increases from 0.0573
to 0.0847, whereas RSR decreases from 0.410 to 0.222. In
FSOClower-dependent scenarios, with the increase in equivalent re-
lative capacity from 0.8505 to 0.9964, GSR increases from 0.0573 to
0.0668, while RSR decreases from 0.410 to 0.178.

5) With respect to energy flexibility, in terms of energy management
through the integrated wind turbine capacity and static battery ca-
pacity, the impact of battery depreciation on energy flexibility in-
dexes is complicated. In the static battery capacity-dependent sce-
narios, with the increase in equivalent relative capacity from 0.899
to 0.950, GSR increases from 0.0306 to 0.0491, and RSR increases
from 0.0689 to 0.0992. In the renewable capacity-dependent sce-
narios, with the increase in equivalent relative capacity from 0.877
to 0.96, GSR increases from 0.0297 to 0.0324, while RSR decreases

from 0.410 to 0.222.

Future studies will be focused on mathematical model development
of battery degradation, including calendar aging and cycling aging.
Furthermore, the development of a metaheuristic self-learnt grid-to-
battery charging strategy will be investigated by dynamically adjusting
the off-peak grid-to-battery charging power in accordance with the
dynamic renewable-demand signal and dynamic relative capacity
signal of battery systems.
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.

Fig. 22. (a–c) Correlation analysis of relative capacity using the bivariate mathematical fitting method and (d) correlation analysis of relative capacity using the
single-variable mathematical fitting method with piecewise fitting curves.
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