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Abstract

This study aims to analyze and optimize the photovoltaic-battery energy storage (PV-BES) system
installed in a low-energy building in China. A novel energy management strategy considering the battery
cycling aging, grid relief and local time-of-use pricing is proposed based on TRNSYS. Both single-criterion
and multi-criterion optimizations are conducted by comprehensively considering technical, economic and
environmental performances of the system based on decision-making strategies including the weighted sum
and minimum distance to the utopia point methods. The single-criterion optimizations achieve superior
performances in the energy supply, battery storage, utility grid and whole system aspect respectively over
the existing scenario of the target building. The multi-criterion optimization considering all performance
indicators shows that the PV self-consumption and PV efficiency can be increased by 15.0% and 48.6%
while the standard deviation of net grid power, battery cycling aging and CO; emission can be reduced by
3.4%, 78.5% and 34.7% respectively. The significance and impact of design parameters are further
guantified by both local and global sensitivity analyses. This study can provide references for the optimum
energy management of PV-BES systems in low-energy buildings and guide the renewable energy and

energy storage system design to achieve higher penetration of renewable applications into urban areas.
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1. Introduction

The building sector accounts for nearly 30% of total final consumption with about three quarters of
energy consumed in residential buildings [1], and the building energy demand keeps increasing at a rate of
20% between 2000 and 2017 with a great impact on the social and environmental sustainability [2]. 31%
of the building energy demand is directly served by electricity, which contributes to 49% of the world
electricity use [1]. Therefore, it is necessary to introduce renewable sources such as solar and wind energy
for power supply to buildings to reduce its overall impact. A cumulative capacity of 505 GW solar
photovoltaics (PV) [3] and 591 GW wind power [4] has been installed globally by the end of 2018, showing
a remarkable rising trend in recent decades [5]. However, both solar and wind power highly depends on the
weather condition, which is intermittent, unstable and unmatched with the fluctuating building load.
Electrical energy storage such as battery is therefore required to store surplus renewable energy during off-
peak hours and supply to electric appliances in peak time to assure a reliable power supply to buildings.

The main components of the renewable energy and electrical energy storage (RE-EES) system include
the energy supply, energy storage, grid integration, load control and energy management. In terms of the
energy supply, the economic performance of sizing the PV system with energy storage units is studied for
residential buildings in Finland. The authors concluded that the hybrid PV-EES system can be more
profitable than the standalone PV system when considering all incentives [6]. The photovoltaic-battery
energy storage (PV-BES) technology is found to be economically and environmentally feasible when
combined with the single diesel generator system as validated by a case study in the severe cold zone of
China [7]. A novel direct-couple PV model considering the PV cell number, incident radiation and
temperature is developed for residential PV-BES systems and validated by laboratory tests [8]. The
profitability and installation capacity of PV sharing in energy communities are researched for different
building types based on the mixed-integer linear optimization algorithm. It is shown to be most profitable
to install PV systems in cities with high load diversity [9]. Sizing of PV generators and technologies to
improve PV energy penetrations are identified as the major focuses in the energy supply aspect of PV and
energy storage systems. Different indicators on the energy supply side of the hybrid system can be further

developed and combined as the optimization target to achieve a better balance.

Much attention has been paid to the energy storage unit of RE-EES systems. A PV assisted charging
station using retired batteries is studied with a capacity allocation model to maximize the system net present
value (NPV) based on the teaching-learning-based optimization and particle swarm optimization methods.
The economic superiority of using second-use batteries for PV energy storage is illustrated against
traditional batteries [10]. A novel concept of sharing the battery storage between residential consumers and

local grid operators is recently developed to increase the PV penetration. This study shows a reduction of
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customer electricity bills and relief of the grid distribution stress [11]. Smart battery energy storage for PV
systems with online controls is studied for a community in Oxford of 82 dwellings. It is shown that batteries
can effectively improve the self-consumption and reduce the peak grid stress [12]. The optimal sizing of
battery storage units for a net zero energy residence installed with PV systems is investigated to reduce the
electricity bill and battery cost for consumers [13]. Different combinations of energy storage technologies
including the battery, electric vehicle (EV), heat pump and thermal heat storage are also studied to support
PV systems [14]. An innovative analytical technique is developed to optimize the total energy supply cost
of PV prosumers with battery and supercapacitor storage technologies. The authors reported that the battery
lifetime can be extended to 61% and the system cost can be reduced by 18% using supercapacitors [15]. It
can be found that recent efforts have been made to enhance the battery storage performance by adopting
the second-use battery, shared battery storage, smart battery storage and hybrid battery storage combined
with other storage technologies (e.g. EV, supercapacitor). Above existing studies guide this work to
consider battery aging in the system design and optimization to extend the battery lifecycle and reduce the

system cost.

Rising PV penetrations in buildings also bring a great burden to the utility grid, so that efforts have
been made to integrate the utility grid with RE-EES systems. The economic performance of the distributed
RE-EV system is analyzed with different coordination strategies. It is indicated that the vehicle to grid
strategy is cost-effective for fully using EV batteries [16]. The vehicle to grid strategy is also reported to be
effective in providing primary frequency control and dynamic grid support [17]. The technical and
economic performance of a household PV-BES system in Norway is studied considering the grid power
limit, showing that the building integrated PV system with battery storage has good performance under the
monthly grid power limits [18]. The optimal integration of PV systems with the utility grid is explored with
a grid model of 352 buses and 441 lines in Japan to minimize the system cost [19]. An optimization is
conducted on a PV-BES system considering the relationship of the self-sufficiency, financial incentive and
grid integration, suggesting that grid operators should adjust guidelines for PV-BES systems and adopt
feed-in limitations [20]. Effective methods are developed to facilitate the grid support to reduce its burden
when connected with RE-EES systems such as grid integration with energy supply and storage, setting grid
power limit and providing governmental incentives. The grid integration will also be considered in this
work by proposing grid export and import limits, where the standard deviation of the net grid power is

derived to minimize the average grid stress.

Furthermore, load controls can contribute to a higher system efficiency and feasibility as targeted by
many researchers. The demand side management of the RE-EES system in micro-grid networks is

investigated to improve the system stability and reduce the grid pressure. The game theory method based



on blockchain technologies is proposed as an effective modelling tool to support the increasing building
demand [21]. The solar plus model combining the load control on PV systems with energy storage units is
optimized considering the smart hot water heater and air conditioner. The simulation results reveal that the
solar plus model is able to achieve economic benefits under different rate contexts [22]. The authors also
reviewed the end-user economics of the solar plus model in domestic buildings and reported that load
control appliances are more profitable than batteries in the current cost [23]. Existing studies on the demand
response of renewable energy systems are found to be focusing on smart appliances to shift the load for a

better match with the renewable energy generation.

In addition, an increasing attention has been focused on the energy management component, which is
deemed a vital aspect of RE-EES systems to supervise the power flow. A three-stage feed-in scheduling
method is developed for the PV system with battery and electrolyzer storage units to improve the system
flexibility. It shows that the proposed method is both technically and economically feasible based on the
comparative analysis [24]. NPV of the PV system with the second-use battery is evaluated based on two
energy management strategy models including increasing self-consumption only and increasing self-
consumption with load-leveling [25]. The energy management strategy for residential PV-BES systems is
also developed considering the matching of thermostatically controlled demand and battery charging. The
case study shows that the system energy consumption is reduced by 30% while maintaining the power
supply quality and extending the battery lifecycle [26]. The energy management algorithm is proposed for
an on-grid PV system with battery and supercapacitor units considering dynamic changes of the cloud
condition and load power, as validated to be feasible by a prototype experiment [27]. Moreover, a predictive
management for a PV system with heat pump and battery units is developed based on the two-stage
stochastic programming and rule-based control, where the operational cost is lowered by 4.5% [28].
Different energy management algorithms have been developed for RE-EES systems to supervise the system
power flow with various targets such as improving system flexibility, reducing system cost and extending
battery lifecycle. Based on these management algorithms and targets, this study proposes an innovative
energy management strategy considering the battery cycling aging, grid relief and local time-of-use pricing
through a joint modeling platform of TRNSYS and jEPlus+EA to improve and optimize the PVV-BES system

installed in a real building.

Although much attention has been paid to RE-EES systems, few efforts have been made to explore
practical applications in China, especially in the system scale-up. Moreover, few studies have thoroughly
investigated the comprehensive technical, economic and environmental optimization of the coupled energy
conversion and storage system. To fill such research gaps, a study on the energy storage and management

system design optimization for a PV integrated low-energy building is conducted. The original contribution



of this study lies in the following aspects: (1) A novel energy management strategy considering the battery
cycling aging, grid relief and local time-of-use pricing is proposed based on a joint modeling platform of
TRNSYS and jEPIus+EA to optimize the PV-BES system installed in a practical low-energy building
located in the hot-summer and warm-winter region of China. (2) Both single-criterion and multi-criterion
optimizations are conducted by comprehensively considering the technical, economic and environmental
performances of the energy supply, battery storage, utility grid and whole system based on decision-making
strategies including the weighted sum and minimum distance to the utopia point methods. The battery size
and grid relieving parameters including the grid export limit and grid import limit are optimized for multiple
performance criteria. (3) Both local and global sensitivity analyses are conducted to further quantify the
significance and impact of selected design parameters in order to provide guidance on the system design
and management for the low-energy building. Research findings in this work can be used as references for

the RE-EES system design to achieve a greater penetration of renewable energy into urban areas.

2. Methodology
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Fig. 1 Proposed framework of optimization on the PV-BES system in the low-energy building

As shown in Fig. 1, this study aims to explore an optimum energy management strategy for the PV-
BES system for a real low-energy building in Shenzhen, as the existing management strategy (see Case 1)
cannot make full use of the energy conversion and storage system. The PV energy utilization is low with a
high system cost because surplus PV power is not fed into the utility grid to gain the local PV feed-in tariff
(FIT) incentive and a fixed grid pricing scheme is applied to the existing building. The existing operation

scenario is therefore modelled as the baseline case for comparison.



In order to improve the existing system performance, Case 2 is first proposed based on the same system
configuration with Case 1 but a new control strategy considering the grid feed-in and time-of-use pricing.
On top of Case 2, both single-criterion and multi-criterion optimizations are conducted with three
optimization variables: the battery cell number, grid export limit, and grid import limit. The optimization
analyses are conducted on the joint modeling and optimization platform of TRNSYS and jEPlus+EA with
the Non-dominated sorting genetic algorithm (NSGA-II) at a simulation time step of 0.125 h. Regarding
the optimization design and objectives, single-criterion optimizations (Case 3-6) with the weighted sum
method are performed focusing on four major aspects of the PV-BES system including the energy supply,
battery storage, utility grid and whole system. Case 3 aims to optimize the supply performance with a
combined objective of three indicators including the PV self-consumption ratio (SCR), PV power efficiency
(EFF) and load cover ratio (LCR). Case 4 focuses on the battery health by minimizing the battery cycling
aging. Case 5 explores the grid relief potential to minimize the standard deviation (STD) of the net grid
power and reduce the exceeded load. Case 6 intends to achieve good economic and environmental system
performances considering the levelized cost of energy (LCOE) and CO emission. Then, the multi-criterion
optimization is performed with the minimum distance to the utopia point method in Case 7 focusing on the
overall performance of above four aspects for a comprehensive technical, economic and environmental
evaluation of the PV-BES system. Finally, local sensitivity analyses based on the optimal solution and
global sensitivity analyses with the Fourier Amplitude Sensitivity Test (FAST) are conducted to further
guantify the significance and impact of selected design parameters.

2.1. Photovoltaic-battery energy system in the low-energy building

Fig. 2 Low-energy building installed with the PV-BES system in Shenzhen
The low-energy building is located in Shenzhen of China with a hot and humid climate, and it is mainly

designed for office and exhibition functions. Fig. 2 shows the appearance of the building installed with the



PV-BES system and energy management center. The total building area is 658.15 m? with 3 floors and the
detailed as-built parameters are shown in Table 1.

Table 1 Thermal properties of the low-energy building

Building Parameter Value
Heat transfer coefficient 0.30 W/(m? K)
Roof Thermal inertia index 1.07
Heat transfer coefficient 0.43 W/(m? K)
External-wall
Thermal inertia index 2.78
External. Window-wall ratio East: 0.47; South: 0.59; West: 0.45; North: 0.40
) Heat transfer coefficient W/(m? K) East: 2.64; South: 2.38; West: 2.14; North: 2.51
window Shading coefficient East: 0.30; South: 0.22; West: 0.16; North: 0.26
Office power density 5.80 W/m?
Laboratory power density 7.70 W/m?
Lighting Corridor power density 2.50 W/m?
Convective heat transfer ratio 0.33[29]
Radiant heat transfer ratio 0.67 [29]
Sensible heat 66 W/person
Occupant Latent heat 68 W/person
[29] Convective heat transfer ratio 0.4
Radiant heat transfer ratio 0.6
Office power density 15 W/m?
) Laboratory power density 15 W/m?
Equipment . .
[20] Corridor power density 5 W/m?
Convective heat transfer ratio 0.3
Radiant heat transfer ratio 0.7

In terms of the PV-BES system, thin-film PV panels are used with a total rated capacity of 13.12 kW
and a battery bank with a rated capacity of 45.6 kWh is installed. The detailed specification of the PV-BES

system is shown in Table 2.

Table 2 Specification of the PV-BES system

Solar panel ASP-S1-80W (CdTe)
Maximum power 80 W
Open circuit voltage 1185V




Short circuit current 1.01 A

Voltage at max. power point 922V

Current at max. power point 0.88 A
Maximum system voltage 1000 vV

Rooftop cell number 149

Fagde PV cell number 15

Battery NP100-12FR (Lead-Acid)
Nominal capacity 100 Ah/12 V
Number in series 38

Operational SOC (SOCin-SOCrmax) 25%-90% [30]
Max. charging/discharging rate 0.2C

Charging efficiency 0.9

Life cycle 1000 cycles [31]

2.2. Photovoltaic-battery energy storage system modelling

Fig. 3 shows the schematic of the developed PV-BES model based on the TRNSYS platform, where

five main components, namely the building load, PV panel, battery storage, utility grid, and energy

management strategy are integrated.
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Fig. 3 Simulation model of the PV-BES system in TRNSY'S environment



2.2.1. Building component

A SketchUp model of the building is firstly established according to practical building dimensions and
then imported into TRNSYS to define internal building properties. According to the practical building
configuration, the load is calculated with submodules of the building envelope, ventilation, air conditioning,
indoor occupant, equipment and lighting based on Type 56, Type 117, Type 752, Type 655, Type 648 and
other auxiliary components in the TRNSYS library [32]. The typical meteorological year weather data of

Shenzhen is connected to the building and PV generators [33].
2.2.2. Photovoltaic component

Both rooftop and fagde PV panels are modelled according to practical building installations.
TRNSYS determines the current-voltage characteristic of the rooftop PV array using the empirical
equivalent circuit model [34, 35]. The power generation of the PV system is the product of the current and
voltage under the maximum power point tracking mode to achieve higher energy efficiency. The building
integrated PV model Type 567 is adopted to model fagade PV panels integrated with the multi-zone building
model Type 56, which is developed from Duffie and Beckman’s thermal algorithm [35].

2.2.3. Battery component

The battery model is developed based on the energy balance with the state of charge (SOC) as the

iteration indicator shown in Eq. (1) [8]:

f Pbat,;

SOC; = SOCy + Bt s SOI (1)

where SOC; is the initial battery state of charge; Pbatn is the net power flow through the battery bank
including charging and discharging power in opposite values, KW; Batratq is the rated capacity of the battery
bank, kwWh; SOH is the battery state of health considering the battery degradation. In this study, only cycling
aging of the battery tank is considered as shown in Eq. (2) [36, 37]:

cycling aging, = aging, + 0.5 Pbar) 1 @

Batrared  EqUygeyeie

where agingo is the initial battery aging; Pbat; is the charging or discharging power throughout the battery
bank, kW; Equiitecycie IS the equivalent life cycle number of the battery bank degrading from its initial full
usable capacity at 100% SOH to the end of its life at 80% SOH. The lead-acid battery in the building
normally has 1000 cycles in its service life [31]. It is assumed that battery SOH is at 80% when battery
aging arrives at 1, so the battery SOH can be formulated as Eq. (3) [36, 37]:

SOH; = SOH;., — aging,- 0.2 3)



2.2.4. Grid component
For the grid, STD of the net grid power is derived to show the average grid stress as per Eq. (4) [38]:

Average g}"id Stressyear = STD(Pgrid to load T Pgrid to battery — Ppy 1 grid)step (4)

where Pgrid to 10ad IS the power flow from the utility grid to meet the load, kW; Pgrid 1o battery i the power flow
from the utility grid to charge the battery bank, kW; Ppv 1 gria IS the feed-in power from the PV generator to
the utility grid, kW.

In order to further consider the grid integration with the PV-BES system, both grid export and import
limits are introduced to this model. The grid export limit (Gridexort) iS Set to regulate the grid to meet the
load and battery demand, while the exceeded load over the Gridexortin Eq. (5) will still be met by the utility

grid. Exceeded battery demand, however, will not be addressed.

P exceeded load = P load ~— P PV to load — P battery to load ~— Gr idexport (5)

where Pioaq is the building load demand, KW; Ppv 1 10ad IS the power from PV generators to meet the load,
KW; Phattery to 10ad IS the power from the battery bank to the building load, kW.

The grid import limit (Gridimport), Which is the ratio of the rated PV power, is set to limit surplus PV
power feeding into the utility grid so that any power over the Gridimpor: is dumped. These grid integration

indicators are subject to design optimizations as an original contribution of this research.
2.2.5. Energy management component

This study aims to improve the overall performance of the PV-BES system considering the supply
efficiency, battery health, grid integration and system economic-environmental impact by developing a new

energy management strategy as shown in Fig. 4.
When PV power is available, it is firstly supplied to meet the building load as shown in Eq. (6):

PPVto load = min(PPV'Pload) (6)

where Ppy is the generated power of PV panels considering an inverter efficiency of 0.95, KW; Pioaq is the
building load demand, kW.

Then the power flow is directed according to peak-valley hours in the day. During valley hours in
weekdays, surplus PV power after meeting the load is used to charge the battery as shown in Eq. (7) with a

charging efficiency of 0.9:

PPVto battery = min((PPV - Pload)i Batcharge) (7)
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where Batcharge IS the available charge capacity of the battery bank formulated as Eq. (8):

Bat 00 = max((SOC,,,c — SOC) - Bat, .4 - SOH/step, Charge - Bat,.q - SOH) (8)
g max

where Batraeq is the rated capacity of the battery bank, kWh; step is the simulation time step (0.125 h);
Chargemax is the maximum charge rate of the lead-acid battery in the targeted building (0.2C).

Inputs: PV, SOC, load

P(PV to load)=min(PV, load)

W

P(grid to load)=min(export, load-PV)
P(load exceeded)=max(0, load-PV-export)

P(grid to load)=
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P(load exceeded)=
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Fig. 4 Proposed energy management strategy of the PV-BES system for the low-energy building

Then surplus PV power after meeting the load and battery is fed into the utility grid and gets FIT

allowance as shown in Eq. (9):
PPVto grid = min(Gridimport ’ PVrated' PPV - Pload - Batcharge) (9)

where Gridimport is the grid import limit as a ratio of rated PV power PV aeq. If surplus PV power exceeds
the grid import limit, the exceeded part will be dumped as per Eq. (10):

PPVdumped = max(O, PPV - Pload - Batcharge - Gridimport ’ PVrated) (10)

If PV power is not enough for the building load or battery, the utility grid will meet both the load and
battery demand given the low grid price in valley hours as per Egs. (11-13):

Pgrid to load = min(Gridexporti Pload - PPV) (11)
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where Gridexport IS the power export limit from the utility grid, KW. It should be noted that the exceeded
load (See Eq. (12)) with reference to Gridexport Will still be met by the grid, but the exceeded battery demand
will not be met by the grid.

Poxceeded load = max(O, Pioaa — Ppy — Gridexport) (12)
Pgrid to battery — min(Gridexport - (Pload - PPV), Batcharge) ' LT(PPV' Pload) +
min(Gridexport' Batcharge - (PPV - Pload) ’ GE(PPV; Pload)) (13)

where LT(Ppv, Pioad) means the PV power is lower than the building load and the grid will meet both the
unsatisfied load and battery. And GE(Ppv, Pioad) means the PV power is not lower than the building load so
that the battery can be charged by both PV and grid.

During flat hours with a relatively high grid electricity price, the grid will not be used to charge the
battery even when surplus PV power after meeting the building load is not enough for charging the battery.
And during peak hours with the highest grid electricity price, the battery will take precedence over the grid

to meet the unsatisfied load from PV power as shown in Eq. (14):

Phrattery to load = Min(Pioaq — Ppy, Bat gischarge) (14)
where Batgischarge IS the available discharge capacity of the battery as per Eq. (15):

Bat gischarge = max((SOC — SOC,,;,,) * Bat,yieq * SOH[step, Discharge, - Bat,yeq * SOH) (15)
where Dischargemax is the maximum discharge rate of the lead-acid battery in the building (0.2C).

As the building is not in operation during weekends, PV power will firstly be used to charge the battery
and then fed into the utility grid. And residual PV power over the grid import limit will be dumped.

2.3. Optimization of system design and management

Single-criterion and multi-criterion optimizations are conducted considering the technical, economic
and environmental performances of the PV-BES system with the joint TRNSYS and jEPlus+EA platform.

2.3.1. Optimization objectives

Eight optimization objectives are established under four major aspects of the PV-BES system
including the energy supply, battery storage, utility grid and whole system as shown in Fig. 5. For the
energy supply aspect, three indicators including SCR, EFF and LCR are combined as the performance
criterion. For the battery storage aspect, the annual battery cycling aging is the only focus. And for the

utility grid aspect, two indicators including STD of net grid power and the exceeded load are integrated as
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the criterion. And for the whole system aspect, LCOE and CO; emission are synthesized as the whole

system performance criterion.

Optimization objectives:
Supply: SCR, EFF, LCR

Storage: battery aging

&, ’Te,y .

Grid: STD, exceeded load

System: LCOE, CO;
Building

Utility grid
Fig. 5 Optimization objectives of the PV-BES system

For the energy supply aspect, SCR is formulated as Eqg. (16) [39]:

self-consumed PV electricity _ EpviotoaatEpy 1o battery ( 1 6)

PV self-consumption ratio = — - =
total electricity generation from PV Ey,

Since some PV power may be dumped when exceeds the grid import limit, efficiency of the PV

generator is also assessed as per Eq. (17):

utilized PV electricity _ Epy 10 1oadtEpy 1o batteryt Epy 10 grid (17)

PV efficiency =

total electricity generation from PV - Ey,

In order to evaluate the load matching of the PV-BES system, LCR of the PV-BES system is presented
as shown in Eq. (18). It should be noted that the battery bank can be charged by the low-price grid power.

PV-BES system provided electricity _ Epy 1o load T Epattery to load (18)

load cover ratio =
total electricity demand Eload

For the battery storage side, the annual cycling aging is calculated as explained in Eq. (2). For the
utility grid side, STD of the net grid power is calculated to evaluate the average grid stress as shown in Eq.

(19), and EXL is expressed by Eq. (20):
Average gf'id stressyear = STD(Pgrid 10 load T Pgrid to battery — PPVto grid)step (19)
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Exceeded load = Pioaa = Ppv t0 1oad — Pbattery to load — Gridexport (20)

For the whole system aspect, LCOE and CO; emission are considered. In order to calculate the system
LCOE, NPV is firstly evaluated as shown in Eqg. (21):

NPV, = NPV,,, + NPV,.; + NPV, + NPV, + NPVﬁt (21)

where NPViq is NPV of the system investment cost, $; NPVmai is NPV of the maintenance cost, $; NPV is
NPV of the electricity bill, $; NPVsu, is NPV of the subsidy allowance, $; NPVsic is NPV of FIT, $.

The system investment cost (NPVin, sys) includes those of the PV panels, battery cells and inverters as
summarized by Eq. (22):

NP Vinv_sys = ZNP Vinv_com = NP Vinv_PV + NP Vinv_battery + NP Vinv_inverter (22)
And the investment cost of each component (NPViw com) consists of the initial cost (Ccom_initiar),
replacement cost (Ccom_replacement) @nd residual cost (Ceom_residuat) @S Shown in Egs. (23-25):

NP Vinvﬁcom = Ccomiinitial + Ccomﬁreplacement - CcomJ’esidual (23)

Neom (1 _d)”‘lcom

n=1 (1+iylcom (24)

Ccomjeplacement = Ccomiinitial ! Z

Lom—mod(ls,l 1=d)'srs
com=m0d(lyys loom) Q (25)
lcom (1 +[) s

Ccomiresidual - Ccomﬁinitt’al

where neom is the number of replacement times for each component during the system service lifetime; leom

is the lifetime of each component, year; lss is the lifetime of the PV-BES system, year; d is the discount
rate; i is the interest rate; and detailed values are summarized in Table 3.

The system maintenance cost is assumed to be proportional to the initial cost (fixed proportion fmai) of
each component as shown in Eq. (26):

_ . Qi
NPVmaiﬁcom _fmai Ccom_initial (1+i)15ys-i (26)

The cost of buying electricity from the utility grid is shown in Eq. (27):

liys (1tiese)"™!
NPVeie = Cete " Eele * 21;1 # (27)

where iee is the annual increasing rate of the grid electricity price (Cee); and the annual electricity from the
grid (Eeie) is assumed to be unchanged.
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According to the local regulation of renewable energy applications in buildings, both the subsidy and
FIT can be harvested by the PV-BES system. Compared with NPV value of above items, reimbursement
from the system subsidy and grid FIT is the benefit in negative value. And it is assumed that the subsidy
allowance (csun) keeps the same during the system service lifetime, and FIT cost (crit) increases with the grid
electricity price. So NPV of the subsidy and FIT can be formulated as Egs. (28-29):

1.\' S 1
NPV = —Cgup " Epy generation Z[il W (28)

where Epy generation IS the generated electricity from PV panels, kWh.

_ lsy,s‘ (1+[ele)1_l
NPV = =g Egrid feed-in* X2y~ gyim1 (29)

where Egrid teea-in IS the feed-in electricity from PV panels into the utility grid, kwh.

Therefore, the system LCOE can then be calculated by Eq. (30):

Alsys.
NPV (1+i) i

um Tovs
LCOE = —— "=t 30
fP/oad ( )

Table 3 shows detailed parameters for the economic analysis of the PV-BES system in the building.

Table 3 Parameters for economic analysis of the PV-BES system

Parameter Value

Initial cost (Cpy_initiar) 1400 $/kwW
PV system o

Life time (lo) 20 years

Initial cost (Coat_initial) 150 $/kWh
Battery system o

Life time (lbattery) 5 years

Initial cost (Cinverter_initial) 90 $/kw
Inverter L

Life time (linverter) 10 years
Grid FIT (crir) 0.058 $/kwh [40]
Governmental subsidy (Csub) 0.014 $/kWh [40]
Discount rate (d) 4.5%/year [41]
Interest rate (i) 5.8%l/year [41]
Electricity price (Cele) See Table 4
Electricity price rising rate (icie) 1.85%/year [42]
Life time of PV-BES system (lsys) 20 years
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Table 4 Electricity price of the utility grid in different period [43]

Price mode Time Hours Price ($/kWh)
) Valley period  23:00-7:00 0.04
Time-of-use )
o Flat period 7:00-9:00, 11:30-14:00, 16:30-19:00, 21:00-23:00 0.10
ricin
Prieing Peak period 9:00-11:30, 14:00-16:30, 19:00-21:00 0.15
Fixed pricing  All period 0:00-24:00 0.10

The annual CO; emission can be formulated as Eq. (31) [41]:
COZ emission = (f Pgrid export ngrid import) X losstransmission Xfactorgn.d emission (31)

where Pgrig export IS the exported power out of the utility grid, KW; Pgrid import IS the imported power into the
utility grid, KW; 10SStransmission 1S the transmission loss of the electricity power (10%); factorgrid emission IS the

emission factor converting the primary energy into the carbon emission (0.238 tCO,/MWh) [41].
2.3.2. Optimization methods

NSGA-I1I is applied to solve above multi-objective optimizations given its high efficiency [41]. Pareto-
optimal solutions are derived from the non-dominated population sorting strategy under existing
optimization constraints and settings within a specified number of model evaluations [44]. In each
evaluation, the crowding distance is calculated based on the initial population sorting and used to find the
fittest solution along with the tournament selection. Crossovers and mutations are performed to ensure a
comprehensive and converged searching of the problem space [41, 45]. The optimization parameter is
shown in Table 5.

Table 5 Optimization parameters

Parameter Value

Population size 10 [46]

Maximum generation 200

Crossover probability 0.9 [47]

Mutation probability 0.05 [47]

Tournament size 2

Variable Range Increment
Battery cell number 2-100 2 cells
Grid export limit 0-30 kw 1 kw
Grid import limit (ratio of rated PV power) 0-1 0.1
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The optimization process performs with the JEPlus+EA platform, which combines the TRNSYS
model with NAGA-II. In order to obtain a single-criterion optimum solution in Case 3-6 focusing on the
energy supply, battery storage, utility grid, and whole system performance criterion respectively, the
weighted sum method [48] is used by allocating the same weighting to corresponding objectives in these
cases. In Case 7, all normalized criteria are subject to a multi-criterion optimization to find the final
optimum solution determined by the minimum distance to the utopia point method [49]. And the

optimization criteria of Case 3-7 are shown in Table 6.

Table 6 Optimization criteria of optimization cases

Optimization case Optimization criterion

Sup P Zy optimal =
Case 3: | SCR—SCRyy 1 EFF=EFF,; 1 LCR—=LCRy,
3SCR,,,. — SCR,,,, 3EFF,, —EFF,. 3LCR,, —LCR,;,
_ aging — aging, .
optimal aging, —— aging .
optimization _ 1 STD—STD,,;,, | EXL— EXL,,,
Case 5: Gridopiimal = 3 +§
STDmax - STDmin EXLmax - EXLmin
1 LCOE —LCOE,;,, 1 CO,—CO;y;

Case 6: Syst L = +—
P  optinal”™ 3 LCOE gy — LCOE iy 2 CO3 s — CO3 i

Single-

criterion Case 4: Storage

Multi-criterion

T
Case 7: Overall i = [Supplyop simap S10TAgE o 1 Gridopiimar, System, . l]

optimization

3. Results and discussions

This section first summarizes the optimization results of studied cases when individual or combined
optimization criteria on the system design and management are targeted. The PV-BES system performance
in the four focused aspects i.e. energy supply, battery health, grid relief, and system economic-
environmental impact, is then compared across studied cases to discuss the improvement potential of the
novel energy management strategy. Furthermore, both local and global sensitivity analyses are conducted

to identify the impact and significance of each design parameter.

Table 7 shows the targeted optimization criteria and corresponding design solutions of the studied
cases. Case 1 is the existing case in the building under fixed grid electricity pricing without grid feed-in,
treated as the baseline for comparison. Case 2 introduces time-of-use electricity pricing and allows grid
feed-in from PV without limitations. Case 3-6 individually optimizes each aspect of the PV-BES system

including the energy supply, battery storage, utility grid and whole system economic-environmental
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performance. Case 7 simultaneously optimizes technical, economic and environmental performances in all

four aspects of the PV-BES system with a robust decision-making method.

Table 7 Optimization results of studied cases

Case 1 Case 2 Optimization
Case (building  (grid feed-in Case3  Case 4 Case5 Case6  Case7
existing)  and TOU) (supply) (storage)  (grid)  (system) (overall)
Time-of-use pricing (TOU) -- N N N N N N
Supply optimal ~ ~ J ~ ~ i J
(max. SCR, EFF and LCR)
Sto-rage optlmal- B B B J B B J
(min. battery aging)
Gl‘l-d optimal ~ ~ ~ ~ J B J
(min. STD and exceeded load)
System optimal B B B B B J J
(min. LCOE and CO; emission)
Optimization parameters
Battery cell number 38 38 100 100 28 2 90
Grid export limit/kwW 30 30 5 0 30 1-30 5
Grid import limit
0 1 1 0-1 0 1 0.8

(ratio of PV rated power)

The Pareto-optimal solutions in Case 7 are shown in Fig. 6, which demonstrates the trade-off among
four major aspects including the energy supply, battery storage, utility grid and whole system. The final
optimal solution highlighted as the red triangle is obtained using the decision-making strategy of the

minimum distance to the utopia point [49].
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Fig. 6 Pareto-optimal solutions of the multi-criterion optimization case
3.1. Energy supply performance analysis

Figs. 7 and 8 show the power flow of the PV-BES system in the third week of June and December for
Case 7. It shows that the building load generally exceeds the PV generation on typical weekdays in summer
when the battery is discharged to meet the unsatisfied load during peak hours and charged by the utility

grid during valley hours. The power flow in winter differs with that in summer as the building load is
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generally smaller with reduced air-conditioning load. Surplus PV power is then used to charge the battery
and feed into the grid with a lower frequency of battery discharge.

= load = Ppv_load ——Ppv_ba Pba_load
Ppv_grid ——Pgrid_load Ppv_gene ——Pgrid_ba
——DPload_exceeded = Ppv_dumped —S0C
30 1
25 0.8
20
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E 15 S}
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E 23]
2 10 0.4 &
] =1
B =]
g 3 027
0
4032 4052 4072 4092 4112 4132 4152 4172 4192 0
-5
-10 02
-15 -0.4
Week 3 in June/h
Fig. 7 Power flow in week 3 of June in Case 7
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Fig. 8 Power flow in week 3 of December in Case 7

In addition to introducing the hourly power flow of typical weeks in Case 7, the yearly results of three
optimized energy supply indicators under the seven focused cases are also studied to make a comprehensive
case comparison as shown in Fig. 9. Case 1 has the maximum annual average LCR, as the power from PV
or battery is directed to meet the building load whenever available under the fixed grid pricing mode.
However, Case 1 performs worst in SCR and EFF due to the strict limitation on grid import power.
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Compared with Case 1, EFF in Case 2 is increased by nearly 48.6% with the grid feed-in permission. Case
3 achieves the best overall performance in these three energy supply performance indicators as a result of
the judicious mono-criterion optimization. Case 4 has the maximum SCR because battery charging by grid
is controlled by a grid export limit of 0 kW and the battery can only be charged by PV. In addition, EFF
varies between 0.430 and 0.504 as the grid import limit is not a significant factor for Case 4. SCR and EFF
of Case 7 is increased by 15.0% and 48.6% than that of Case 1.

PV self-consumption mmmmm Load cover ratio ----@--- PV efficiency

0.

0.

0.

0.

N IS o [
@ |
& |

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Fig. 9 Comparison of PV self-consumption, PV efficiency and load cover ratio of studied cases
3.2. Battery health performance analysis

Fig. 10 compares battery cycling aging and SOH of studied cases. The annual cycling aging of the
battery bank in Case 4 with the rated capacity at 120 kWh is the minimized by single-criterion optimization
to about 0.027, leading to a high usable battery capacity of about 99.5% of its rated capacity after one-year
operation. The calculated battery cycling aging is generally consistent with the result of an existing
literature reporting a 0.124 cycling degradation of the lead-acid battery with the capacity of 165.6 kWh
during four-year operation [36]. The maximum cycling aging is about 0.292 in Case 1 with a smaller battery
number of 38 and unrestricted battery charging. The annual battery cycling aging of Case 7 is smaller than
that of Case 1 by 78.5%, resulting in the extension on the battery SOH from 94.2% in the baseline case to
98.7%. It is therefore proved significant to consider the battery health management in PVV-BES systems and

battery calendar aging will also be considered in the further work.
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Fig. 10 Comparison of battery state of health and cycling aging of studied cases
3.3. Grid relief performance analysis

Fig. 11 compares the annual STD of the net grid power and exceeded load of these studied cases. Case
5 achieves the minimum average grid stress among all cases with the lowest STD of about 4.60 under 28
battery cells and strict limitation for grid power import. The annual average exceeded load in Case 5is 0
due to the high grid export limit. STD of net grid power in Case 6 reaches the maximum of about 5.68 with
a minimum battery cell number and no grid import limitation. STD of net grid power in Case 4 changes
from 4.72 to 5.05 given an optimized grid import limit ranging between 0-1, and STD of Case 7 is smaller
than that of Case 1 by 3.4%.

ST D(net grid power) STD change  ----@--- Exceeded load

STD netgrid power
w
Exceeded load/kWh/h

o

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Fig. 11 Comparison of standard deviation of net grid power and exceeded load of studied cases
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The annual distribution of net grid power in the grid performance optimum case (Case 5) and multi-
criterion optimization case (Case 7) is shown in Fig. 12 (a, b), where grid export power is presented by
positive values and grid import power is in negative values. The flow distribution in Case 5 is more
centralized than that in Case 7 with a smaller STD by about 6.5%. The cross section in yellow is the grid
export limit optimized to be 30 kW in Case 5 and 5 kW in Case 7. The average load exceeding the grid

export limit is determined to be 0 in Case 5 and 0.8 kwWh/h in Case 7, as a useful reference for grid operators
to maintain the network stability.

—
Case 5 grid performance optimum case
2 STD(net grid power) = 4.6

Net grid power/KW

Fig. 12 (a) Annual net grid power flow in Case 5

Case 7 multi-criterion optimization case ‘
STD(net grid power) = 4.9 ‘ |

N

Fig. 12(b) Annual net grid power flow in Case 7
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3.4. System economic and environmental performance analysis

Fig. 13 compares NPV and LCOE of the PV-BES system including the initial cost, maintenance cost,
electricity bill, RE subsidy and grid FIT within a 20-year operation. Case 6 has the minimum LCOE of
about 0.124 $/kWh, which is lower than that of Case 1 of 0.170 $/kWh with a cost saving of nearly 26.8%.
Case 4 has the maximum LCOE because of the high initial cost and electricity bill resulting from the large
battery cell number and strict restriction on battery charging by the grid. Since the optimized grid import
limit varies from 0 to 1 in Case 4, NPV of FIT changes from 0 to 2520 $ and LCOE ranges between 0.228
to 0.235 $/kWh. The calculated LCOE value agrees with the result reported in a previous literature
indicating that LCOE of current PV-BES systems is around the range of 0.15 to 0.21 $/kWh [50].

NPV _initial cost NPV_maintenance cost NPV _electricity bill
NPV_subsidy mmmm NPV _feed-in tariff NPV _feed-in tariff change
LCOE
100 0.3
0.228~0.235
80 0.211
0.200 0.2
60 0.170
e
g 0.147 0.154 023
=1 &
S 40 0.124 o
= S
0.1
20
0 0.1
a == B -
-20 0.0

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Fig. 13 Comparison of net present value and levelized cost of energy of studied cases

A detailed breakdown of NPV and LCOE calculations for studied cases is summarized in Table 8. It
reveals that simply adding the grid feed-in permission and time-of-use pricing control (Case 2) can bring
5100 $ reimbursement from the grid feed-in and save 3310 $ electricity bills compared with the existing
operation case during the 20-year service time. As for Case 3 focusing on optimizing the energy supply
performance, initial and maintenance costs are increased but the electricity bill is reduced and FIT is earned
compared with the baseline case. When comparing Case 4 with the baseline case, LCOE is increased with
the battery number rising from 38 to 100 while the battery is completely restricted from being charged by
the grid. Case 5 has lower LCOE than the baseline case mainly due to lower initial and maintenance costs

with less battery cells. Case 6 achieves best economic performance with a saving of about 16780 $ in total

24



NPV and 0.046 $/kWh in LOCE. Case 7 has higher NPV and LCOE compared with the baseline case due
to a balanced optimization of the energy supply, battery storage, utility grid and whole system covering

technical, economic and environmental performances.

Table 8 Economic comparison of studied cases

Case 1 Case 2 Case 3 Case 4 Case5 Case6 Case 7
Case Existingin  Grid feed-  Supply  Storage Grid System  Overall
building inand TOU optimal  optimal optimal optimal  optimal
Initial cost NPV/1000$ 32.37 32.37 56.71 56.71 2844 1824 52.78
Maintenance cost NPV/1000$  4.70 4.70 6.78 6.78 4.36 3.49 6.44
Electricity bill NPV/1000$ 29.03 25.72 21.75 26.73 2742  33.10 22.07
Subsidy NPV/1000$ -3.37 -3.37 -3.37 -3.37 -3.37 -3.37 -3.37
FIT NPV/1000$ 0.00 -5.10 -3.87 -2.52~0.00 0.00 -5.52 -4.01
Total NPV/1000$ 62.72 54.31 77.99 84.32~86.84 56.85  45.94 73.91
Total NPV saving/1000$ -- 8.41 -15.27 -21.60~-24.12 5.87 16.78 -11.19
LCOE/$/kWh 0.170 0.147 0.211 0.228~0.235 0.154 0.124 0.200
LCOE saving/$/kWh - 0.023 -0.041 -0.058~-0.065 0.016  0.046 -0.030
CO2 emission CO2 emission change
Case 7
Case 6
Case 5
Case 4
Case 3
Case 2
Case 1
0 0.1 0.2 0.3 0.4 05

CO, emission/tCO,/year

Fig. 14 Comparison of CO, emission of studied cases

Fig. 14 compares the annual CO; emission of studied cases. The CO; emission in Case 1 and Case 5

is relatively high as the PV power is strictly restricted from feeding into the grid. Case 6 has the minimum

annual CO, emission because of a full permission on grid import power and less power loss in battery
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storage. The CO; emission in Case 7 is about 0.33 tCO>/year, which is much lower than that of the baseline
case (0.50 tCOx/year) by nearly 34.7%.

3.5. Post-optimization sensitivity analysis

In order to further quantify the impact of system design and management parameters on different
technical, environmental and economic performances of the PV-BES system, both local and global
sensitivity analyses are conducted as future design references for relevant stakeholders of on-grid RE-EES

systems in low-energy buildings.
3.5.1. Local sensitivity analysis

This part analyzes the sensitivity of optimization objectives by changing one design parameter at a
time while keeping the other two fixed. The optimization result of Case 7 with the battery cell number at
90, grid export limit at 5 kW and grid import limit at 80% of rated PV power is taken as the reference. Fig.
15 shows the impact of the battery number on optimization objectives, and the optimization objectives are
normalized for a clearer comparison. The battery cell number has a positive impact on SCR and LCR as
more PV power can be utilized with increased storage capacity. The system LCOE and CO, emission also
increase with the battery number due to a higher initial cost and higher battery charging loss. On the contrary,
cycling aging of the battery bank, STD of net grid power and exceeded load are reduced with the increasing

battery number and storage capacity.

—+—PV self-consumption STD(net grid power) CO2 emission
LCOE —¥—exceeded load —eo— battery aging
—+—oad cover ratio —=— PV efficiency

1 Py
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0.4

Nomalized value

0.2

0 10 20 30 40 50 60 70 80 90 100
Battery cell number

Fig. 15 Local sensitivity analysis of battery number on optimization objectives

Fig. 16 shows the impact of the grid export limit on normalized optimization objectives. LCR rises

with the increasing grid export limit as more grid power is accessible to charge the battery which can meet
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the load in return. Higher grid export limits also result in a higher battery cycling aging and CO, emission
while a lower SCR. Furthermore, the electricity bill is reduced due to an increased utilization of valley-
price electricity. And the variation of these four objectives gradually levels off because the power flow from
the battery bank to charge the load is directed after the PV supply. STD of net grid power shows a decreasing
trend at the beginning and an increasing trend later with the rising grid export limit. A minimum STD is

achieved when the limit is around 5 kW, which agrees well with the optimization result.

—+—PV self-consumption STD(net grid power) CO2 emission
LCOE —x—exceeded load —eo— battery aging
——Iload cover ratio ——PV efficiency

o o o
N o oo

Nomalized value

o
N

0 5 10 15 20 25 30
Grid export limit/kW

Fig. 16 Local sensitivity analysis of grid export limit on optimization objectives

Fig. 17 shows the impact of the grid import limit (ratio of rated PV power) on normalized optimization
objectives. The PV efficiency and STD of net grid power increase with the rising grid import limit as more
surplus PV power can be delivered into the grid. The CO, emission and LCOE decrease with more grid
import power because of the lower electricity bill and higher FIT. However, the grid import limit has a
relatively small influence on SCR, EXR, battery aging and LCR. The exact impact of optimization

parameters on these objectives is further explained by the global sensitivity analysis.

27



PV self-consumption STD(net grid power) CO2 emission

LCOE —x— exceeded load battery aging
—+—Iload cover ratio —— PV efficiency
' /

0.8
(5]
=
@
> 0.6
=}
g
§ 0.4
S = * * * = * -

0.2

0 0.2 0.4 0.6 0.8 1
Grid import limit

Fig. 17 Local sensitivity analysis of grid import limit on optimization objectives
3.5.2. Global sensitivity analysis

To further validate the local sensitivity results and quantify the exact contribution of each design
parameter, global sensitivity analyses based on FAST first-order indices [51] are conducted in this section.
Fig. 18 shows the major impact of three design parameters on eight optimization objectives concerning the
technical, economic and environmental performances of the PV-BES system. The grid export limit has the
major contribution of 50% to SCR variation, followed by the 23% contribution of the battery number. The
grid import limit is identified to be not significant to SCR variation, and interactions of these three
parameters account for 27% of the variation. Moreover, the grid export limit also accounts for 96% variation
of the exceeded load. The battery number contributes to the major variation in LCOE, LCR and battery
cycling aging for 95%, 83% and 77%, respectively. It can be found that the grid import limit has a major
impact of 96% on the PV efficiency and CO, emission. The variation of the net grid power standard
deviation is however comparatively evenly attributed to the grid import limit for 38%, the grid export limit
for 27% and the battery number for 12%. It can be indicated that these three optimized parameters are
significant to achieve a balanced optimum performance in technical, economic and environmental aspects
of the PV-BES system. A suitable design of the energy storage and management system should consider

both unique and interactive contributions from these parameters.
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Fig. 18 Global sensitivity analysis of the optimization study

4. Conclusions

This study proposed a novel energy management control algorithm for the PV-BES system for a
practical low-energy building in a typical hot summer and warm winter region of China. System design and
management parameters are then subject to both single-criterion and multi-criterion optimizations based on
the coupled TRNSYS and jEPlus+EA modeling platform with different decision-making approaches. The
sensitivity of technical, economic and environmental system performance indicators to these optimization
parameters are further investigated with robust local and global parametric analyses. Important conclusions

are drawn as follows:

(1) A novel energy management strategy is proposed to improve the current operation condition of the
PV-BES system without grid feed-in and time-of-use pricing (Case 1). The PV self-consumption and PV
efficiency can be increased by 4.5% and 48.6% by introducing the grid import and peak-valley electricity
pricing into the new control algorithm (Case 2). Battery cycling aging through the one-year operation can
be reduced by 63.5%. The electricity bill NPV during the 20-year service time is reduced by 3310 $ with
the 5100 $ income from the grid feed-in tariff, leading to the reduction of LCOE from 0.170 $/kWh to 0.147
$/kWh.

(2) Single-criterion optimization based design solutions are obtained for each performance criterion
with the weighted sum method. The PV self-consumption, PV efficiency and load cover ratio can reach
0.39, 0.50 and 0.85 respectively with the optimum energy supply performance in Case 3. The annual battery
cycling aging in the battery performance optimum case (Case 4) is about 0.027, and the battery SOH after

one-year operation can be prolonged from 94.2% in the baseline case to 99.5%. Battery aging is proved
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crucial in the energy management and battery calendar aging should be studied in the further work.
Remarkable impacts on relieving the utility grid can be achieved by setting the grid export limit and grid
import limit (Case 5), where the standard deviation of net grid power can be reduced by 9.3% compared
with the baseline case. The grid relief should therefore be considered in both design and operation stage of
renewable energy systems. Total NPV and LCOE can be reduced by 16780 $ and 0.046 $/kWh in the whole
system performance optimum case (Case 6), while the CO, emission can be reduced by 38.6% compared
with the existing case in the target building. Cost and environmental impacts are also proved to be important

in the energy management for a long-term operation.

(3) The optimum design configuration of the PV-BES system considering the simultaneous
optimization of the energy supply, battery storage, utility grid and whole system for the target building is
determined to be with 90 battery cells, a 5 kW grid export limit and 80% of rated PV power as the grid
import limit. The minimum distance to the utopia point method is proved to be efficient and robust in
determining the final optimum solution from the trade-off between different performance criteria.
Compared with the baseline case, the PV self-consumption and PV efficiency can be increased by 15.0%
and 48.6% respectively, while the standard deviation of net grid power, battery cycling aging and CO.
emission is reduced by 3.4%, 78.5% and 34.7% respectively. A balance between technical, environmental
and economic performance aspects has been achieved to deliver an overall optimum design and energy

management solution.

(4) Both local and global sensitivity analyses are conducted to further quantify the unique and
interactive impact of system design and management parameters on different performance indicators. The
grid export limit has the major contribution to the PV self-consumption and exceeded load variation. The
battery number contributes to the major variation in LCOE, load cover ratio and battery cycling aging. The
grid import limit has a major impact on the PV efficiency and CO; emission. And the variation of the net
grid power standard deviation is comparatively evenly attributed to these three optimization parameters.
Findings from post-optimization sensitivity analyses can provide important references for the system design

and management to further expand renewable energy applications in urban areas.

(5) Future work on RE-EES systems for power supply to low-energy buildings will be conducted
considering following items: the demand control to integrate the building load; the combination of the
photovoltaic-wind turbine hybrid generation and multi-energy storage technologies; scaling up the hybrid

RE-EES system in building communities.
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Nomenclature

Acronyms
BES: battery energy storage

EES: electrical energy storage

EFF: efficiency

EXL: exceeded load

FIT: feed-in tariff

LCOE: levelized cost of energy

LCR: load cover ratio

NPV: net present value

NSGA-II: Non-dominated sorting genetic algorithm
PV: photovoltaic

RE: renewable energy

SCR: self-consumption ratio

SOC: state of charge

SOH: state of health

STD: standard deviation

TOU: time-of-use pricing

List of symbols

agingo: initial battery aging

agingi: battery aging at the current time step
Batcnarge: available charge capacity of battery (kwWh)
Bataischarge: available discharge capacity of battery (kWh)
Batraeq: rated capacity of battery (kWh)

Ceom_initiat: iNitial cost of each component
Ceom_replacement: replacement cost of each component
Ceom_resiqual: residual cost of each component

Cele: grid electricity price ($/kWh)

Crie. grid FIT ($/kWh)

Chargemax: maximum charge rate of battery

Csub: Subsidy allowance for renewable energy generation ($/kWh)
d: discount rate

Dischargemax: maximum discharge rate of battery

Eele: annual electricity from grid (kwWh)
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Eqrid feed-in: feed-in electricity from PV panels into grid (kWh)

Epv generation: generated electricity from PV panels (kWh)

EqQuiitecycte: €quivalent life cycle number of battery

factorgrid emission: €mMission factor converting primary energy into carbon emission
fmai: fixed proportion of maintenance cost to the initial cost of each component
GE(Ppv, Pioad): PV power is not lower than building load

Gridexport: power export limit from utility grid (kW)

Gridimpore: grid import limit as a ratio of rated PV power

Gridopimar: Optimal case focusing on the performance of grid relief

i interest rate

lcom: lifetime of each component (year)

ietle: @annual increasing rate of grid electricity price

lsys: lifetime of the PV-BES system (year)

10SStransmission: transmission loss of electricity power

LT(Ppv, Pioad): PV power is lower than building load

Neom: NUMber of replacement times for each component during the system service lifetime
NPVeie: NPV of electricity bill ($)

NPVii: NPV of FIT ($)

NPVin: NPV of investment cost ($)

NPViny_com: investment cost of each component ($)

NPViny sys: investment cost of the PV-BES system ($)

NPVmai: NPV of maintenance cost ($)

NPVsu: NPV of subsidy allowance ($)

Pbat;: charging or discharging power throughout battery at the current time step (kW)
Pbatn: net power flow through battery (kW)

Phattery to load: POWer from battery to building load (kW)

Pyrid export: €xported power out of utility grid (kW)

Pgria import: imported power into utility grid (kW)

Pyrid to battery: power flow from utility grid to charge battery (kW)

Pgrid to 10ad: power flow from utility grid to meet load (kW)

Pioad: building load demand (kW)

Pev: generated power of PV panels (kW)

Pev 1o gria: feed-in power from PV generator to utility grid (kW)

Pev o 10ad: pOWer from PV generator to meet load (kW)
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step: simulation time step (h)

SOCo: initial battery state of charge

SOCmin: minimum state of charge of battery

SOC:: battery state of charge at time step i

Storageqpimar: Optimal case focusing on the performance of battery storage

Supplyopimar: Optimal case focusing on the performance of energy supply

Systemopimar: Optimal case focusing on the performance of system economic-environmental impact
Overalloyimar: Optimal case focusing on the overall performance of energy supply, battery storage, grid relief

and system economic-environmental impact
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