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9  Abstract
10 This study aims to explore the techno-economic feasibility of renewable energy systems

11 for power supply to high-rise residential buildings within urban contexts. Experiments on a
12 photovoltaic (PV) and battery storage system under maximizing self-consumption and time-of-
13 use strategies are conducted to study the system performance and validate energy balance based
14  battery and energy management models. Four renewable application scenarios are investigated
15  for a typical high-rise building in Hong Kong through coupled modelling and optimizations
16  with TRNSYS and jEPlus+tEA. A comprehensive technical optimization criterion integrating
17 the energy supply, battery storage, building demand and grid relief indicators is developed, and
18  the levelized cost of energy (LCOE) considering detailed renewables benefits including the
19  feed-in tariff, transmission loss saving, network expansion saving and carbon reduction benefit
20 is formulated. Experimental results show that root mean square deviations between the tested
21  and simulated battery state of charge for the two strategies are 1.49% and 0.94% respectively.
22 It is indicated that the PV system covers 16.02% of the annual load at a LCOE of 0.5252
23 US$/kWh and the PV-wind system covers 53.65% of the annual load at the lowest LCOE of
24 0.1251 $/kWh. The added battery improves the annual average load cover ratio and self-
25  consumption ratio by 14.08% and 16.56% respectively, while the optimum PV-wind-battery
26 system covers 81.29% of the annual load at an affordable LCOE of 0.2230 $/kWh. Techno-
27 economic analyses of different typical scenarios can provide valuable references to related
28  stakeholders for a promotion of renewable applications in high-rise buildings and further

29  reduction of urban carbon footprint.
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Urban context
1. Introduction

1.1. Background

The Paris Agreement calls for global efforts to achieve carbon neutrality before 2100 and
control the global average temperature rise below 2°C based on the pre-industrial level [1].
Ambitious plans are made in different countries and regions to take positive measures to support
this agreement. For example, a comprehensive climate action plan is implemented in Hong
Kong to reduce the carbon footprint to 3.3 - 3.8 tonnes/capita by 2030 with a 65% - 70% decline
compared with 2005’s level [2]. It is reported that the major part of emissions in a country can
be attributed to just one or several domestic cities, where Hong Kong ranks the second largest
carbon consumer in China [3]. Therefore, it is of great importance to adopt decarbonisation
measures in Hong Kong to significantly reduce carbon emissions.

Renewable energy applications in cities have promising potential to reduce carbon
emissions [4] and air pollution [5], while maintaining a sustainable energy supply [6]. They are
attracting increasing attention in urban developments with a continuously decreasing cost and
ever growing social and environmental benefits in recent years [7, 8]. Among these applications,
solar photovoltaic (PV) shows a rapid cost decline in the module price by more than 90% since
2010. Especially, the crystalline silicon module price was lowered by 26% - 32% from 2017 to
2018. The wind power also experienced a cost decline with the turbine price dropped by 10% -
20% since 2017. The global weighted average levelized cost of energy (LCOE) of the solar PV,
onshore wind and offshore wind all declined in 2018 by 13%, 13% and 1% respectively since
2017 due to the technology improvement, installation cost decline and increasing market
competition [9]. It is reported that over 100 cities worldwide are 70% powered by renewable
electricity by the end of 2018 and at least 40 cities are powered by 100% renewables. Moreover,
an increasing number of cities are setting ambitious targets for 100% renewable electricity in
one or more sectors [10].

To develop renewable energy for power supply to buildings in a high-density city such as

Hong Kong is important as its building sector accounts for over 90% of the total electricity
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consumption which is equivalent to over 60% of local carbon emissions. About 3% - 4% of the
renewable energy potential from wind, solar and waste-to-energy sources is anticipated in Hong
Kong by 2030, with 1% equals to up to 440 million kWh electricity supporting 90,000
households [2]. To fully utilize unstable renewable power such as intermittent solar and wind
dependent on weather conditions, the battery storage technology is introduced to couple with
renewable sources to match with the building load [11]. The battery storage applied in
renewable systems can not only improve energy autonomy and flexibility of renewable systems
[12], but also benefit the grid relief with less power exchange with the utility grid [13]. The
accumulated global battery storage capacity excluding small-scale installations reached over 3
GW in early 2019, leading to a further price drop of the utility-scale by 40% through 2018 on
top of the 80% reduction between 2010 and 2017 [9]. Therefore, it is promising to apply
renewable energy and battery storage systems to power supply for buildings within urban
context such as Hong Kong [14] with the continuous technology improvement and cost

reduction.

1.2. Literature review

Recently, a large number of studies have been conducted on the design optimization of
renewable energy and electric energy storage (RE-EES) systems for power supply to buildings
and communities in both urban and remote regions.

Much attention has been paid to sizing and optimizing RE-EES systems for power supply
to single buildings in urban areas. The grid-connected PV-wind system with and without battery
storage is studied for electric power supply to a residential building in an Italian city with
TRNSYS 17. The Pareto-front and energy reliability-constrained methods are used to achieve
the optimum energy reliability of the renewable energy system [15]. The lifecycle cost and
carbon emissions of a one-floor building in The Bahamas are investigated by optimizing the
building envelope and energy supply from the PV-battery system. In this study, the Percentage
of Persons Dissatisfied of building occupants is treated as constraints in the optimization
process with the co-simulation and optimization platform of EnergyPlus and jEPlus+EA. It
clarifies the feasibility to develop renewable energy systems for residential buildings in The

Bahamas [16]. The PV system is also developed as one of the energy retrofit measures to
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achieve the optimal performance on the energy demand, cost and carbon emissions for a low-
density residential building located in 19 selected European cities. The Active Archive Non-
dominated Sorting Genetic Algorithm (aNSGA-II type) is adopted to realize the optimization
process in the joint simulation and optimization environment of EnergyPlus and Python. This
study concludes that the application of solar energy is the most convenient solution for building
retrofitting [17].

In addition to applying RE-EES systems to single buildings, urban community applications
are also studied by researchers. The building envelope and renewable supply systems of a
residential complex with five buildings in Italy are optimized to minimize the global cost and
air-conditioning load [18]. Waibel et al. investigated the influence of building geometry on the
cost and carbon emissions for four office blocks with PV-battery systems in Switzerland [19].
A hybrid PV-wind-battery system is developed for a municipality building with six blocks in
Portugal by optimizing the total cost of energy considering various feed-in tariff (FiT) schemes.
It is indicated that the developed mixed integer linear programing is feasible for evaluating
renewable energy systems in zero energy buildings [20]. A systematic and integrative decision-
making method is also presented to find the cost-optimal solution for a microgrid PV-wind-
battery-fuel cell (FC)-diesel system installed in an urban community of Egypt [21].

Furthermore, optimization work is also conducted on RE-EES systems for buildings and
communities in remote area without grid access. An off-grid PV-wind-battery system is
optimized to achieve the minimum total present cost and loss of power supply probability
(LPSP) for a house in Tehran. The study adopts genetic algorithm with particle swarm
optimization (GA-PSO) and multi-objective particle swarm optimization (MOPSO) methods to
achieve an optimum LCOE of 0.508 $/kWh [22]. An improved crow search algorithm (CSA)
is proposed to size an off-grid PV-diesel-FC system to achieve the minimum total net present
cost with the LPSP and renewable energy portion as constraints. It indicates that the hybrid
system is reliable and economic to meet the electrical load of a remote building in Kerman [23].
The PV-wind-battery for a remote island with ten houses is sized with a novel mathematical
model introducing a saturation factor of each renewable energy resource. This study shows that
a 2 kW wind turbine is the most cost-effective installation for the island and the wind-alone

system performs better than the solar-alone system [24]. An off-grid PV system coupled with



118  the hydrogen storage and retired electric vehicle (EV) is developed for power supply to a small

119  neighborhood of ten houses in China on the HOMER platform. It is found that the Non-

120  dominated sorting Genetic Algorithm-II (NSGA-II) method is superior to the multi-objective

121 evolutionary algorithm based on decomposition (MOEA/D) for minimizing the loss of power

122 supply, economic cost and potential energy waste [25].

123 Table 1 Recent optimization sizing studies on renewable energy systems for buildings
Renewable Simulation Optimization
Application site Optimization method Reference
system platform objective
An urban Pareto-front method,
On-grid PV- Energy Mazzeo et al.
residential energy reliability- TRNSYS
wind-battery reliability 2018 [15]
building, Italy constrained method
A one-floor
On-grid PV- EnergyPlus, Lifecycle cost, Bingham et
home, The NSGA-I1
battery JEPlus+EA carbon emission al. 2019 [16]
Bahamas
A residential
EnergyPlus, Demand, costs,  Salata et al.
On-grid PV building, 19 aNSGA-II type
Python carbon emission 2020 [17]
Europe cities
Residential Global cost,
TRNSYS, Ferrara et al.
On-grid PV complex (five PSO heating/cooling
GenOpt 2019 [18]
buildings), Italy demand
Four office Radial Basis EnergyPlus, Operational
On-grid PV- Waibel et al.
buildings, Function Rhinoceros 3D, cost, carbon
battery 2019 [19]
Switzerland Optimization Grasshopper emission
On-grid PV- Six building Mixed integer linear ~ General Algebraic Total economic  Rosa et al.
wind-battery blocks, Portugal programing model Modeling System  cost 2018 [20]
Microgrid PV-  Urban Systematic and
Total net present Elkadeem et
wind-battery- community, integrative decision- HOMER Pro
cost al. 2020 [21]
FC-diesel Egypt making method




Renewable Simulation Optimization

Application site Optimization method Reference
system platform objective
Off-grid PV- A house in Total present Ghorbani et
GAPSO HOMER
wind-battery Tehran, Iran cost, LPSP al. 2018 [22]
Ghaffarti,
Off-grid PV- A remote building Crow search Total net present
MATLAB Askarzadeh.
diesel-FC in Kerman, Iran algorithm cost
2020 [23]
Net present cost,
Off-grid PV- Ten-house remote
Mathematical model MATLAB simple payback  Maetal. [24]
wind-battery island, China
time, LPSP
Ten-house Loss of power
Off-grid PV-FC- Huang et al.
neighborhood, NSGA-Il, MOEA/D HOMER supply, cost,
EV 2019 [25]
China energy waste
124 The recent optimization sizing studies on RE-EES systems for building applications are

125  compared in Table 1 based on the detailed optimization methods and objectives for different
126  building/community applications. It indicates that the system cost is a primary objective
127 adopted by many researchers and the energy reliability of renewable supply systems is also
128  widely concerned. The environmental impact, as evaluated by carbon emissions, has attracted
129  increasing attention given the contribution of renewable energy systems to the sustainable
130  development as a promising alternative fuel. Based on the brief literature review, research gaps
131 can be identified in evaluating the comprehensive performance of the energy supply, storage,
132 demand and grid integration when optimizing and sizing RE-EES systems for building
133 applications. Moreover, few studies have considered the potential benefits from the
134  transmission loss saving, network expansion saving, and carbon reduction when evaluating the
135  cost of energy for renewable applications in high-rise buildings within urban contexts. In
136  addition, many simulation studies are not validated by field experiments in terms of storage

137 models and energy management strategies.

138 1.3. Scope and contribution

139 This study firstly conducts field tests on an experimental PV-battery system to explore its
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operational performance and validate the energy balance based battery and energy management
strategy models in TRNSYS. Secondly, four typical renewable energy application scenarios for
power supply to a typical high-rise residential building in Hong Kong are developed and sized
with the coupled modelling and optimization platform of TRNSYS and jEPlus+EA. The
contribution of the present study includes:

(1) Experiments on the PV-battery system are conducted to validate the energy balance
based battery model and energy management strategy for TRNSY'S modelling.

(2) An integrated technical optimization criterion is developed considering the energy
supply, battery storage, building demand and grid relief performance of PV-wind-battery
systems for the technical feasibility assessment of a high-rise residential building.

(3) Detailed benefits of renewable energy systems for urban building applications are
considered in the LCOE evaluation covering the FiT subsidy, transmission loss saving, network
expansion saving and carbon reduction benefit.

(4) The technical and economic feasibility of four typical renewable energy application
scenarios is compared and discussed for high-rise buildings in Hong Kong to provide guidance

for stakeholders to promote the penetration of renewable energy into urban areas.

2. Methodology

The framework of this research involving both experiments and simulations is illustrated
in Fig. 1. Experiments on a test building platform with the PV-battery system are conducted to
study the system operational performance and validate the energy balance based battery and
energy management strategy (EMS) for TRNSYS modelling. The building-integrated PV
(BIPV) system with both rooftop and facade installations is firstly developed for the typical
high-rise building as Case 1. BIPV is combined with wind power in Case 2 to achieve the annual
energy balance of the supply and demand as PV power alone cannot cover the total building
demand. The battery is introduced and optimized in Case 3 to improve the match of PV-wind
power with the residential electrical load. The wind power and battery capacity are jointly sized
and optimized in Case 4 to find a techno-economic optimum solution for the high-rise building.
An integrated technical optimization criterion focusing on the energy supply, building demand,

battery storage and grid relief performance is developed for technical feasibility assessment.
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And a comprehensive LCOE covering detailed benefits of the renewable system including the
FiT subsidy, transmission loss saving, network expansion saving and carbon reduction benefit
is formulated for economic feasibility assessment. The final optimum solution is solved by the
minimum distance to the utopia point method on top of the obtained Pareto Frontier from a

multi-criterion design optimization [19].
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2.1. Experimental tests of the PV-battery system

Experiments on the PV-battery system are carried out on a test platform in Hunan to study
the system operational performance under two widely-used energy management strategies
(maximizing self-consumption and time-of-use strategies). TRNSY'S models of the tested PV-
battery system under the two strategies are established based on the collected power data. And
the dynamic test and simulation results of battery (state of charge) SOC are then analyzed and
compared to validate the battery model and energy management strategies based on the energy
balance mechanism for TRNSYS modelling. The energy balance based battery model and
energy management strategy are independent of locations and weather conditions. And then the
validated battery model and the most widely-used strategy (maximizing self-consumption) are

used to study the technical and economic feasibility of renewable energy systems for a typical
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high-rise building in Hong Kong.

Rooftop PV

Fig. 2 Testing platform with PV-battery system
Polysilicon PV panels are installed on the rooftop of the test building with a rated capacity

of 305 W x 30 modules as shown in Fig. 2. And a 12 kWh lithium-ion battery with the life span
of 6,000 cycles is matched to store surplus renewable power in oft-peak periods and discharge

to meet the building load in peak hours when renewable power is not enough. Specific

parameters of the PV-battery system are shown in Table 2.

Table 2 Specification of the PV-battery system

Solar module SK6612P-305 (Polysilicon)
Rated maximum power 305 W

Voltage at Pmax 365V

Current at Pmax 835A

Open-circuit voltage 453V

Short-circuit current 8.94 A

Normal operating cell temperature 47+2°C

Maximum system voltage 1,000 V

Dimension 1,957%992 mm

Rooftop module number 30

Battery MINIES-P90B12-E-R2 (LiFePOs)
Rated capacity 12 kWh
Maximum on-grid power 9 KVA

Operational SOC

15% - 98%
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Size 738(W)*598(D)*1,070.5(H) mm

Inverter GW5000-DT

Nominal output power 5,000 W
Maximum direct current input power 6,500 W

Maximum power point tracking range 200 - 800 V

A schematic diagram of the grid-connected PV-battery system is shown in Fig. 3. Two
inverters (GW5000-DT) are connected to rooftop PV panels with a conversion efficiency of
95%. A grid meter is installed to measure the power flow from the utility grid (positive: power
supply from the grid, negative: power fed into the grid). The inverter signal and grid signal are
collected by Hall sensors and connected into the power distribution plate, which are also linked
to the battery bank. The target active power of the battery is controlled according to the

difference of the dynamic PV power and electrical load.

Inverters

Rooltop PV panels

a \ Utility gird
Power Management Plate
N J

uL v = Bt e ——.

Battery storage Emergency load Building large power load
Fig. 3 Schematic of the grid-connected PV-battery system

Two basic energy management strategies including the maximizing self-consumption

strategy (Fig. 4(a)) and time-of-use strategy (Fig. 4(b)), are developed and input into the power

management plate to control the power operation of the PV-battery system.
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Fig. 4(a) Energy management strategy - maximizing self-consumption strategy
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Fig. 4(b) Energy management strategy - time-of-use strategy
The first tested basic energy management strategy aims to maximize the self-consumption
ratio of the PV-battery system. Three days (15 - 17 December 2019) with different weather
conditions in Hunan are chosen to test the maximizing self-consumption strategy. The second
realized strategy is the time-of-use strategy operated during 18 - 20 December 2019 and the

dynamic PV power output during these six testing days is shown in Fig. 5.
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Fig. 5 PV power output during six experimental days
The dynamic PV generation, load power, grid power and battery SOC are collected to show
the system performance for different strategies and to validate the battery and energy
management models for TRNSYS modelling based on the energy balance mechanism. The
validated battery model and maximizing self-consumption strategy are then adopted to study

renewable energy applications for a typical high-rise building in Hong Kong.

2.2. Modelling of renewable energy systems for a typical high-rise residential building

Fig. 6 Floor layout of the residential building

A high-rise residential building of 30 floors is constructed with a typical floor layout of the
New Harmony One design from the public rental housing in Hong Kong. It is reported that
about 30% of the population in Hong Kong live in the public rental housing which widely

adopts this standard design plan in new developments [26]. There are eight one-bedroom units
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designed for two occupants and eight two-bedroom units designed for four occupants in each
floor as shown in Fig. 6. The building is firstly established in SketchUp and then imported to
TRNSYS 18 to generate the load profile. The detailed parameters of the building envelope are
shown in Table 3 according to the local design code [27, 28].

Table 3 Thermal properties of the residential building

Thickness Thermal conductivity
Building envelope  Material
(m) (W/mK)
External wall Gypsum plastering 0.01 0.38
Heavy concrete 0.1 2.16
Cement/sand plastering 0.01 0.72
Mosaic tiles 0.005 15
Internal wall Gypsum plastering 0.02 0.38
Heavy concrete 0.13 2.16
Gypsum plastering 0.02 0.38
Floor Heavy concrete 0.1 2.16
Cement screed 0.025 0.72
Plastic tiles 0.005 15
Roof Gypsum plaster 0.01 0.38
Heavy concrete 0.15 2.16
Expanded polystyrene 0.05 0.034
Cement/sand screed 0.05 0.72
Asphalt 0.02 1.15
Concrete tiles 0.025 11
Window Tinted glass 0.006 1.05

The ventilation, air conditioning, occupancy, equipment and lighting profiles are set based
on the local design code published by Hong Kong Electrical and Mechanical Services
Department [29]. The detailed load is modeled by internal components of the TRNSYS library
including Type 56, Type 648, Type 667, Type 752, Type 655 and other auxiliary units. Type 15

is used to provide weather data of a typical meteorological year for the building load estimation.
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The simulation of the high-rise residential building is conducted at a time step of 0.125 h and
the load results of the whole year and July are shown in Table 4. It is found that the average air-
conditioning load of the building is 43.99 kWh/m? and the average hot water load is about 46.51
kWh/m? comparable to that of air conditioning. The modelled building results agree with the
survey results reported by Wan et.al that the reliable ranges of the average annual air-
conditioning and hot water electricity consumption in standard public rental housing blocks in
Hong Kong are 40 - 45 kWh/m? and 41 - 50 kWh/m? [30]. The total building load in the typical
year and seventh month is 129.33 kWh/m? and 13.66 kWh/m? respectively.

Table 4 Load demand modelling results of the high-rise residential building

Building load Annual July
Internal gain load, kwWh 559,506.67 47,534.66
Internal gain load per unit area, KWh/m? 38.84 3.30

Air conditioning load, kwWh 633,699.28 104,041.23
Air conditioning load per unit area, KWh/m? 43.99 7.22

Hot water load, kWh 670,055.50 45,290.16
Hot water load per unit area, KWh/m? 46.51 3.14
Building total load, kWh 1,863,261.46 196,866.05
Building total load per unit area, kWh/m? 129.33 13.66

Renewable energy systems are considered for power supply to this typical high-rise
residential building in Hong Kong based on four typical application scenarios as below:

Case 1: PV panels are applied to both the rooftop and facades and is not able to cover all
the electrical load of the high-rise building.

Case 2: Both PV and wind power are introduced to achieve an annual energy balance
between the building electrical load and renewable energy supply.

Case 3: The battery storage technology is applied to the PV-wind supply system with
balanced annual supply and demand to improve the load matching, and the multi-objective
optimization is conducted to determine an appropriate battery capacity considering the techno-
economic performance of the system.

Case 4: The wind capacity and battery capacity are simultaneously optimized in the hybrid
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PV-wind-battery system to find a comprehensive techno-economic optimum solution based on
the multi-objective optimization and decision-making approach.

The rooftop PV panels are modelled by TRNSYS Type 103 with the maximum power point
tracked at a tilted angle of 22° close to the latitude of Hong Kong [31]. And the PV panels are
also installed on the four facades of the building to achieve a maximum building-integrated
renewable energy generation. Type 567 in the TRNSY'S library is adopted to simulate the fagade
PV modules according to the empirical equivalent circuit model and algorithm developed by
Duffie and Beckman [32] considering different azimuths of installed facades. An adjacent
shading factor of 76.64% is considered for fagade PV panels compared with a standalone
baseline building to address the high-density urban environment in Hong Kong [33]. The wind
turbine is simulated by TRNSYS Type 90 and external operation parameters from wind turbine
manufactures are adopted to provide power and wind speed characteristics [34]. The
transmission loss of the wind power [35] is considered as it is used for buildings in urban areas
far away from the wind power plant. The battery energy storage is modelled according to the
energy balance mechanism considering the battery cycling aging and the battery SOC

formulated as Eq. (1) is controlled to maintain within operational limits.

f P battery
Batterym e d'SOH

S0C; = SOC, + (1)

where Phattery iS the power flow of the battery in the charge and discharge process with opposite
values, KW. Batteryrated iS the battery rated capacity, kwWh. SOH is the battery state of health
(SOH) degrading from the full usable capacity of 100% SOH to 80% SOH as the end of its life

considering the cycling aging as shown in Eq. (2) [36].

fleatteryl . 1

Battery rated Equl[fecycle

cycling aging. = aging, + 0.5 (2)

where Equifeccie 15 the battery equivalent lifecycle number, 6,000 cycles for the lithium-ion
battery adopted in this study [37].

The renewable energy systems are connected to the utility grid to import electricity to meet
the unsatisfied load or export surplus renewable power into the grid. The maximizing self-
consumption strategy as validated by the experiment is adopted as the energy management
method of all studied cases. When surplus renewable energy is available after meeting the

building demand, it will be controlled to charge the battery until reaching the maximum SOC
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and then fed into the grid. When the electrical load in the building cannot be satisfied by
renewable sources, the battery will be discharged to cover the load until reaching the minimum
SOC and then the grid supply will meet the load. Design parameters of the renewable systems
are shown in Table 5.

Table 5 Parameters of renewable energy systems for the high-rise building

Rooftop  Facade Wind Battery Inverter/
System component
PV PV turbine storage converter
70.76 805.95 Case Case
Installed capacity -
kW kw determined determined
Annual output per
1.215 0.461 - - -

unit power KWh/W

Annual output per
218.019 69.114 -- -- -
unit area KWh/m?

Initial cost (cover 3,500 3,500 4,000 1,000
700 $/kW
installation) $/kW $/kW $/kwW $/kWh
Maintenance (ratio
2% 2% 1% 1% 1%
of initial cost) [38]
Lifetime, year 20 20 20 5 10

It shows that 70.76 kW PV panels can be installed on the rooftop of the high-rise building
excluding the required area for roof maintenance. And the annual output of the rooftop PV
installation is 1.215 kWh/W and 218.019 kWh/m?. PV panels are also installed on four facades
of the high-rise building considering an adjacent shading factor of 76.64% with a standalone
building as the baseline [33], leading to much lower annual power generation about 0.461

kWh/W.

2.3. Multi-objective optimization for sizing hybrid PV-wind-battery systems

To size the battery capacity in Case 3 and optimize the wind and battery capacity in Case
4, the multi-objective optimization method is adopted to find techno-economic optimum
solutions based on the coupled simulation and optimization platform of TRNSYS and

JEPlustEA. An integrated technical optimization criterion covering the performance of the
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energy supply, battery storage, building demand and grid relief is developed. And the LCOE is
evaluated as the economic criterion considering detailed benefits of applying renewables in
urban areas including the FiT subsidy, transmission loss saving, network expansion saving and

carbon reduction benefit.

2.3.1. Optimization methods and design variables

The Non-dominated Sorting Genetic Algorithm-II (NSGA-II) is adopted to solve the multi-
objective optimization problem given its robustness and efficiency as well as the smooth
integration with TRNSYS [16]. The NSGA-II program improves the adaptive fit of candidate
populations based on the sorting method of Pareto dominance with a set of constrains and
objectives. The population size is set as 10 and the maximum generation is set as 200 to ensure
a comprehensive searching range [39]. The crossover probability and mutation probability is
0.9 and 0.05 respectively to keep a balance between the convergence speed and spreading of
the solution space [40].

The battery capacity is the only optimization variable in Case 3 as the building-integrated
rooftop and fagade PV capacity are fixed by the building geometry while wind power is
determined by the annual energy balance between the renewable power generation and building
electrical load. Both the battery capacity and wind power capacity are selected as optimization
variables in Case 4 to find a comprehensive optimum solution for the hybrid PV-wind-battery
system applied in the high-rise building. The variation range of the battery capacity installed in
the building is 120 - 2,400 kWh (4 - 80 kWh/floor). And the increment of the battery capacity
1s 120 kWh (4 kWh for each floor with four units). The number of wind turbines at a rated
capacity of 100 kW each is selected as the other optimization variable with a changing range of

1 - 20 at an increment of 1.

2.3.2. Techno-economic optimization criteria

In terms of the technical performance assessment of the hybrid PV-wind-battery system,
an integrated criterion covering the energy supply, battery storage, building demand and grid
relief indicator is proposed. And the improved LCOE is formulated to assess the economic
feasibility considering detailed benefits of renewable energy applications including the FiT

subsidy, transmission loss saving, network expansion saving and carbon reduction benefit.
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(1) Integrated technical optimization criterion

Four important indicators regarding the four major components of the system are
considered as an integrated technical criterion, namely the renewable energy self-consumption
ratio (SCR) to evaluate the energy supply performance, the battery cycling aging (Aging) for
storage evaluation, the load cover ratio (LCR) for demand assessment, and the standard
deviation (STD) of net grid power for grid relief evaluation.

To evaluate the energy supply performance of the hybrid system, the annual average

renewable energy SCR is calculated by Eq. (3).

self-consumed RE electricity _ ERE 10 1oadVERE 10 battery (3)

RE self-consumption ratio = — — =
total electricity generation from RE Erp

where ERe ioaa 1s the total annual electricity from PV panels and wind turbines to meet the
building load, kWh. Erg panery 1s the total annual renewable electricity to charge the battery,
kWh. Egg is the annual power generation of PV panels and wind turbines, kWh.

The battery cycling aging dependent on the rated energy capacity and life cycle number is
considered to assess the battery state of health degrading from the full usable capacity of 100%
state of health to 80% state of health as the end of its life as shown in Eq. (4) [36] as explained

in Section 2.2.

flphatteryl 1
Batterymted Equ[ifecyc/@

cycling aging, = aging, + 0.5 (4)

The annual average LCR is defined as the ratio of the provided electricity of renewable

systems to the total annual building electrical load as shown in Eq. (5).

. Renewable system provided electricity ERE t0 loadtEbattery to load
load cover ratio = = — (5

total electricity demand Elpad
where Epanery 10 10ad 15 the battery electricity discharged to the building load, kWh. Ejpqa is the
total annual electrical demand of the building, kWh.

In terms of the grid relief, STD of net grid power is evaluated as per in Eq. (6) [41].

Average g”d Sl‘VESSyear = STD(Pgrid to load ~ PRE to grid)step (6)

where Pgrid 10 1oad 18 the grid exported power to meet the electrical load, kW. Prg 1 grie means the
renewable power fed into the utility grid, kW.
These four technical indicators are normalized and integrated as an overall technical

optimization criterion using the weighted sum method [42, 43] by assigning the same weighting
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as these four technical indicators are considered to be equally important to sizing the hybrid

PV-wind-battery system as shown in Eq. (7).

TeChnicaloptimal = LCRnormalized + SCRnormalized + Aging + STDnormalized (7)

normalized
(2) Economic optimization criterion with detailed renewables benefits

To evaluate the economic feasibility of renewable energy systems for power supply to
high-rise buildings, an improved LCOE considering the investment costs (including the initial
cost, replacement cost, maintenance cost and residual cost) and detailed benefits (covering the
FiT subsidy [44], transmission loss saving, network expansion saving and carbon reduction

benefit) according to local regulations is formulated by Eq. (8).

LCOE = (PRV o515 = PRV benejiis) ( 8)
anNEPV'(l—‘)‘PV)n_1 ,Zy,=1\/1:"WT‘(1—5WT)n_1
=LAyt sl Ay

where PRV o5 1s the present value of the investment costs including the initial cost (PRVini),
replacement cost (PRV.p), maintenance cost (PRVo«um) and residual cost (PRVes) of major
system components (i.e. PV panels, wind turbines, batteries and inverters) as shown in Eq. (9).
PRVpenefiss 1s the present value of potential benefits of renewable energy systems including the
FiT subsidy, transmission loss saving, network expansion saving and carbon reduction benefit
as shown in Eq. (10). n is a certain year in the lifetime and N is the total system service lifetime,
20 years in this study. Epy is the PV energy generation in the first year, kWh. dpy is the annual
degradation rate of the PV system. Ewris the wind energy generation in the first year, kWh. dwr

is the degradation rate of the wind turbine system. 7 is the annual real discount rate.

PRVcosts = PRKnl+PRV

rep + PRVO&M - PRVres

i=J 1-d J'! =N mai'Cini Cres
= Cini + X2 Cni(1) ZZ:VW T 0y )

where Ci,; is the initial cost of each component, $. d is the annual price degression rate of the
corresponding component. j is the replacement number of the specific component and J is the
total replacement number. / is the lifetime of the component. f,..; is the fixed proportion of the

maintenance cost to the initial cost. C;s 1s the residual cost of the component.

PRV penefiis = PRV + PRV, + PRV ., + PRV, (10)

where PRV is the FiT present value of the renewable system based on local regulations, $.



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

PRV is the present value of transmission loss saving, $. PRV, is the present value of network
expansion saving, $. PRV .- is the present value of carbon reduction benefit, $.
I. Feed-in tariff

The FiT subsidy of renewable energy has been implemented since 2018 in Hong Kong to
encourage local renewable applications according to their installation capacity. For example, 3
HK$/kWh will be paid annually to investors with the installed capacity larger than 200 kW but
less than 1 MW until 2033 and generated electricity after that will be owned by investors [45].
The PV installations will therefore get two periods of the FiT subsidy (PRV}: pr) during the 20-
year of service time including the first 13 years at the subsidy of the governmental FiT and the
following 7 years at the subsidy of the local electricity tariff as shown in Eq. (11).

_ wn=13Epr(1=0p)" ey =20 Epy-(1=0pn)"~"cerer(149)"”!
PRV py = Xn=i —ay T 214 azy (1)

where ¢ is FiT of renewable energy, $/kWh. ce. is the average electricity tariff of residential
buildings, $/kWh. y is the annual escalation rate of local electricity price.
The FiT of the wind energy (PRVy: wr) is calculated with the rate of local electricity price

(cele) as shown in Eq. (12).

=20 Ewr(1=0wp" ™ caie(147)"”!
PRVﬁt_WT = ZZ:%O T Win)n 1 (12)

ii.  Transmission loss saving

The current fuel mix in Hong Kong mainly consists of coal, natural and nuclear energy,
which generate electricity in remote plants far away from populated regions. So electricity
supplied to high-rise residential buildings needs to be transmitted and distributed via
underground cables and overhead lines. It is reported that the average transmission loss in Hong
Kong during 2010 to 2014 is about 13.541% of the electricity output [35], and this part of the

energy loss can be saved using the BIPV system as shown in Eq. (13).

220,y CeteEpy-(1=0pp) ™ -(147)" ™!
PRV = Zimi = (13)

where f;4 is the proportion of the transmission loss to the generated electricity.
iii.  Network expansion saving

In order to meet the increasing demand of electricity consumption in different sectors, extra
investment is needed to expand the utility network and infrastructure. It is reported by China

Light and Power Hong Kong Limited that: 24% of the capital investment is spent on meeting
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the electricity demand of new developments and corresponding infrastructures; 38% of the
capital investment is on maintaining the supply reliability; another 30% is on carbon emission
reduction projects; and the remaining 8% is on smart city and digital technologies [46]. The
development of renewable energy systems for building applications can save such network

expansion costs as shown in Eq. (14).

Sy Cele" Epy(1=0pp)" " +Er-(1=0pr)" ™) (14)" ™!
_ =20"ex PV
PRV, = X020 T

(14)
where feyy 1s ratio of cost on the network expansion to the total electricity investment.
Iv.  Carbon reduction benefit

A climate action plan has been launched in Hong Kong to keep pace with the Paris
Agreement to control the carbon emission. It is projected to decrease the carbon footprint to
about 3.3 - 3.8 tonnes/capita by 2030, leading to a reduction by 65% - 70% compared with that
in 2005 [2]. The electricity consumption by the building sector in Hong Kong contributes to
over 60% of carbon emissions, which can be significantly reduced by using renewable energy

as calculated by Eq. (15).

12220 sar Cecar Epy(1=0p)" " +Epr(1=5wp)" ™)

PRVcar = Zn:l (1+l-)n (15)

where fcqr 1s the local carbon intensity of electricity, kgCO2/kWh. ccar 1s the societal cost of

carbon, $/kgCO:x.

3. Results and discussion

This section firstly analyzes test results of the PV-battery system to demonstrate the real
system operational performance and validate the energy balance based battery model and
energy management strategy for TRNSYS modelling. And the technical and economic
performances of four typical application scenarios of renewable energy systems for power
supply to the high-rise residential building in Hong Kong are then subject to detailed

comparisons and discussions.

3.1. Experimental results and model validation of the PV-battery system
Three days’ dynamic experimental data including the PV power, load power and grid
power under both the maximizing self-consumption strategy and time-of-use strategy are

collected and then used as the input parameters to the corresponding TRNSYS model. The
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power flow data for the maximizing self-consumption strategy on 15 December and time-of-
use strategy on 18 December are selected for demonstration given its comprehensiveness
compared with the other two testing days. The battery is controlled to be firstly charged and
then discharged under the maximizing self-consumption strategy as shown in Fig. 7. And the
PV-battery system experiences peak-flat-valley pricing periods under the time-of-use strategy
as shown in Fig. 8. The convergence of the battery SOC between the test and modelling results

is analyzed and discussed.
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Fig. 7 Power flow and battery SOC of maximizing self-consumption strategy

Fig. 7 shows the distribution of the power flow and battery SOC for the PV-battery system
under the maximizing self-consumption strategy. The PV self-consumption and load cover
ratios are 98.5% and 99.3% in the maximizing self-consumption strategy, while these ratios
decrease to 69.8% and 62.5% without battery storage under the same power inputs and strategy.
It indicates that battery storage is important to increase the PV power consumption and load
cover ratio. The grid feed-in energy would increase from 0.365 kWh to 4.768 kWh if the battery
storage is not used in the system, and energy supply from the grid would also rise from 0.58
kWh to 4.683 kWh without battery storage. The root mean square deviation and mean bias error
between the tested and simulated battery SOC under the maximizing self-consumption strategy

are 1.49% and 0.99% respectively with the maximum error deviation of about 0.03.
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Fig. 8 Power flow and battery SOC of time-of-use strategy

The distribution of the power flow and battery SOC of the time-of-use strategy is shown
in Fig. 8. The PV self-consumption ratio is 100% even there is no battery storage as the
generated PV power is limited. But the load cover ratio increases from 19.7% to 44.0% with
battery storage charged by the grid in the low-price period under the time-of-use strategy. The
root mean square deviation and mean bias error between the tested and simulated SOC under
the time-of-use strategy are 0.94% and 0.84% respectively. The maximum error deviation
between the tested and simulated SOC is 0.04 when the battery SOC approaches its upper limit

because the actual battery SOC is not theoretically accurate when almost fully charged.

3.2. Techno-economic feasibility of renewable energy applications for the typical high-rise
building
The techno-economic feasibility of four typical application scenarios of renewable energy

systems in the typical high-rise residential building is compared and discussed in this section.
3.2.1. Application scenario analyses and design optimization

Among different renewable application scenarios, the PV system is firstly developed for
the high-rise residential building with both rooftop and fagade PV panel installations (Case 1).
In order to achieve an annual energy balance between the building demand and renewable
power supply, the PV is coupled with wind power to generate more renewable power (Case 2).

The battery storage is further added to the energy-balanced scenario to improve the load
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matching (Case 3). A holistic optimization case to size the wind and battery capacity for a

techno-economic optimum solution is finally conduced in Case 4. The detailed economic

parameters for the cost feasibility assessment are shown in Table 6.

Table 6 Parameters for economic assessment

Parameter

Value

Real discount rate (i)

Price degression rate (d)

PV degradation (épv)

Wind turbine degradation (dwr)
Electricity tariff (Cele)
Electricity price rising rate (y)
Feed-in tariff (Crio)
Transmission loss ratio (fira)

Network expansion ratio (fexp)

Carbon intensity of electricity (fcar)

Societal cost of carbon (Ccar)

5.8%/year [16]
4.5%l/year [16]
1%/year [47]
1.5%/year [48]
0.145 $/kWh [49]
1.4%/year [46]
0.3846 $/kWh [45]
13.54% [35]

24% [46]

0.66 kgCO2/kWh [50]
0.024 $/kgCO; [51]

The number of wind turbines in Case 2 and Case 3 based on the annual demand-supply
balance is calculated to be 6. The optimum battery capacity in Case 3 is then obtained from a
trade-off between the integrated technical and economic criteria. And an optimum solution of
1,080 kWh is derived from the minimum distance to the utopia point method [52]. To optimally
size the wind and battery capacity of the hybrid PV-wind-battery system in Case 4, the multi-
objective optimization work with the integrated technical criterion and economic criterion
(LCOE) are developed to achieve the Pareto frontier (Fig. 9). It indicates an obvious trade-off
conflict where the integrated technical criterion increases as the economic criterion decreases.
The optimum solution as highlighted with the blue triangle is obtained by the minimum distance
to the utopia point method with a battery capacity of 1,680 kWh and 10 wind turbines. It can
achieve the optimum performance in both integrated technical criterion (considering the energy
supply, battery storage, building demand and grid integration) and the economic criterion

(LCOE with detailed benefits). Sensitivity analyses on the battery and wind turbine capacities
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are further conducted to examine their impact on each system performance indicator.
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Fig. 9 Distribution of Pareto frontier of technical and economic criteria in Case 4

The impact of the battery capacity on the economic indicator (LCOE) and technical
indicators including the load cover ratio (LCR), renewable energy self-consumption ratio (SCR),
battery cycling aging (Aging), and standard deviation of net grid power (STD) is illustrated in
Fig. 10. The wind turbine number is kept at the optimum value obtained in Case 4 (i.e. 10).
Both SCR and LCR show increasing trends with the increased battery capacity as the magnitude
of energy from renewable sources to the battery and energy from the battery to the load
increases while the renewable energy generation and building load do not change with the
battery capacity. Battery cycling aging decreases with growing battery capacity and the net grid
power exchange is more stabilized with the rising batteries. The LCOE also increases with the

rising battery capacity for higher investment.
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Fig. 10 Impact of battery capacity on the optimization indicators

The impact of the wind turbine number on the five optimization indicators with a fixed
battery capacity of 1,680 kWh (the optimum solution in Case 4) is shown in Fig. 11. Both LCR
and STD are positively related to the wind turbine number with larger renewable energy
generation. The SCR decreases with the rising number of wind turbines with more available
renewable energy generation, and the LCOE also decreases with the increasing wind turbines
as wind power requires lower investment than PV [31, 53]. The battery cycling aging is firstly
positively and then negatively related to the wind turbine number because both charging and

discharging affect the battery cycling aging performance.
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Fig. 11 Impact of wind turbine number on the optimization indicators
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The sizing and optimization results of all four application scenarios are summarized in
Table 7. The PV capacity of these cases keeps at 876.71 kW which is determined by the building
layout with a maximum availability assumption. Detailed technical and economic performances
of these four scenarios are explained in Section 3.2.2 and Section 3.2.3.

Table 7 System sizing results of four renewable application scenarios

System sizing Casel Case 2 Case 3 Case 4
Wind turbine
0 6 (energy balance) 6 (energy balance) 10 (optimized)
/number
Battery/kWh 0 0 1,080 (optimized) 1,680 (optimized)

3.2.2. Technical analysis of renewable energy applications

The technical performance of four application scenarios in the high-rise residential
building is analyzed in this section. The power flow distributions of the renewable energy
systems in a typical week (the third week in June) and each month are present for each case
while the annual load cover and renewable energy self-consumption performance are compared

among four cases.
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Fig. 12 Power flow of the PV system in the typical week in Case 1
The power flow of the PV system (Case 1) for building applications in the third week of
June is presented in Fig. 12. The total weekly electrical load of the high-rise building is about
44,514.35 kWh while the PV generation in this week is 11,171.15 kWh with its 74.92% fed into
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the building load. The remaining 25.08% of renewable energy is fed into the grid even though
the building load cannot be fully covered. The observed mismatch between the renewable
generation and building electrical load echoes with findings in an existing research study [54].
The PV supply can only cover 18.80% of the weekly load in the typical high-rise building, so
that the grid undertakes the left burden with a maximum grid transmission power of 699.97 kW

(grid export as positive power and grid import as negative power).
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Fig. 13 Power flow of the PV-wind system in the typical week in Case 2
When the PV is combined with wind power to keep an energy balance between the annual
demand and supply (Case 2), more renewable energy will be available with a weekly renewable
energy generation of 40,585.03 kWh covering 57.41% of the weekly load as shown in Fig. 13.
The average renewable energy self-consumption ratio in this week is about 62.97% and more
renewable energy will be fed into the utility grid. The grid will cover much less weekly

electrical load (for 42.59%) compared with Case 1, with a maximum grid transmission power

of 676.82 kW.
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Fig. 14 Power flow of the PV-wind-battery system in the typical week in Case 3

When battery storage is included in Case 3 for the energy-balanced scenario with an
optimum techno-economic performance, the PV-wind-battery system can cover 69.68% of the
electrical load in this typical week which is higher than that in Case 1 and Case 2 as shown in
Fig. 14. The battery storage undertakes 12.27% of the weekly load which needs to be covered
by the grid in Case 2 (battery discharging as positive power and battery charging as negative
power). The utility grid will cover the remaining 30.32% weekly load with the maximum grid
transmission power of 676.82 kW. The maximum grid transmission power in Case 2 and Case
3 is the same as the renewable energy generation in these two cases is the same and the grid is
controlled to cover the unsatisfied load when battery discharging is not available. The weekly
self-consumption ratio of the system is about 79.12% which is higher than that in Case 2 with
16.15% renewable power charging the battery. It is validated that the battery storage can
increase the load matching and self-consumption performance of the system to a large extent

as reported in Ref. [55].
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Fig. 15 Power flow of the PV-wind-battery system in the typical week in Case 4

The wind power and battery storage are simultaneously optimized in Case 4 to find a
comprehensive techno-economic optimum solution for the high-rise building as shown in Fig.
15. It indicates that the hybrid PV-wind-battery system covers the majority (i.e. 82.57%) of the
total load in the typical week with 14.14% from battery storage. And the grid only needs to
cover 17.43% of the weekly load with the maximum grid transmission power of -885.15 kW
(grid import) as a large amount of renewable energy is available in the optimum hybrid system.

The monthly energy flow and load matching performance of four application cases is
illustrated in Fig. 16. It is indicated that the building electrical load in summer is relatively
higher than that in winter due to a large cooling load in the hot summer and warm winter region.
In Case 1 with the BIPV, both monthly PV generation and building load achieve the maximum
value in July for 47.15 MWh and 196.84 MWh and the maximum monthly LCR is 18.47% on
November. The monthly LCR significantly increases in Case 2 with the application of wind
power and the maximum LCR is about 60.04% in March. With the application of battery storage
in Case 3, the monthly LCR can be further increased on top of Case 2 reaching a maximum of
79.03% in March. The monthly LCR shows a rising trend in Case 4 with increased wind
turbines and batteries compared with Case 3 and the maximum LCR reaches up to 90.32% in

March. An obvious seasonal difference on LCR can be observed when wind turbines are



593  introduced in Case 2, 3 and 4 with a minimum value in July and maximum value in March as

594  dependent on the wind power generation.
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596 Fig. 16(a) Monthly energy flow and load matching in Case 1
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598 Fig. 16(b) Monthly energy flow and load matching in Case 2
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603 The annual average load cover ratio of these four cases is compared in Fig. 17. The annual

604  average load cover ratio can be increased from 16.02% in Case 1 to 53.65% in Case 2 when
605  wind power is introduced to the system. The mismatch between the renewable power generation
606  and the building load is obvious as shown in Case 2, where 46.35% of the annual load is taken
607 by the grid. The battery storage can therefore help cover another 14.08% of the annual load in
608  Case 3, further reducing the reliance on the grid. Finally, the comprehensive optimum scenario

609  as studied in Case 4 covers the majority of the annual load of 81.29%.
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Fig. 17 Annual average load cover ratio of four cases
Fig. 18 compares the annual average renewable energy self-consumption ratio across four
studied cases. It is indicated that 67.59% of the PV generation is directed to meet the building
load with the other 32.41% fed into the grid in Case 1. With the increase of renewable energy
generation, the import energy into the grid increases as shown in Case 2 and Case 4. And
batteries store about 16.56% of renewable generation in Case 3 which is originally fed into the
grid in Case 2. The self-consumption ratio of the optimum PV-wind-battery system in Case 4 is

54.89% with the other 45.11% of renewable energy fed into the grid.

= RE_load RE_battery = ®mRE_grid
3000

2500
2000
1500

E I I
500
w B B

Case 1 Case 2 Case 3 Case 4

Energy flow/1000kWh

Fig. 18 Annual average renewable energy self-consumption ratio of four cases
Battery aging after one-year operation in Case 3 is about 4.85% and the battery state of
health is about 99.03% of rated capacity. Battery aging in Case 4 is further reduced to 3.568%
since a larger battery capacity is employed and the battery state of health is improved to about
99.28% of the rated capacity. As for the grid integration performance, the standard deviation of

net grid power increases with more renewable energy generation, while the battery storage
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contributes to reducing the standard deviation as compared between Case 2 and Case 3.

3.2.3. Economic analysis of renewable energy applications

The economic performance of four renewable energy systems is further analyzed in this
section. The lifetime present value considering the investment costs and detailed benefits is
compared in Fig. 19. The investment of the renewable energy systems increases from Case 1 to
Case 4 as wind turbines are installed in Case 2 and batteries are matched for Case 3, while the
optimized wind turbine and battery capacity are the maximum in Case 4. The initial cost ratios
of the major investment for four cases are 77.34%, 80.18%, 69.18% and 68.09% respectively.
The benefits of the renewable application in Case 2 and Case 3 are the same as per renewable
energy generation. The FiT subsidy of the renewable application dominates the total gained

benefits with 81.42%, 76.59%, 76.59% and 75.70% respectively in the four cases.
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Fig. 19 Lifetime present value of four typical renewable application scenarios
The detailed PRV and LCOE of the four typical renewable application scenarios are
summarized in Table 8. It shows that the LCOE of the PV system in Case 1 is 0.5252 $/kWh
which is higher than the reported result of PV applications in Hong Kong for 0.2609 $/kWh
[31] as the energy generation of the facade PV is impaired by adjacent shading. The LCOE of
the PV-wind system in Case 2 is 0.1251 $/kWh as wind power requires lower investment than
PV applied in Hong Kong [31, 53]. The LCOE in Case 3 increases to 0.2610 $/kWh with the
application of batteries at a relatively higher cost. And the LCOE of the optimum PV-wind-
battery system in Case 4 is about 0.2230 $/kWh which is lower than the reported result of 0.42

$/kWh conducted in Korea [38], as a large amount of FiT subsidies available in Hong Kong
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and other renewable energy benefits including the transmission loss saving, network expansion
saving and carbon reduction benefit are considered in this study. Furthermore, the LCOE of PV-

wind-battery systems is expected to be further reduced as the lithium battery cost is showing a

steady decreasing trend in recent years [9].

Table 8 PRV and LCOE of four typical renewable energy scenarios

PRV and LCOE Case l Case 2 Case 3 Case 4
Initial cost $ 3,682,182 6,502,182 7,582,182 10,062,182
Operation and

858,574 1,236,309 1,739,956 2,271,584
maintenance cost $
Replacement cost $ 220,359 371,168 1,638,497 2,443,109
FIT subsidy $ -1,727,839 -4,200,066 -4,200,066 -5,848,217
Transmission line

-113,484 -113,484 -113,484 -113,484
saving $
Network expansion

-201,139 -838,104 -838,104 -1,262,747
saving $
Carbon reduction

-79,592 -332,370 -332,370 -500,888
benefit $
System LCOE $/kWh 0.5252 0.1251 0.2610 0.2230

4. Conclusions

This study analyzes the techno-economic feasibility of four typical scenarios of renewable
energy applications for power supply to a high-rise residential building in Hong Kong.
Experiments on the PV-battery system under the maximizing self-consumption and time-of-use
strategies are conducted to investigate the system operational performance and validate the
energy balance based battery model and energy management strategy in TRNSYS modelling.
The integrated technical optimization criterion focusing on the performance of four major
system components (energy supply, battery storage, building demand and grid relief) and the
improved LCOE considering detailed renewables benefits (FiT subsidy, transmission loss
saving, network expansion saving and carbon reduction benefit) are developed for design

optimizations of renewable energy systems. Important findings are concluded as below:
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The root mean square deviations between the tested and simulated battery SOC for the
maximizing self-consumption and time-of-use strategies are 1.49% and 0.94%
respectively. And the maximum error deviations between the tested and simulated SOC
for these two strategies are 0.03 and 0.04, which successfully validated the energy
balance based battery model and energy management strategy in TRNSY'S modelling.
The technical feasibility of four typical renewable application scenarios for high-rise
residential buildings is clarified. The PV system in Case 1 can cover 16.02% of the
annual building electrical load while the PV-wind system with balanced annual supply
and demand in Case 2 covers 53.65% of the annual load. The PV-wind-battery system
with balanced annual supply and demand in Case 3 can further satisfy 69.26% of the
annual load and relieve the utility grid stress. The battery storage can improve the
annual average load cover and self-consumption ratios by 14.08% and 16.56% as
compared in Case 2 and Case 3. The optimum PV-wind-battery system in Case 4 can
cover the majority of total annual load of 81.29% with a simultaneous consideration of
the battery health protection and grid relief.

The LCOE of the PV system in Case 1 is about 0.5252 $/kWh as the adjacent shading
impairs the energy generation of fagade PV. The LCOE of the PV-wind system (0.1251
$/kWh) with a balanced annual supply and demand in Case 2 is the lowest in four
scenarios, while it increases to 0.2610 $/kWh after battery storage is coupled with the
renewable system in Case 3. The LCOE of the optimum hybrid PV-wind-battery
system in Case 4 is predicted to be 0.2230 $/kWh, which can be further reduced with
the declining price of the lithium-ion battery.

It is suggested that the application of PV-wind systems in high-rise residential
buildings in Hong Kong is feasible with a low LCOE while the PV-wind-battery
systems can contribute to higher building energy autonomy with an affordable cost.
The techno-economic feasibility of these typical renewable application scenarios can
provide relative stakeholders critical references to facilitate the renewable penetration
into high-density urban areas and therefore help change the current fuel mix for power

generation in Hong Kong and other similar regions.



693 Nomenclature

694 Acronyms

695 aNSGA-II type: Active Archive Non-dominated Sorting Genetic Algorithm
696 BIPV: building-integrated photovoltaic

697 CSA: crow search algorithm

698 EMS: energy management strategy

699 FC: fuel cell

700 FiT: feed-in tariff

701 GA-PSO: genetic algorithm with particle swarm optimization
702 LCR: load cover ratio

703 LCOE: levelized cost of energy

704 LPSP: loss of power supply probability

705 MOEA/D: evolutionary algorithm based on decomposition
706 MOPSO: multi-objective particle swarm optimization
707 PRV: present value

708 NSGA-II: Non-dominated Sorting Genetic Algorithm-II
709 PV: photovoltaic

710 RE: renewable energy

711 SCR: self-consumption ratio

712 SOC: state of charge

713 SOH: state of health

714 STD: standard deviation

715 WT: wind turbine

716 List of symbols

717 Batteryrated: battery rated capacity, kWh

718 Cear societal cost of carbon, $/kgCO,

719 Cele electricity tariff of residential buildings, $/kWh
720 Chr: feed-in tariff of renewable energy, $/kWh

721 Cini: initial cost of the component, $

722 Cres: residual cost of the component, $
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730
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735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

d: annual price degression rate of the component

Evattery to 1oad: battery electricity discharged to the building load, kWh

Eaa: annul electrical load of the building, kWh

Epy: PV energy generation in the first year, kWh

Equijgecycie: battery equivalent lifecycle number

ERe joaa: annual electricity from the renewable generation to the building load, kWh
ERE pattery: annual renewable electricity to charge the battery, kWh

Ere: annual renewable generation, kWh

Eyr: wind energy generation in the first year, kWh

Sear: local carbon intensity of electricity, kgCO»/kWh

Sop: ratio of cost on the network expansion to the total electricity investment
fonai: fixed proportion of the maintenance cost to the initial cost

Sfural proportion of the transmission loss to the generated electricity

J: replace number of the component

J: total replace number of the component

i annual real discount rate

I lifetime of the component

n: a certain year in the lifetime

N: service lifetime of the renewable system

Phattery: battery power flow in the charge and discharge process, kW

Pgrid 10 load: grid exported power to meet the electrical load, kW

PrE 10 grid: renewable power fed into the utility grid, kW

PRVenefiss: present value of the potential benefits of renewable energy systems, $
PRV car: present value of the carbon reduction benefit, $.

PRV cogis: present value of the investment costs, $

PRV oy present value of the network expansion saving, $

PRV feed-in tariff present value of the renewable system, $

PRV present value of the transmission loss saving, $

Technicalypimar:  integrated technical optimization criterion

YERe: system renewable energy generation during the service time, kWh
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opy: annual degradation rate of the PV system

owr: annual degradation rate of the wind turbine system

y: annual escalation rate of local electricity price
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