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A B S T R A C T   

Ocean thermal and power energy systems are promising driving forces for seashore coastal communities to 
achieve net-zero energy/emission target, whereas energy planning and management on ocean thermal/power 
and distributed building integrated photovoltaic (BIPV) systems are critical, in terms of serving scale sizing and 
planning on geographical locations of district building community, and cycling aging of battery storages. 
However, the current literature provides insufficient studies on this topic. This study aims to address this 
research gap by transforming towards zero-energy coastal communities from the district level in subtropical 
regions, including centralised seawater-based chiller systems, distributed BIPVs and coastal oscillating water 
column technologies, as well as multi-directional Vehicle-to-Building energy interaction paradigms. Advanced 
energy management strategies were explored to enhance renewable penetration, import cost-saving, and 
deceleration of battery cycling aging, in response to relative renewable-to-demand difference, off-peak grid in-
formation with low price, and real-time battery cycling aging. Furthermore, in accordance with the power 
generation characteristic of two wave stations (i.e., Kau Yi Chau (KYC) and West Lamma Channel (WLC)) in 
Hong Kong, energy system planning and structural configurations of the coastal community were proposed and 
comparatively studied for the multi-criteria performance improvement. Research results showed that, compared 
to an air-cooled chiller, the water-cooled chiller with a much higher Coefficient of Performance (COP) will 
reduce the energy consumption of cooling systems, leading to a decrease in total electric demand from 134 to 
126.5 kWh/m2⋅a. The scale for the net-zero energy district community with distributed BIPVs and oscillating 
water column was identified as 5 high-rise office buildings, 5 high-rise hotel buildings, 150 private cars and 120 
public shuttle buses. Furthermore, the geographical location planning scheme on the Case 1 (office buildings 
close to KYC, and hotel buildings close to WLC) was identified as the most economically and environmentally 
feasible scheme, whereas the Case 3 (only office buildings are planned close to all power supply with oscillating 
water column) showed the highest flexibility in grid electricity shifting, together with the highest value of 
equivalent battery relative capacity. This study demonstrates techno-economic performances and energy flexi-
bility of frontier ocean energy technologies in a coastal community under advanced energy management stra-
tegies, together with technical guidance for serving scale sizing and planning on geographical locations. The 
research results highlight the prospects and promote frontier ocean energy techniques in subtropical coastal 
regions.   
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1. Introduction and background 

To address the conflicting contradiction between intensified energy 

crisis and daily increased energy demands, mitigate global warming and 
climate change, continuous efforts have been made to search for new 
power production resources [1–3]. Electrification, hydrogenation [4] 
and cross-regional energy sharing [5] with e-mobility integration have 
attracted researchers’ interests, particularly with the call for carbon 
neutrality by 2060. Pathways for carbon neutrality in different regions 
are diverse [6], depending on local climate conditions, regional energy 
consumption profiles, renewable energy supplies and other factors [7, 
8]. Ocean energy systems have gained widespread interest in coastal 
communities due to their multi-diversified energy forms (such as ocean 
thermal and electrical energy), advanced energy conversions (cooling 
power production via water-cooled chiller, and power generator via 
wave energy converter, tidal stream generator, and Organic Rankine 
Cycle (ORC)), abundance in power production, and stability in spatio-
temporal distributions [9,10]. Unlike the sole availability of solar energy 
during sunny daytime, the ocean energy is more spatially even and less 
dependent on the calendar date [11,12]. Meanwhile, compared to low 
air density for wind power generation, ocean power energy from wave 
energy converters and tidal stream generators is more promising due to 
larger water density [13]. 

Both ocean thermal and power systems are included for different 
energy forms. Due to stable seawater temperature, seawater cooled 
chiller is full of prospects for cooling applications due to the relatively 
high coefficient of performance (COP). The dynamic performance 
comparison between air cooling chiller, direct and indirect seawater 
cooling systems showed that, compared to the air-cooled chiller system, 
the indirect seawater chiller can improve the COP due to the low 
seawater temperature [14]. Meanwhile, compared to the direct seawater 
chiller, the indirect seawater chiller will reduce initial and maintenance 
costs. However, due to the corrosion issue on the piping system, the 
seawater chiller system needs to be well designed and requires special 
maintenance. In addition to thermal systems, ocean power energy sys-
tems have also been popular due to considerable power generation po-
tentials for wave energy, tidal energy, solar and wind energy on the sea 

[15]. Compared to the frequent change of tidal range and water head, 
and in-depth installation of tidal generator, wave energy systems mainly 
float on the sea with large power generation potentials. In academia, 

researchers mainly focused on experimental performance analysis [16], 
modelling development [17], parametric analysis and optimisation 
[18]. The design guidance on OWC was provided for high-efficient uti-
lisation of mechanical ocean energy [17]. The systematic review was 
provided on fixed and floating hollow structure-based wave energy 
converters [18], in terms of theoretical, numerical and experimental 
modelling techniques. Results showed that peak and average efficiencies 
are around 80% and above 70%, respectively. For random waves, an 
experimental study was conducted on oscillating water column [16]. 
The conversion of air kinetic into electric energy can bring additional 
benefits and prospects for ocean energy application. However, there are 
limited studies on applications of ocean thermal and power systems in a 
coastal residential community, especially considering the spatiotem-
poral difference in power supplies and demand diversity of different 
building types. 

Energy system planning and scale sizing are critical for the transition 
towards sustainability of district building communities [19]. A 
comprehensive review on optimal design approaches was provided [20]. 
Upadhyay and Sharma [21] indicated that, analytical techniques were 
widely used for system sizing, whereas artificial intelligence methods 
sometimes become ineffective. Liu et al. [22] emphasized the impor-
tance of hybrid renewable systems and called for sophisticated models to 
account for the distinctive characteristics and applicability of isolated 
areas. Additionally, energy storage systems have been widely applied to 
address the intermittency and instability of renewable energy. In term of 
the response time, Zhou et al. [23] concluded that battery storage sys-
tems are superior in responding to long-period power fluctuations. 
Depending on the dynamic charging/discharging power, cycling aging 
of battery system will significantly affect the techno-economic feasi-
bility. Zhou et al. [24] characterized the real-time cycling aging of 
hybrid building and vehicle batteries in a neighbourhood-based district 
energy community. The proposed modelling approach and controls can 
provide paradigmatic guidance to system designers, operators, and 
stakeholders. The lifecycle-based techno-economic feasibility analysis 

Nomenclature 

Symbols 
C cost 
E energy 
G renewable generation [kWh] 
H wave height 
P power 
l length 
T temperature (◦C) 
k wave number 

Greek 
α absorbance 
τ time-duration step [h] 
w width 
λ distance 
ρ density 

Subscripts 
AC air handling unit cooling 
DHW domestic hot water 
exp export to the electric grid 
e electricity 

REe renewable energy 
imp import from the electric grid 
light lighting 
short shortage 
surp surplus 
SC space cooling 

Abbreviations 
AHU air handling unit 
ACST air handling unit cooling storage tank 
BIPV building integrated photovoltaic 
COP Coefficient of Performance 
ECE equivalent CO2 emission 
GSR grid-shifted ratio 
IC import cost 
ORC Organic Rankine Cycle 
RC relative capacity 
REe renewable electricity 
RSR renewable shifted ratio 
RPR renewable penetration ratio 
SCR self-consumption ratio 
SCST space cooling storage tank  
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[25] indicated that the consideration of cycling aging will lead to eco-
nomic infeasibility for expanded battery storage, and necessitating 
advanced energy control strategies for battery protection. It is note-
worthy that, system scale sizing and planning are mainly on distributed 
PV-battery systems, whereas the serving scale sizing for ocean power 
energy systems of district building communities is quite rare. Further-
more, geographical location of district building communities along the 
coastal line for ocean energy utilisation are quite necessary to be 
explored for energy planning strategies. 

Energy management strategies on distributed renewable systems and 
ocean energy have attracted researchers’ interests in district commu-
nities [26], to improve techno-economic-environment performance. 
Table 1 lists an overview of energy management strategies for 
renewable-supported buildings and transportation systems. Zhou and 
Cao [27] comparatively explored different energy control strategies for 
an office building integrated with vehicles. Results showed that, the 
proposed strategy can effectively shift off-peak power, whereas energy 
congestions between renewable and off-peak power energy needs to be 
well addressed via the static battery storage design. From the 
lifecycle-based perspective, Zhou and Cao [25] developed 
battery-protective strategy, and provided in-depth analysis on grid 
feed-in tariff. In response to intermittent renewable energy, the 
battery-protective strategy is quite necessary for economic feasibility 
assessment, especially for the expensive cost of battery systems. 
Furthermore, from the perspective of power grid, Pascual et al. [28] 
developed a state of charge based control, to realise stable grid power 
profile. The proposed strategy can smooth power peaks and fluctuations 
for intermittent renewable integrations. It is noteworthy that energy 
management strategies are mainly on distributed PVs and wind turbines, 
whereas effective solutions for ocean energy management for district 
community applications are quite rare. Furthermore, decentralized load 
control [29], climate-based energy consumption [30,31] are also 
explored as effective solutions. 

Scientific knowledge gaps that exist in the field of integrated ocean 
energy systems for coastal residential communities are summarized 
below. Firstly, due to the relatively high specific density, the conversion 
of air kinetic and gravitational potential energy from ocean into electric 
energy is full of promising prospects. However, there are limited studies 
on applications of integrated ocean thermal and power systems in 
coastal residential communities, especially for the spatiotemporal dif-
ference in power supplies and demand diversity of different building 
types. Secondly, the serving scale sizing of district communities with 
integrated ocean energy technologies has not been quantified yet. 
Planning strategies on geographical location of district building com-
munity along the coastal line for ocean energy utilisation are quite 
necessary to be explored. Thirdly, energy management strategies are 
mainly on distributed PVs and wind turbines, whereas effective solu-
tions for ocean energy management in district community applications 
are quite rare. 

Research contributions and originalities of this study are summa-
rized as follows:  

1) an integrated platform is developed for energy planning, design, 
operation, to promote transformation of net-zero energy coastal 
communities. 

2) energy synergies are explored and multi-criteria performance po-
tentials are quantitatively analysed among centralised seawater- 
based chiller systems, distributed BIPVs and coastal oscillating 
water column, and smart Vehicle-to-Building interactions.  

3) energy system planning and structural configurations of the coastal 
community are proposed, to provide technical guidelines on system 
scale sizing, energy planning on geographical locations in coastal 
district communities. 

Section 2 introduces the integrated system design and local grid in-
formation. Section 3 shows energy management strategies and multi- 

Table 1 
Overview of energy management strategies for renewable supported buildings 
and transportation systems.  

Studies Systems Energy 
management 
strategies 

Assessment 
criteria 

Conclusions 

Zhou 
and 
Cao 
[27] 

High-rise 
building 
integrated with 
vehicle fleets 

1) renewable- 
to-demand and 
grid- 
responsive 
control; 2) off- 
peak grid 
charging 
control 

Cost, CO2 

emission and 
energy 
flexibility 

The proposed 
grid- 
responsive 
control can 
improve the 
energy 
flexibility. 

Zhou 
et al. 
[24] 

A 
neighbourhood- 
based energy 
sharing system 

Protective 
control 
strategy 

Import cost, 
equivalent 
CO2 emission 
and 
equivalent 
relative 
capacity 

Battery 
relative 
capacity can 
be improved 
from 0.743 to 
0.921. 

Zhou 
and 
Cao 
[25] 

A 
neighbourhood 
-based energy 
sharing system 

1) renewable- 
to-demand 
strategy; 2) 
off-peak grid- 
responsive 
control; 3) 
battery- 
protective 
strategy 

Net present 
value and 
discounted 
payback time 

Battery- 
protective 
strategy and 
economic 
incentive 
policy are 
necessary. 

Zhou 
and 
Cao 
[32] 

Wind turbine 
supported 
residential 
building 

REe-to- 
demand 
control & 
battery-to- 
demand 
control 

Energy 
flexibility 

REe-to- 
demand 
control can 
shift more 
forced 
electricity and 
delayed 
electricity. 

Yan 
et al. 
[33] 

Distributed 
battery storage 
based smart 
microgrid 

Smart 
community 
microgrid 
(SCMG) based 
swappable 
battery storage 

Renewable 
penetration 
and 
economic 
cost 

The proposed 
strategy can 
realise more 
than 60% of 
renewable 
penetration, 
and reduced 
economic cost. 

Pascual 
et al. 
[28] 

Renewable- 
based residential 
microgrid 

SoC based 
control 

Power peaks 
and 
fluctuations 

Stable grid 
power profile 
can be realised 
for a given 
battery via the 
proposed 
control 
strategy. 

Zhou 
et al. 
[34] 

A 
neighbourhood- 
based energy 
sharing system 

1) renewable- 
to-demand 
strategy; 2) 
off-peak grid- 
responsive 
control; 3) 
battery- 
protective 
control 

Net present 
value and 
discounted 
payback time 

Energy 
paradigm 
transition can 
improve net 
present value 
and reduced 
net direct 
energy 
consumption. 

Liu 
et al. 
[35] 

Commercial 
buildings 
integrated with 
PV and advanced 
energy storage 

Time-of-use 
energy 
management 
strategy 

Cost, CO2 

emission, 
load 
coverage 

The proposed 
strategy can 
achieve a 
95.14% 
reduction in 
carbon 
emissions 
compared to 
conventional 
grid supply.  

Z. Liu et al.                                                                                                                                                                                                                                       
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criteria. Building energy analysis is presented in Section 4. Results, 
discussion and conclusions are in Section 5 and 6, respectively. 

2. Research framework 

Fig. 1 illustrates the research framework of this study, including 
novel system configuration and modelling, energy management and 
control strategies, energy analytics, and results applications. Specif-
ically, the system configuration involves distributed BIPVs, oscillating 
water column, battery, Electric Vehicles, high-rise buildings (Office & 
Hotel) and power grid. The multi-energy system is developed TRNSYS 
and evaluated by multiple assessment criteria, including grid in-
teractions, energy matching, energy flexibility, economic cost, equiva-
lent CO2 emission, and equivalent relative capacity of batteries. 
Afterwards, different energy management and control strategies (i.e., 
traditional renewable-demand strategy, grid-to-battery charging strat-
egy and battery-protective strategy) are applied and compared, followed 
by energy analytics, including cooling/heating/electrical loads, sto-
chastic indoor occupancy, district scale factor and energy management 
strategies. Lastly, research results applications are provided in energy 
system planning for geographical location, structural configurations and 
frontier guidelines on zero-energy coastal communities. 

3. Description on multi-energy systems in a coastal community 

3.1. System configuration 

Fig. 2 demonstrates the schematic diagram of the district community 
designed in this study, which utilizes both oscillating water column and 
BIPVs as clear energy supply. The system scale is case-dependent, and 
the district scale factor is used to represent the scale of the coastal 
community. Specifically, the district community includes a 30-floor of-
fice, a 30-floor hotel, 30 EVs and 24 public shuttle buses, when the 
district scale factor is 1. The district community includes n 30-floor of-
fice, n 30-floor hotel, 30xn EVs and 24xn public shuttle buses, when the 
district scale factor is n. 

3.2. HVAC, energy storage and vehicle systems 

Table 2 shows the detailed parameters of air-cooled and water- 
cooled chillers. Fig. 3 illustrates the systematic configuration of cool-
ing systems, including air-handling unit (AHU) cooling and space 
cooling with chilled water temperature at 7 and 15 ◦C, respectively. The 
AHU cooling aims to dehumidify and cool down supply air, and the 
space cooling is intended to cool down the supply air. 

Thermal and electric storages are shown in Table 3, and vehicle 
batteries are shown in Table 4, with battery capacity for electric vehicle 
at 58 kWh (Opel Ampera-e) and 200 kWh [36], respectively. It is 
noteworthy that, the benchmark case includes a 30-floor office, a 
30-floor hotel, 30 private cars and 24 public shuttle buses. The expan-
sion of the district community scale is expressed by the district scale 
factor, with the consideration on stochastic indoor occupancy. 

3.3. Distributed solar energy system and oscillating water column 

In this study, both distributed solar energy system and oscillating 
water column are applied for cleaner power production. Dynamic 
depreciation rate of BIPVs is 0.5%/year [37]. 

In order to calculate the power contained in ocean waves, mathe-
matical sine function was adopted to describe the shape of a typical 
wave. Depending on the types of water waves in different depths, the 
wavelength λ can be calculated by following equations: 

λ=

⎧
⎪⎨

⎪⎩

gT2

2π deep wave
̅̅̅̅̅̅
gD

√
T shallow waves

(1)  

where T is the wave period. D is the water depth, and g is the gravity 
(9.81 m/s2). π is circular constant at 3.1415926 …. 

The periodic energy Et and the average power Pt can be calculated as 
follows [38]: 

Et =
32

81πA2
c

ρTw3H3λ3 sin3
(

kl
2

)

(2)  

Fig. 1. A holistic overview of the research framework.  
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Pt =
32ρ

81πA2
cT2w3H3λ3 sin3

(
πl
λ

)

(3)  

k =
2π
λ

(4)  

where Ac is the area of the turbine cross section. The wave height H 
(difference in height between peaks and troughs), the wave length λ (the 
distance between successive peaks (or troughs) of the wave), and the 
wave period T (seconds taken for successive peaks (or troughs) to pass a 
given fixed point). ρ is the air density. w and l is the width and length of 
the chamber. k is the wave number. 

4. Energy management system, control strategies and system 
assessment criteria 

4.1. Energy management and control strategies 

Fig. 4 demonstrates power flow chart of the integrated net-zero 
coastal community with ocean thermal/power and solar PV systems. 
There are three strategies for different purposes, i.e., traditional 
renewable-demand strategy (Control Strategy 1, Reference case), grid- 
to-battery charging strategy (Control Strategy 2, operating cost saving) 
and battery-protective strategy (Control Strategy 3, battery relative ca-
pacity improvement). In respect to traditional renewable-demand 

strategy (Control Strategy 1) in Fig. 4(a), after covering the energy de-
mands, the surplus renewable energy flows to charge vehicle and static 
batteries, before being exported to the grid. Demand shortage will be 
covered by static battery, vehicle battery, and then by power grid. 
Considering the difference in peak and off-peak grid electricity prices (i. 
e., 0.9 HK$/kWh from 9:00 a.m. to 21:00 p.m. and 1.1 HK$/kWh from 
21:00 p.m. to 9:00 a.m.), the grid-to-battery charging strategy (Control 
Strategy 2) in Fig. 4(b) is developed to demonstrate the off-peak grid 
charging for power shifting. The ultimate object is to save operational 
costs by shifting the low-price grid electricity to the high-price price 
period. Furthermore, considering the battery cycling ageing during the 
low-price grid electricity shifting period, the battery-protective strategy 
(Control Strategy 3) in Fig. 4(c) restrains the off-peak grid charging 
within the RC threshold higher than 0.96 (‘slow degradation zone’). This 
is to guarantee the economic feasibility by reaching the trade-off be-
tween battery cycling ageing cost and cost saving from the low-price 
grid electricity shifting. 

4.2. Multi-criteria for coastal community assessment 

4.2.1. Grid interactions 
The annual imported/exported energy, as shown in Equations (5) 

and (6), were adopted for the energy performance assessment. 

Fig. 2. Schematic diagram for oscillating water column and BIPVs integrated district coastal community (benchmark case).  

Z. Liu et al.                                                                                                                                                                                                                                       
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Eimp,a =

∫ te

ti
Pimp(t) dt

/

A (5)  

Eexp,a =

∫ te

ti
Pexp(t) dt

/

A (6)  

where the Pimp(t) and the Pexp(t) are the instantaneous electric power 
imported from and exported to the electric grid, [kW], respectively. The 
Eimp,a and the Eexp,a indicate the annual electricity imported from and 
exported to the grid, respectively. ‘dt’ is the time step during the whole 
simulation. A is the area of the building. ti and te refer to the starting and 
ending time of the simulation analysis. 

4.2.2. Annual matching capability 
The self-consumption ratio (SCR) and the renewable penetration 

ratio (RPR) are adopted to quantitatively investigate the annual 
matching capability of the electric energy, as shown in Equations (7) and 
(8). 

SCR=

∫ te
ti

Min[PREe(t);L(t)]dt
∫ te

ti
L(t)dt

0≤ SCR ≤ 1 (7)  

RPR=

∫ te
ti

Min[PREe(t);L(t)]dt
∫ te

ti
PREe(t)dt

0≤RPR ≤ 1 (8)  

where the PREe(t) and L(t) refer to renewable power and demand at time 
t. 

4.2.3. Energy flexibility 
Renewable shifted ratio (RSR) and grid-shifted ratio (GSR) are 

calculated to quantify the energy flexibility. 

Eoff − peak,REe =

∫ toff − peak

0
[PtoSB,REe(t) + PtoEV,REe(t) + PtoShutBus,REe(t)

]

dt (9)  

Esurp,REe =

∫ tend

0
Psurp,REe(t)dt (10)  

RSR=
Eoff − peak,REe

Esurp,REe
(11)  

Eoff − peak,grid =

∫ toff − peak

0
[PtoSB,grid(t) +PtoEV,grid(t) +PtoShutBus,grid(t)

]
dt (12)  

Eimp =

∫ tend

0
Pimp(t)dt (13)  

GSR=
Eoff − peak,grid

Eimp
(14)  

where Eoff-peak,REe refers to renewable energy during the off-peak period. 
Esurp,Re refers to the surplus renewable energy. Eoff-peak,grid refers to grid 
electricity during the off-peak period. Eimp refers to the grid import 
electricity. PtoSB,REe(t), PtoEV,REe(t) and PtoShutBus,REe(t) refer to renewable 
power charged into static battery, EV and shuttle buses at time t. 
Psurp,REe(t) refers to surplus renewable power. PtoSB,grid(t), PtoEV,grid(t) and 
PtoShutBus,grid(t) refer to grid power charged into static battery, EV battery 
and Shuttle bus battery. Pimp(t) refers to grid import power. 

4.2.4. Economic performance 
Operational costs are calculated as follows: 

ICoffice =

∫ te

ti
Pimp,office(t)⋅Ceg,imp(t)dt (15)  

IChotel =

∫ te

ti
Pimp,hotel(t)⋅Ceg,imp(t)dt (16) 
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ICVehicles =

∫ te

ti
Pimp,vehicles(t)⋅Ceg,imp(t)dt (17)  

IC = ICoffice + IChotel + ICVehicles (18)  

where ICi, ICVehicles and IC refer to import cost of the ith building, vehicles 
and the entire system, respectively. Pimp,i (t) refers to the grid import 
power of the ith building at time t. Ceg,imp(t) refers to grid electricity price 
of power grid. 

4.2.5. Annual net equivalent CO2 emissions 
Annual net equivalent CO2 emissions are calculated as follows: 

ECEoffice =

∫ te

ti

[
Pimp,office(t) ⋅ CEFeg(t)—Pexp,office(t) ⋅ CEFeg(t)

]
dt (19)  

ECEhotel =

∫ te

ti

[
Pimp,hotel(t) ⋅ CEFeg(t)—Pexp,hotel(t) ⋅ CEFeg(t)

]
dt (20)  

ECEVehicles =

∫ te

ti

[
Pimp,vehicles(t) ⋅ CEFeg(t)

]
dt (21)  

ECE =ECEoffice + ECEhotel + ECEVehicles (22)  

where ECEi, ECEVehicles and ECE refer to equivalent CO2 emission of the 

Fig. 3. Systematic configuration of cooling systems in TRNSYS 18: (a) air-cooled chiller; (b) water-cooled chiller.  

Table 3 
Thermal and electric storages.   

AHU/Space cooling 
tank 

DHW tank (office/ 
hotel) 

Battery 

Size (volume) 25/15 m3 0.45/4.5 m3 300 
kWh 

Heat loss 
coefficient 

0.3 W/(m2⋅K)  

Table 4 
Battery-based electric vehicles for the benchmark case.   

Battery 
capacity 
(kWh) 

Travelling 
distance (km/ 
d) 

Electricity 
consumption 
(kWh/km) 

Numbers 

EV-1 58 45.5 0.15 (NISSAN 
LEAF) 

10 
EV-2 35.5 10 
EV-3 25.5 10 
Mini-bus 

in each 
group 

200 31.2 1.2 (Land Transport 
Guru) 

24  

Z. Liu et al.                                                                                                                                                                                                                                       



Energy 284 (2023) 128362

8

ith building, vehicles and the entire system, respectively. CEFeg is 
equivalent CO2 emission factor at 0.7 kg CO2,eq/kWhend. Pexp,i (t) refers 
to the grid export power of the ith building at time t. Other variables are 
defined above. 

4.2.6. Equivalent relative capacity 
Considering dynamic aging during charging/discharging cycles, the 

equivalent relative capacity (RCtotal,end) can be calculated by Equation 
(23) [24]: 

Fig. 4. Power flow chart of (a) traditional renewable-demand strategy (Control Strategy 1); (b) grid-to-battery charging strategy (Control Strategy 2); (c) battery- 
protective strategy (Control Strategy 3). 
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Fig. 5. Duration curve of total electrical demands for high-rise buildings in coastal residential community: (a) office buildings; (b) hotel buildings.  

Fig. 6. EVs schedules: (a) EV in office (weekday); (b) EV in office (Saturday); (a) EV on road (weekday); (b) EV on road (Saturday); (a) EV in hotel (weekday); (b) EV 
in hotel (Saturday). 
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RCtotal,end =
∑8

i=1

Capi,ini

Captotal,ini
× RCi,end (23)  

where Capi,ini and Captotal,ini refer to initial capacity of the ith battery and 
total battery groups. RCi,end refers to the relative capacity of the ith 
battery at the end. 

5. Energy demands of the coastal residential community, 
distributed renewable energy and ocean energy generations 

5.1. Stochastic indoor occupancy-based energy consumptions 

Considering the diversity of indoor occupancy, the impact of sto-
chastic indoor occupancy on heat gain was considered, with a simple 
assumption through a stochastic factor (fstochastic). This is to differtiate the 

difference in building energy consumption of different buildings in the 
same category (like office and hotel). 

Fig. 5 shows the duration curves of office and hotel buildings with 
the consideration of stochastic indoor occupancy. As shown in Fig. 5, the 
peak powers of office buildings are 361.8, 382.7 and 382.8 kW, 
respectively. Meanwhile, the peak powers of hotel buildings are 372.1, 
397.1 and 389.8 kW, respectively. 

Gainoccupant = fstochastic xScheduleOccupantxGainOccupant,max (24)  

Gainequipment = fstochastic xScheduleequipmentxGainequipment,max (25)  

Gainlight = fstochastic x Occupantlight x Gainlight,max (26) 

fstochastic refers to the stochastic factor, ranging from 0 to 1. Schedulei 
and Gaini refer to the schedule and heat gain of the ith item. 

Fig. 7. Shuttle Bus schedules: (a) Shuttle Bus in office (weekday); (b) Shuttle Bus in office (Saturday); (a) Shuttle Bus on road (weekday); (b) Shuttle Bus on road 
(Saturday); (a) Shuttle Bus in hotel (weekday); (b) Shuttle Bus in hotel (Saturday). 
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5.2. Deterministic schedules for electric vehicles 

In terms of EV schedules, deterministic schedules are adopted for EV 
in office, EV on road and EV in hotel during weekday and Saturday, as 
shown in Figs. 6 and 7. The EV schedule refers to the proportion of EV 
numbers within the group. For instance, 0.2 means 20% of EVs are 
driving on the road. Note that, EVs are in hotel and Shuttle Buses are in 
office at Sunday. There three EVs groups and the number of EVs is 10 for 
each group. There are three Shuttle Buses groups with number of Shuttle 
Buses at 8 for each group. Slight differences are between each group and 
the schedule as shown in Figs. 6 and 7. 

5.3. Cooling/heating/electrical loads and energy consumptions 

In this section, cooling/heating/electrical loads and energy con-
sumptions have been demonstrated. The impact of the ocean-water 
cooled chiller on the energy consumption has been studied through 
the comparison with the traditional air-cooled chiller system. The en-
ergy loads are preliminary for system design, and the quantified energy 
consumptions are the preparation for renewable system and energy 
management. 

As shown in Fig. 8(a), compared to hotel building with the space 
cooling load at 62.4 kWh/m2⋅a and the DHW heating load at 41 kWh/ 
m2⋅a, the office building shows a higher space cooling load at 67.5 kWh/ 
m2⋅a and a lower DHW heating load at 4.0 kWh/m2⋅a. The high space 
cooling load in the office is due to the intensified indoor occupancy, 
while the high DHW heating load is mainly due to the daily shower. 
Furthermore, the basic electric demand in the office is 95.9 kWh/m2⋅a, 
much higher than that in the hotel at 68.1 kWh/m2⋅a. From the 
perspective of peak power, except for DHW heating, the office building 
shows much higher peak power than that in the hotel, like space cooling 
load, AHU cooling load and basic electric demand. 

Based on the cooling loads, comparative analysis between air-cooled 
and water-cooled chiller systems indicates that, the seawater-based 
chiller system is more energy saving than air-cooled chiller system. 
For instance, in the hotel building as shown in Fig. 8(b), compared to air- 
cooled chiller system, the water-cooled chiller system will reduce the 
energy consumption of AHU cooling system from 6.9 to 3.8 kWh/m2⋅a, 
the space cooling system from 11.3 to 6.9 kWh/m2⋅a, and total electric 
demand from 134 to 126.5 kWh/m2⋅a. Similar tendency can be noticed 
in the office building, as shown in Fig. 8(c). The duration curve of total 
electric demand (Fig. 8(d)) indicates that, compared to air-cooled chiller 
system, the implementation of seawater cooled chiller system will 
reduce the peak power from 397.9 to 361.8 kW for the office building, 
and from 404.7 to 372.1 kW for the hotel building. 

6. Results and discussions 

In this section, techno-economic-environmental performances of 
distributed BIPVs and oscillating water column systems in a coastal 
community are analysed. Multi-criteria performance enhancement 
provided from different energy management strategies is quantified and 
compared. Multi-dimensional energy management strategies are 
included, like mobility vehicle integration, synergistic collaboration 
between renewable and grid systems. Afterwards, based on solar and 
ocean energy resources in Hong Kong, geographical location planning 
schemes and dynamic power dispatch strategies are studied with fron-
tier guidelines on coastal district communities. 

6.1. Potentials of distributed BIPVs and oscillating water column on the 
served community scale 

To quantify the potentials of distributed BIPVs and oscillating water 
column systems on the served scale of coastal community, multi-criteria 

Fig. 8. Building loads and energy consumptions: (a) energy loads in office and hotel; (b) energy consumptions for air-cooled and seawater cooled chiller systems in 
the hotel; (c) energy consumptions for air-cooled and seawater cooled chiller systems in the office; (d) duration curves. 
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performances of the coastal community are studied with different served 
community scales. The district scale factor is used to represent the scale 
of the coastal community, with the expansion on both buildings and 
vehicles. To be more specific, the district scale factor at 3 indicates that, 
there are 3 high-rise office buildings, 3 high-rise hotel buildings, and the 
number of vehicles is 3 times the scale as listed in Table 4. 

Fig. 9 shows the evolution of multi-criteria performance of the 
coastal community, in respect to different district scale factors. As 
illustrated in Fig. 9(a), the increase of the district scale factor will lead to 
the energy paradigm transition from positive to negative. Specifically, 
the increase of the district scale factor from 3 to 9 leads to the increase of 
the ECE from − 182.6 to 71.3 kg/m2⋅a, and the annual import cost from 
47.2 to 150.9 HK$/m2⋅a. It can be noticed that, the hybrid renewable 
systems with distributed BIPVs and oscillating water column can lead to 
the net-zero coastal community with the district scale factor at 5. In 
other words, with the integrated of BIPVs and ocean energy of oscillating 
water column in Hong Kong, a district community can become net-zero 
energy, consisting of 5 high-rise office buildings, 5 high-rise hotel 
buildings, 150 private cars and 120 public shuttle buses. 

In terms of the energy matching, with the increase of the district 
scale factor from 3 to 9, the self-consumption ratio decreases from 
74.6% to 42.2%, whereas the renewable penetration ratio increases 
from 26.2% to 70.9%. The former is due to the increase of energy de-
mands from 5.2 × 106 to 2.9 × 107 kWh/a, and the latter is due to the 
decrease of the grid exportation from 1.11 × 107 to 5.95 × 106 kWh/a. 
In other words, with the increase of the district scale factor from 3 to 9, 
the proportion of the energy demands being covered by renewable en-
ergy is decreased from 74.6% to 42.2%. Meanwhile, the proportion of 
the renewable energy consumed in the coastal energy community is 
increased from 26.2% to 70.9%. 

Energy flexibility and RC battery, as shown in Fig. 9c indicates that, 
the increase of the district scale factor from 3 to 9 leads to the increase of 

the RSR from 0.017 to 0.067, and the GSR from 0 to 0.098. The main 
reason is due to the enhancement of battery storage capacity and the 
increase in energy demands. It is noteworthy that, the increase of the 
district scale factor from 3 to 9 will contribute to the decrease of the 
equivalent relative capacity ratio from 0.9987 to 0.9924. The main 
reason is due to the increase in battery storage capacity. 

6.2. Comparison on energy management and multi-criteria performance 
analysis 

In this section, investigation on different energy paradigms was 
conducted. The ultimate target is to provide robust energy management 
strategies for system manager with superior techno-economic perfor-
mance and high energy flexibility. 

As shown in Fig. 10(a), compared to isolated system, the V2B 
interaction will reduce the annual import cost, i.e., from 150.9 to 149.8 
HK$/m2⋅a by 0.8% in the negative energy community, from 119.5 to 
117.2 HK$/m2⋅a by 1.9% in the net-zero energy community, and from 
47.2 to 44.4 HK$/m2⋅a by 5.9% in the positive energy community. The 
reason is due to the expansion of energy system boundary in the V2B 
interaction scheme, leading to the increase of self-consumption ratio 
(from 42.6% to 46.5% in the negative energy community, from 55.3% to 
58.7% in the net-zero energy community, and from 68.4% to 74.6% in 
the positive energy community, as shown in Fig. 10(c)) and the decrease 
of the imported energy from the grid. Furthermore, as shown in Fig. 10 
(a), compared to Control Strategy 1 with annual import cost at 149.7 HK 
$/m2⋅a, the grid-responsive control (Control Strategy 2) and the battery- 
protective control (Control Strategy 3) will increase the annual import 
cost to 175.6 and 175.4 HK$/m2⋅a in the negative energy community, 
respectively. The main reason is due to the unobvious difference be-
tween peak and off-peak electric tariff in Hong Kong (only 0.2 HK 
$/kWh), and the increased battery charging loss due to the grid-to- 

Fig. 9. Impact of district scale factor on multiple performances of the served coastal community with distributed BIPVs and oscillating water column: (a) economic 
and environmental performances; (b) energy matching; (c) energy flexibility and equivalent RC. 
(Note: Control Strategy 1 is adopted without V2B interaction.) 
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battery charging process. 
In terms of RCequivalent, as shown in Fig. 10(b), compared to the 

Control Strategy 1 (V2B 0%), the adoption of the Control Strategy 3 
(battery-protective control) will improve the RCequivalent. Furthermore, 
compared to the positive energy paradigm, the impact of Control 
Strategy 3 (battery-protective control) on RCequivalent is more obvious in 
the negative and net-zero energy community, e.g., from 0.9924 to 
0.9984 in the negative energy community, and from 0.9985 to 0.9988 in 
the net-zero energy community. 

The energy matching performance, as shown in Fig. 10(c), indicates 
that, the V2B interaction level will improve the self-consumption ratio 
and the renewable penetration ratio, whereas the implementation of the 
grid-to-battery charging strategy in the Control Strategy 2 and 3, will 
lead to the decrease of both self-consumption ratio and renewable 
penetration ratio. This is because of the energy congestion for energy 
shifting via the limited battery storage systems. 

The energy flexibility, as shown in Fig. 10(e), indicates that, 
compared to the Control Strategy 1 (V2B 0%), the Control Strategy 1 
(V2B interaction level at 100%) will slightly increase the RSR (from 

6.68% to 6.83% in the negative energy paradigm), and the adoption of 
Control Strategy 2 and 3 will obviously improve the RSR to 9.57% and 
9.48% in the negative energy paradigm, respectively. The former is due 
to the increase in battery storage capacity, and the latter is due to the 
increase in renewable electricity shifting. The off-peak grid shifted ratio 
(GSR) in Fig. 10(f), indicates that, compared to the Control Strategy 1 
(V2B 0%), the Control Strategy 1 (V2B interaction level at 100%) will 
slightly increase the GSR (from 9.82% to 11.90% in the negative energy 
paradigm), and the adoption of Control Strategy 2 and 3 will contrarily 
decrease the GSR to 6.30% in the negative energy paradigm. The former 
is due to the decrease of the annual imported electricity from 1.68 × 107 

to 1.57 × 107 kWh/a, and the latter is due to the increase of the annual 
imported electricity to 1.99 × 107and 1.98 × 107 kWh/a, respectively. 

It can be summarized that, the battery-protective control (Control 
Strategy 3) can slow down the battery cycling aging rate and improve 
the equivalent relative capacity of batteries, whereas the system import 
cost is increased due to the high off-peak grid tariff and the increased 
battery charging losses. Furthermore, due to the energy congestion with 
renewable energy, the Control Strategy 3 will result in low self- 

Fig. 10. Comparative analysis: (a) annual import cost; (b) equivalent relative capacity of battery; (c) self-consumption ratio; (d) renewable penetration ratiI(e) RSR; 
(f) GSR. 
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consumption ratio and low renewable penetration ratio. 

6.3. Geographical location of office and hotel buildings 

6.3.1. Energy system planning and structural configurations 
Fig. 11 shows the structural configuration and geographical location 

planning schemes for coastal community buildings. As shown in Fig. 11, 
two types of renewable systems are designed, i.e., oscillating water 
column and distributed BIPVs. Energy demands of both buildings and 
transportations are considered. As shown in Fig. 11, depending on the 
geographical location and planning of district building community, 
different geographical location planning schemes have been proposed. 
The ultimate target is to provide planning schemes on coastal commu-
nity buildings, with enhanced techno-economic performances. 

Table 5 summarizes geographical location planning of coastal com-
munity buildings. The differences between different geographical loca-
tion planning schemes can be summarized as follows:  

1) In Case 1 and 2, renewable energies from solar-based BIPVs and 
oscillating water column are firstly managed to cover the energy 
demand of associated buildings, and then to be shared by other 
buildings through the V2B integrations and the mobile battery 
storage of vehicles.  

2) In the Case 3, both solar-based BIPVs and oscillating water column 
are designed for office buildings, whereas only BIPVs are for hotel 
buildings. Surplus energy can be shared between different types of 
buildings, through the V2B integrations and the mobile battery 
storage of vehicles.  

3) In the Case 4, both solar-based BIPVs and oscillating water column 
are designed for hotel buildings, whereas only BIPVs are for office 
buildings. Surplus energy can be shared between different types of 
buildings, through the V2B integrations and the mobile battery 
storage of vehicles. 

6.3.2. Multi-criteria performance comparison 
Fig. 12 shows the techno-economic performances for different 

Fig. 11. Geographical location planning schemes for coastal community buildings.  
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geographical location planning schemes on coastal community build-
ings. As shown in Fig. 12(a), the Case 1 shows the lowest annual import 
cost at 117.2 HK$/m2⋅a, which is 20.2% lower than that of the Case 3 at 
146.8 HK$/m2⋅a. Meanwhile, the Case 1 also shows the lowest ECE at 
3.9 kg/m2⋅a, which is 59.2% lower than that of the Case 3 at 9.6 kg/ 
m2⋅a. The underlying mechanism can be summarized as follows: as 
shown in Fig. 12(b), the Case 1 shows the highest self-consumption ratio 

at 58.7%, leading to the lowest import energy from the power grid and 
the lowest annual import cost. Meanwhile, the Case 1 shows the highest 
renewable penetration ratio at 59.0%, leading to the lowest battery 
charging losses and the lowest ECE. Regarding energy flexibility for 
power shifting in Fig. 12(c), compared to other cases, the Case 1 shows 
the highest RSR at 5.1%, whereas the Case 3 shows the lowest RSR at 
1.2%. Meanwhile, the Case 3 shows the highest GSR at 12%. Regarding 
equivalent relative capacity of batteries in Fig. 12(d), different cycling 
aging magnitudes can be noticed, depending on the geographical loca-
tion planning schemes. Among all formulated cases, the Case 3 shows 
the lowest battery cycling aging with the highest RCequivalent at 0.9988, 
whereas the Case 2 shows the highest battery cycling aging with the 
lowest RCequivalent at 0.9965. 

In summary, the geographical location planning scheme on the Case 
1 (office buildings close to KYC, and hotel buildings close to WLC) is the 
most economically and environmentally feasible scheme, whereas the 
Case 3 (only office buildings are planned close to all power supply with 
oscillating water column) shows the highest flexibility in grid electricity 
shifting, together with the highest RCequivalent. 

6.4. Research limitations, challenges and future perspectives 

This study provides geographical location plans and energy man-
agement strategies on frontier ocean thermal/power and solar PV sys-
tems for transformation towards net-zero coastal communities. In 
addition to coastal communities, research results have widespread and 
promising application potentials in other regions. Firstly, the developed 
model can help plan, design and optimize multi-energy systems in 
communities for energy-efficient and sustainability transitions. 

Table 5 
Summary of the geographical location planning for coastal community 
buildings.  

Cases Geographical location of buildings Remarks 

Case 
1 

Office buildings close to KYC, and 
hotel buildings close to WLC 

Renewable energies from solar- 
based BIPVs and oscillating water 
column are firstly managed to cover 
the energy demand of associated 
buildings, and then to be shared by 
other buildings. The difference 
between Case 1 and 2 is the 
geographical location of each 
building. 

Case 
2 

Office buildings close to WLC, and 
hotel buildings close to KYC 

Case 
3 

Only office buildings are planned 
close to all power supply with 
oscillating water column 

Both solar-based BIPVs and 
oscillating water column are 
designed for office buildings, 
whereas only BIPVs are for hotel 
buildings. 

Case 
4 

Only hotel buildings are planned 
close to all power supply with 
oscillating water column 

Both solar-based BIPVs and 
oscillating water column are 
designed for hotel buildings, 
whereas only BIPVs are for office 
buildings.  

Fig. 12. Impact of different geographical locations of coastal buildings on multi-criteria performances: (a) economic and environmental performances; (b) energy 
matching; (c) energy flexibility; (d) equivalent relative capacity of batteries. 
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Secondly, availability and techno-economic feasibility of time-of-use 
prices in local power grid can be analysed throughout the demand- 
side response, thermal/electric energy storages, and even grid- 
response strategies. However, there are some research limitations need 
to be clarified. Firstly, in terms of wave energy data (like wave height, 
wave period and wavelength), only two locations within average data 
for three years (2017, 2018 and 2019) are used without in-depth anal-
ysis on the evolution of wave resource data. Secondly, mathematical 
models on oscillating water columns are with ideal assumptions without 
considering the decrease in power generation due to mechanical 
degradation. Thirdly, indoor occupancy models and integrated vehicle 
driving models are full of stochastic characteristics without onsite data 
calibration. Based on these assumptions, future studies will focus on 
wave power analysis based on historical wave energy data over last 
several decades to obtain a more comprehensive understanding of wave 
resources. Afterwards, mathematical models on oscillating water col-
umn and occupancy models will be validated and calibrated by experi-
mental data to improve these models to reflect real-world conditions. 

7. Conclusions 

In this study, an integrated platform was developed for energy 
planning, design, operation of a coastal district community. The impact 
analysis of energy synergies on techno-economic-environmental per-
formance was conducted, in respect to centralised seawater-based 
chiller systems, distributed BIPVs and coastal oscillating water col-
umns, and smart Vehicle-to-Building interactions. Energy management 
strategies were implemented and contrasted to enhance renewable 
penetration, reduce import cost and decelerate battery cycling aging, in 
response to relative renewable-to-demand difference, off-peak grid in-
formation with low price, and real-time battery cycling aging. In 
accordance with the statistical data of two wave stations (i.e., Kau Yi 
Chau (KYC) and West Lamma Channel (WLC)) in Hong Kong, energy 
system planning and structural configurations of the coastal community 
have been proposed. Research results are summarized as follows:  

1) compared to an air-cooled chiller system, the water-cooled chiller 
will reduce the energy consumption of AHU cooling system from 6.9 
to 3.8 kWh/m2⋅a, the space cooling system from 11.3 to 6.9 kWh/ 
m2⋅a, and total electric demand from 134 to 126.5 kWh/m2⋅a.  

2) based on local solar and ocean energy resources, the scale for the net- 
zero coastal community with distributed BIPVs and oscillating water 
column was identified as 5 high-rise office buildings, 5 high-rise 
hotel buildings, 150 private cars and 120 public shuttle buses. In 
the net-zero coastal community, the annual import cost is 119.5 HK 
$/m2⋅a, with 54.4% of energy demand being covered by renewable 
energy and 59% of renewable energy being consumed in the coastal 
community.  

3) energy system design, planning and operation indicate that, dynamic 
grid price is required for cost-savings. In order to overcome the 
battery depreciation cost and battery charging loss, the increase in 
price difference between peak and off-peak periods is an effective 
solution, so as to attract more vehicle owners to participate in the 
energy sharing paradigm. 

4) the geographical location planning scheme on Case 1 (office build-
ings close to KYC, and hotel buildings close to WLC) is the most 
economically and environmentally feasible scheme, with the lowest 
annual import cost at 117.2 HK$/m2⋅a and the lowest equivalent CO2 
emission at 3.9 kg/m2⋅a. Meanwhile, Case 3 (only office buildings are 
planned close to all power supply with oscillating water column) 
shows the highest flexibility for shifting the off-peak grid electricity 
to peak period (grid shifted ratio at 12%), together with the highest 
value of equivalent battery relative capacity (RCequivalent at 0.9988). 

Future studies will focus on stochastic optimisation of both building 
occupants’ behaviours and EV driving schedules. Furthermore, 

economic performance of different stakeholders will be studied with 
incentives to promote multi-stakeholders’ proactivity and market vi-
tality. The multi-objective optimisation and decision-making will be 
conducted to identify the ‘best-of-the-best’ solution for zero-carbon and 
sustainability transitions. 
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