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Abstract: This article proposes a plan to replace real-time power with constant power from the grid
to reduce costs and reduce the impact of the micro-grid on the main grid at the same time. Most of
the peak electricity consumption periods of universities or some enterprise institutions are during
the daytime. If solar energy can be used reasonably at this time, it can provide a good guarantee of
peak power. In this study, a grid-linked solar-plus-storage micro-grid was used to supply power to a
university located in Okinawa, Japan. The non-dominated sorting genetic algorithm II (NSGA-II)
was used to optimize the model size, and the loss of power supply probability (LPSP), life cycle cost
(LCC), and waste of energy (WE) were taken as the optimization indicators. For this study, three
scenarios were considered where the first scheme (Case 1) was a comparison scheme, which used a
PV battery and real-time power from the infinity bus. Both the second and third cases used constant
power. While Case 2 used constant power throughout the year, Case 3 used daily constant power.
The optimal solutions for the power supply units were grouped into three cases where Case 1 was
found to be the most expensive one. It was found that the costs of Cases 2 and 3 were 62.8% and
63.3% less than Case 1. As a result, the waste of energy was found to be more significant than Case
1: 70 times and 60 times, respectively. On the contrary, Case 1 had 15.2% and 16.7% less carbon
emissions than Case 2 and Case 3, respectively. This article put forward the idea of constant power
supply growth at the financial markets, which breaks the traditional way in which the power supply
side follows the user’s consumption. While reducing costs, it reduces the impact on large-scale power
grids and can also ensure the reliability of campus microgrids.

Keywords: NSGA-II; multi-objective optimization; solar/battery/grid; microgrid; peak load shifting;
constant power supply

1. Introduction and Background

As the primary renewable energy sources, wind and solar energy systems already have
a high level of development and utilization. The sustainability of these hybrid renewable
energy or alternative energy power generation systems is very important [1]. In addition,
the flexibility in the power system is mainly undertaken by the energy storage system [2].
At the same time, renewable-based microgrids have seen enormous interest and are being
adopted for numerous infrastructures, which increases the power reliability along with the
main grid [3,4].
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The photovoltaic (PV) cell technologies, energy conversion efficiency, economic analy-
sis, energy policies, environmental impact, various applications, prospects, and progress
were comprehensively reviewed and presented by Hosenuzzaman et al. [5]. It was found
that PV is an easy way to capture solar energy, and as such, PV-based power generation
has also rapidly increased in the power system. However, since this mass introduction of
the PV system is carried out by considering sufficient system stability, energy storages are
indispensable for system stability. For example, they integrate renewable energy, adjust
peaks, enhance grid resilience, and support energy self-sufficiency [6,7]. Energy storage
systems’ (ESS) operation plays an essential role in transitioning the renewable energy
system into a sustainable power system.

Barbour et al. [8] illustrated that community energy storage has a number of advan-
tages over household storage, including decreasing the total amount of storage deployed,
decreasing surplus PV generation, which must be exported to the wider network, and sub-
sequently, increasing the self-sufficiency of local smart energy communities. There is
reason to believe that a larger community energy storage system will be better than many
independent small energy storage systems. There are many articles that have designed
storage/grid systems. The campus microgrid proposed by Bracco et al. [9] involved an
energy management scheme that minimized the cost while meeting the electrical and
thermal constraints. However, they did not mention the loss of power supply probability
(LPSP) and waste of energy (WE). Mohammad Masih Sediqi et al. [10] considered two
objectives, which were the minimization of the life cycle cost (LCC) and the maximization
of system LPSP. They used the genetic algorithm (GA) to find the optimal values of the
total area occupied by the PV array, the total swept area by the wind turbines, and the
number of batteries [10]. However, the article did not mention how to deal with wasted
power. The use of renewable energy inevitably results in the lossof some wind power or
some solar power. Moreover, this wasted energyis difficult to reuse because it is difficult to
predict, and the amount that can be used is less and unevenly distributed. In this article,
the wastedenergy was intensive, which could be easier to use.

Zhijia et al. [11] compared four typical hybrid energy systems (HESs), i.e., photovoltaic
and wind turbine, photovoltaic and diesel generator, wind turbine and diesel generator,
and photovoltaic, wind turbine, and diesel generator, based on a robust design method
concerning uncertainties for sizing HESs in ‘nearly /net-zero energy buildings (nZEBs)'.
The results showed that an nZEB designed with a photovoltaic system and a diesel genera-
tor would have robust performance. Masrur et al. [12] showed that the current diesel-based
system was not feasible for the people on a remote island of Bangladesh. In contrast,
the PV /wind/diesel/battery hybrid microgrid seemed to be the most feasible system.
However, diesel is a fossil fuel and harms the environment. Keifa et al. [13] designed
an optimum hybrid renewable power system that took into account various component
scheduling systems, PV modules, and solar tracking systems. However, they did not
consider the LPSP and WE of the proposed PV system. Howlader et al. [14] proposed to
optimize the operation of thermal power generation units and used pumped storage and
concentrated solar power to solve the duck curve problem caused by the large amount of
solar power that would be used in the future. However, there is a need for space in the
terrain due to the pumped storage. Depending on the geography of the environment, for
some islands, this is difficult to achieve. This is because of their small terrain and the lack
of freshwater resources, and the high corrosiveness of seawater would incur the high costs
of construction technology.

Song et al. [15] analyzed how to make full use of wind and solar energy power in a
stand-alone hybrid wind/PV system. The Monte Carlo algorithm was used to simulate the
weather, and the chaotic self-adaptive evolutionary algorithm (CSEA) was used to obtain
the optimal solution. The results showed that the wind and solar hybrid power supply
system had the least cost, followed by wind-only, and finally, the solar power-only supply
system. Mehrjerdi et al. [16] proposed a unified home energy management system that
combined renewableenergy and electric vehicles with the grid to provide energy for houses.
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Gamil et al. [17] proposed the optimal scale and planning strategy for a fully hybrid renewable
energy power system on remote islands in Japan. The system consisted of the combination of
photovoltaic (PV) power, a wind turbine generator (WG), a battery energy storage system
(BESS), a fuel cell (FC), a seawater electrolysis plant, and a hydrogen tank. Mixed-integer
linear programming (MILP) was used to optimize the size of the system components to reduce
the total system cost and maximize profit at the same time. However, due to the large changes
in wind speed in Okinawa, it was difficult to maximize the benefits of the wind turbines.

Recently, evolutionary optimization algorithms, especially NSGA 1I, have gained
prominence in the power system planning literature [18]. This paper also implemented
NSGA-II optimization to study the optimal allocation of power generation system capacity
and to determine the size of the battery, as well as the number of solar panels. At the same
time, it also compared the pros and cons of the three cases, to treat the future electric hybrid
system more objectively. The main contributions of this work are as follows:

1. Based on the actual power load of University of the Ryukyus’s Senbaru Campus and
the actual weather data in Okinawa, the optimal configuration of the combination of
constant power from the grid, solar power, and storage size was used. According to
the basic structure and characteristics of the solar/battery power generation system,
we established the photovoltaic power generation and battery storage models to pro-
vide a basis for the optimal configuration of system capacity. Moreover, an in-depth
analysis of the performance of the solar power generation system and a comprehen-
sive system evaluation were used. The evaluation system included three indicators:
loss of power supply probability, waste of energy, and total cost. This can evaluate
the performance of the solar hybrid power generation system from various aspects
such as system reliability and energy utilization. This article demonstrated a complete
design of an optimized microgrid system.

2. Using the University campus as an example, the article showed the optimized com-
bination of batteries, PV, and the grid that provided constant power, so that enter-
prises and institutions can reduce costs while eliminating the problem of peak power
consumption. While energy conservation and emission reduction have been advo-
cated, the amount of energy used every year is increasing [19]. When consumer
satisfaction remains the primary priority without paying attention to the supply
constraints, it is often difficult to reduce energy usage. Therefore, this article started
from the user side, first stipulating the required energy considering the actual data
and then allocating electricity demand. It avoided the traditional situation where the
power supplier follows the consumer. The constant power sales program proposed in
this paper provided a theoretical basis and practical reference for the stable operation
of the microgrid.

The remainder of the article is structured as follows: Section 2 analyzes the mathemat-
ical models of various equipment. Section 3 provides the evaluation criteria of this system
based on the electricity consumption of the University of Ryukyu in one year, formulating
the optimization conditions and the optimization goals. Section 4 provides the details of
the simulation results. Finally, Section 5 discusses the problems solved in this research and
puts forward the remaining problems.

2. System Modeling and Optimization Method

The capacity configuration of the solar power generation system has a direct impact on
the performance of the entire system. It is one of the critical contents of the system design.
The capacity allocation of the micro-grid must first establish the power generation model
of each power generation unit in the distributed power generation system. The actual data
need to be used to obtain the amount of electricity that each power generation unit can
reach. This section focuses on the analysis of two power supply units—photovoltaic panels
and batteries—and establishes a methodology for the power generated by each power
source to investigate the optimal configuration of the power generation system. Figure 1
shows the image of this PV system.
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Figure 1. The proposed micro-grid system model.

2.1. Photovoltaic Power Generation Model

The amount of PV power generation in a PV system depends on the solar radiance I,
the efficiency # of the PV module, and the quantity x; of the PV panels. It should be noted
that shadows will affect the layout of solar panels, and the area was constrained here.
Furthermore, the expanded floor area of each solar panel was considered, meaning there
was an upper limit on the number of solar panels. By changing the traditional arrangement,
the effective area can be greatly increased [20]. The M-shape refers to the solar panels
facing east and west, and the overall look appears as a wave. Here, we considered the
M-shaped arrangement method to arrange the PV array. According to the S-shaped array
and the M-shape shown in Figure 2, the required area of the S-shaped and M-shaped area
was calculated as follows. Formula (1) calculates the width of the gap. Formulas (2) and (3)
calculate the footprint of each solar panel.

D, =1L 1
a=Lox — @
S =W, x (Lycosb, + D,) (2)

M =W, x L,cos 0. 3)

where D, is the space between panels (m), L, is the width of the panels (m), 0, is tilt angle
of the panels (°), « is the solar altitude angle (°), W; is the length of the panels (m), and
S and M respectively represent the area (m?) of the two types [20].

The University of the Ryukyus Senbaru Campus has an area of 1,123,616 m?, and the
building area occupies 186,307 m? [21]. The building area here was used as a constraint
for the number of solar panels x;. Assuming the PV panels can be set on the roof of the
University of the Ryukyus, through calculation, the S-shape can be set to 6800 and the
M-shape to 12,000. The PV output power Py, can be derived from the following Formula (4):

Ppo(i) =n x L(i) x xy x M 4)

where Py, is the PV output power (kW), 7 is the photoelectric conversion efficiency (%),
I, is the solar radiation (kW/m?), and x; is the number of solar panels, which is one of the
optimal solutions we needed to find.
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Figure 2. Schematic diagram of S- and M-shaped PV arrangement [20]. (a) S-shaped PV arrangement
schematic; (b) M-shaped PV arrangement schematic.

2.2. Battery Storage Model

Due to the dual-function—the discharge function and the energy storing capability—
the batteries had a direct and important role in the stability of the power generation system.
Compared with a hybrid micro-grid that does not use batteries, a system that uses batteries
is more economical and reliable [22]. Here, the power generation P(i) from PV Py, (i) and
grid P (i) is given below in Formula (5).

P(i) = Pyo(i) 4 Py (i) ()

where P(i) is the total power available (kW), Py, is the power provided by PV (kW),
and Py (i) is the unknown quantity x3, which is the power pre-purchased from the grid
after the system is optimized (kW).

2.2.1. Charging

When the power generated by the hybrid system exceeds the power consumption of
the load, the remaining power will be stored in the battery, and the battery will enter the
charging state at this time. Here, the size of the battery x; is also the amount that needs to
be optimized. However, as over-discharge or over-charge will affect the battery life [23],
when the SOC of the battery is 80%, even if there is still excess power, the battery will
not continue to store energy, but the energy is consumed through the unloading circuit.
The calculation expression of the above process is as follows in Formula (6).

SOC(i) = SOC(i — 1) + PO-Loed(illxy, ©
SOC(i) = min{SOC(i), x2 x 80%}.
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2.2.2. Discharging

When the power generation of the micro-grid system is less than the power required
by the load, the battery will be used as a power source to supply power to the electrical
load. When all the electric energy stored in the battery is discharged, the battery stops
discharging, but the stored electric energy is 20% of the battery size x;. Surely, the system
would not have enough power support at this moment. The calculation expression of the
above process is as follows in Formula (7):

X2

SOC(i) = SOC(i — 1) + [PU=Load(@)]xy ”
SOC(i) = max{SOC(i), xp x 20%}.

3. Simulation Conditions

The Sustainable Development Goals (SDG) adopted by the United Nations (UN) in
September 2015 aim to achieve a better international society by solving global problems
such as environmental degradation and poverty. The University of the Ryukyus, the case
under study, sincerely agrees with these goals [24]. Therefore, the university seeks to
design a reliable and tailored power system adopting clean energy resources. The combi-
nation of a large grid system and a distributed power generation system is a well-known
approach to save the cost of investment, reduce energy consumption, and improve system
safety and flexibility. Moreover, using the grid to provide constant power and large-sized
battery banks makes the microgrid close to the stand-alone grid system. At the same time,
pre-purchasing constant power can reduce the prediction pressure on the power station.
The findings of this study can be of use to other institutions and universities in adopting
such a microgrid system.

The partial electrical load of the University of the Ryukyus in 2019 is shown in Figure 3.
The four months represent four quarters, although the seasons in Okinawa are variable.
Figure 4 shows the boxplot of the University of the Ryukyus’ electricity consumption
in 2019. First, the electricity consumption during workdays will be significantly higher
than on other days. Second, there is a big difference between winter and summer. There
were 16 days of peak load exceeding 2000 kW in May and 18 days of peak load exceeding
2000 kW in August. In February, the peak load was below 2000 kW, while in November,
six days had more than 2000 kW of peak load. Third, the main load is from 9 a.m. to 9 p.m.,
which matches very well with solar power with only 3—4 h of deficit, except for cloudy
or rainy days. Here, we considered the electricity commercial contract to provide fixed
electricity every day. The reason for using constant power here was to consider the startup
and shutdown of the peak-regulating generator at the power supply side. This will reduce
fuel waste and labor costs. In Japan, inexpensive high-voltage electricity can be purchased
from power companies, as mentioned by Tahara et al. [25]. Therefore, the electricity supply
is obtained from the grid, which is less expensive than the regular market.

A reasonable evaluation system was proposed for various configurations of the PV sys-
tem, which mainly included the following three indicators: loss of power supply probability
(LPSP), waste of energy (WE), and life cycle cost (LCC). Hence, it can quantitatively cal-
culate the system performance, and provides basic optimization goals for the optimal
configuration of the solar power generation system.
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3.1. Loss of Power Supply Probability

Reliability is the most basic requirement for power generation systems. The inter-
mittency and variability of solar radiation will directly affect the power generation of
the power generation system, which leads to reliability problems, which is particularly
important in the solar power generation system. Here, reliability refers to the ability of the
power generation system to provide continuous and sufficient power to the power load for
a long time. The commonly used reliability evaluation index is the annual LPSP, which is
defined as below. Formula (8) shows the total available power Pr. Formula (9) shows if the
supply meets 90% of the load in each hour (i). Formula (10) means the smaller the LPSP,
the more reliable the system.

Pr(i) = Ppo(i) + Py (i) + Ppas (i) 8)
O Pr(i) > Load(i) x 90%
LPS(i) = {1 Pr(i) < Load(i) x 90% ©)
N
LPS(i)
=
LPSP ==L —— (10)

3.2. Waste of Energy

Due to factors such as the natural characteristics of solar energy, power generation
cannot be guaranteed to be reasonable. It is necessary to evaluate the system’s ability to use
renewable energy to improve the energy utilization rate of the power generation system.
Therefore, this paper put forward the evaluation index of the WE to evaluate the energy
utilization capacity of the system. It is defined as the unused electrical energy of the system
during the whole year of operation divided by the total electrical energy generated by the
system. The smaller the value, the higher the utilization rate of the system for renewable
energy and the less energy wasted. The basic calculation process of WE is as Formula (11).
Formula (12) adds up the amount of electricity each hour when the power support part
exceeds the load.

o Pr(i) < Load(i)
WE(i) = {Pf(i) — Load (i) Pr(i) > Load (i) .
WE = 3 WE(i) (12

i=1

3.3. Life Cycle Cost

The construction of any system must consider the cost input. For a solar power genera-
tion system, its cost is mainly composed of three parts: one-time investment cost, operation
and maintenance cost, and component replacement cost. The one-time investment cost
refers to the total purchase expenditure of all components in the system for the first time
(Cunit), which is mainly composed of the purchase cost of the three main power generation
units in the power generation system. The operation and maintenance cost (Cops) includes
mostly the yearly maintenance cost of each component in the system. The replacement cost
(Crep) is for the components that need to be replaced due to a short life span. They satisfy
the following relationship, as shown in Formula (13).

LCC = Cypit + Com + Crep (13)
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In order to consider the three necessary investment costs mentioned above and reduce
the complexity of the cost calculation function used as much as possible, this article used a
comprehensive cost function to calculate the system investment cost, which is defined as
follows in Formula (14).

Cunit = x1 X Cpo + X2 X Cpar + 23 X Cypig (14)

The PV operating and maintenance cost is shown as Formula (15).

1 /14y \ /e
COM:xl XCPZ;X Z (1+ pv) (15)
jpo=1 Opo

The price of the battery replacement cost is defined as the following Formula (16)
(adding or replacing new batteries every five years).

1 + u jhut
Crep = x2 X Cyg X Z (Hbat) (16)
jba=5,10,15 Ubat

where Cy, is the unit price of the photovoltaic panel, Cp,; the unit price of the battery
(kWh/JPY), Cgyig the electricity price (kWh/]JPY), x; the number of PV panels, x; the size
of the battery (kWh), x3 the pre-purchased power (kWh), u the annual growth rate of
replacement, v the interest rate, and j is life span of the battery or system [10].

The price of PV and battery modules are given in Table 1.

Table 1. Price of units.

Index Unit Price Life Span
PV 10,000 (JPY/Module) 20 (Year)
Battery 15,000 JPY/kWh) 5 (Year)

3.4. Optimization Goals and Constraints

Since solar power generation cannot provide the whole daily power demand of the
campus, it is necessary to purchase electricity from the grid. This study developed and
compared three cases. First, real-time electricity would be imported directly from the grid.
Here, the price of the electricity company was set at 20 JPY/kWh. Second, the price for one
year of pre-purchased constant power from the power company was set at 15 JPY/kWh
(%th of the original price). Third, the daily pre-purchased constant electricity price from
the power company was also set at 15 JPY/kWh. However, in order to reduce power
consumption as much as possible, when the purchased electricity exceeds 1000 kW /h,
the price will be increased to 20 JPY/kWh, as shown in Formula (17). The carbon emission
coefficient was defined as 0.769 kg/kWh [26].

15 x3, x3 < 1000 kWh/h
Corid = 20 x3—1000, x3 <1500 kWh/h (17)
25 x3—1500, x3 <2000 kWh/h

Hence, continuous and stable high-voltage electricity from the grid was purchased
here. The main differences between the three cases are as follows.

3.4.1. Case 1

Obtain real-time power from the grid: Object; here was to find solutions that satisfy
the Pareto front of WE and LCC, as shown in Formula (18).

Object; = f1(x1,x2) (18)
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Object; = min(WE, LCC)

o 0 <x < 1000
0 < xp <12,000

3.4.2. Case 2

Pre-purchase one year of constant power x3: Object; here was to find solutions that
satisfy the Pareto front of WE, LCC, and LSPS, as shown in Formula (19).

Objecty = fa(x1,x2,%3) (19)

Object, = min(LSPS, WE, LCC)
0<x; < 1000
st {0<x< 12,000
1000 < x5 < 1500

3.4.3. Case 3

Pre-order daily constant power X: This is the same objective as Case 2 as shown in
Formula (20). Specifically, Formula (21) was used in Case 3 as a reference indicator for the
daily power required.

Objecty = fa(x1,x2, X) (20)

Object, = min(LPSP, WE, LCC)
0 < x; < 1000
s.t. 0<x, < 12,000
X € (perH £ 50)

Y24, (Load(i) — PV (i))
24
The total daily electricity consumption minus the electricity generated by PV was used
to calculate the average electricity consumption during the day. Figure 5 shows the result of
the calculated value perH. Figure 6 is an example without the X € (perH =+ 50) range.

perH =

(21)

2400

perH

2200 1
— 2000 [ 1
=z
=,
T 1800
£ W
3 1600 1
5
Z 1400
[=W
=
S 1200
o
E
(5]
1000
5}
=
< 800

600

400 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

1 33 66 99 133 166 199 233 266 300 333 365

Day in 2019 d

Figure 5. Average power required per hour per day.
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4. Simulation Results and Discussion

From the perspective of the development trend of electric vehicles, in the future work,
combined with the following results, It is believe that if the orderly charging and discharg-
ing of electric vehicles is considered in the campus microgrid, the feasibility of this scheme
will be higher.

In Case 1, when selecting the Pareto solution, the best solution was selected, that
is the solution that stood out from the curve. In Cases 2 and 3, we followed the same
selection method as Case 1, but three comparisons were required. After each comparison
was determined, the solutions that were not optimized enough were excluded, and the
next round of comparisons was performed.

Non-dominated Solutions (F | )

x10°

[ N - e
S S T o
* g
K
A

b
o]
/

*% o

3" Waste of Energy [kWh]
th
o

= 10°

2" Cost [Yen] | T
15! Loss of Energy [%]

Figure 6. Failed Pareto front of Case 3.

4.1. Case 1

Figure 7a shows the Pareto front between the electricity bill and wasted energy
and diagrams of the power generation and power consumption in February (b), May (c),
August (e), November (f), and the whole year (d). It can be found from Pareto front that the
electricity cost was about 3.90 x 10° JPY and the energy wasted was 22,847 kW. The number
of solar panels and the size of the battery are shown in Table 2. The green part in the
figure is the power obtained from the grid. The red part is the energy stored in the battery.
The magenta part is the solar energy, due to the large number of solar panels, which was
also greatly affected by sun radiation. This part of the electrical energy can competently
cope with the peak power consumption of universities. However, even energy waste
caused by intense radiation. In this simulation, the red part in the figure would appear a
bit redundant. Due to this case considering that a steady stream of electric energy can be
obtained from the grid, the battery can only collect the occasional excess energy.

Table 2. Solution of Case 1.

Case 1 Battery (kWh) PV (Module)
Solution 68 11,736
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Figure 7. Pareto front and simulation results of Case 1. (a) Pareto front of Case 1; (b) Simulation result of February; (c) Simulation result of May; (d) Simulation result of the whole year;
(e) Simulation result of August; (f) Simulation result of November.



Energies 2021, 14, 2853

13 of 20

4.2. Case 2

Figure 8 shows the Pareto relationship between lost energy, cost, and wasted energy.
Here, we used a solution that costs 2.45 x 10° JPY. Among these, the battery size was
796 kW; the usage of the solar panels was 10,636 kW; and the constant electric energy for
every hour was 1270 kW, as shown in Table 3. Here, we use the LPSP as the reference
standard for this power operation plan. When it was less than 0.05%, we considered the
solutions to be reliable. Compared with Case 1, using this solution would waste more
energy, and it was also challenging to obtain 100% real-time power support and lower
costs. From another perspective, this wasted energy can be regarded as having potential
value waiting to be developed.

Table 3. Solution of Case 2.

Case 2 Battery (kWh) PV (Module) Grid (kWh)
Solution 796 10,636 1270
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Figure 8. Pareto front results of Case 2. (a) 3D Pareto front; (b) Pareto front with LCC and WE;
(c) Pareto front with LSPS and LCC; (d) Pareto front with LSPS and WE.

Figure 9 shows the battery SOC for the four seasons. There were many periods
when the battery was fully charged or discharged such as: 20-28 February; 1-5 May;
10-15 August; 2-5 November. This shows that the battery was not fully utilized here.
Although this can protect the battery, the article considered the cost of replacing the battery
once every five years as in Formula (16). Therefore, a third option was proposed in Case 3.
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Figure 9. SOC of Case 2 for 4 months.

Figure 10 shows the corresponding power generation and power usage in the four
seasons, the whole year, and one year of the SOC of the battery bank. The green part is
the constant electricity obtained from the grid. Although green occupies a large part, it is
difficult to solve these issues. It can be found from the figure that the magenta part protects
the peak power of the campus. However, the problem is that this part of the electricity is
difficult to consume during the other days. Corresponding to this are the red parts, which
represent wasted energy. It can also be found in the figure that in summer, energy waste
is less than in spring. From the 50th day to the 100th day, the battery can be regarded as
unused. Here, dividing power purchases into summer and spring categories will give
better results.
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Figure 10. Simulation result of Case 2. (a) Simulation result of February; (b) Simulation result of May; (c) Simulation result of the whole year; (d) Simulation result of Augus; (e) Simulation
result of November; (f) Simulation result of the whole year’s SOC.
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4.3. Case 3

Figure 11 is the difference between the purchased power X and the average power
required per hour per day, as shown in Figure 5.
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<

Figure 11. The disparity between the purchased power and the average daily power needed.

Figure 12 gives the Pareto solutions of Case 3. The selected solution is shown in
Table 4. Because all the LPSPs in this Pareto front were less than 0.5%, we chose the one
with the lowest cost. Figure 12c shows the comparison of Case 2 (Figure 10) and Case 3
(Figure 14), showing that the red part in the Case 3 scheme is more stable. This shows that
the energy of Case 3 can be more easily used.
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Figure 12. Pareto front results of Case 3. (a) 3D Pareto front; (b) Pareto front with LCC and WE;
(c) Pareto front with LSPS and LCC; (d) Pareto front with LSPS and WE.
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Table 4. Solution of Case 3.

Case 3 Battery (kWh) PV (Module) Grid (kWh)
Solution 591 11,320 X

Figure 13 shows that the battery had a relatively high number of charge and discharge
times and was used often. Figure 14 shows the same items as Figure 10, but in comparison,
the line density in Figure 14 shows more regularity. It also shows that the feasibility of
Case 3 is higher.
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Figure 13. SOC of Case 3 for 4 months.

The results of the three cases are shown in Table 5. From the results, it can be found
that the cost would be greatly reduced for Cases 2 and 3 compared to Case 1. From the
perspective of carbon emissions and wasted energy, Case 2 obtained less power from the
grid than Case 3, but it wasted more electricity. It can be seen that the main waste was
the electricity generated by PV. If this part of the energy can be converted into heat and
stored, this would lower the LPSP. The electrical energy of Case 3 was more useful for
electric vehicle charging stations, especially in places similar to Okinawa where car usage
is important.

Table 5. Comparison of the three cases.

Indicator Case 1 Case 2 Case 3
LPSP [%] / 0.0472 0.0038
WE [kWHh] 2.28 x 10* 1.60 x 10° 1.36 x 10°
LCC [JPY] 3.90 x 10° 2.45 x 10° 2.47 x 10°

CO, [tCOy) 1.45 x 10° 1.71 x 10° 1.74 x 10°
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Figure 14. Simulation result of Case 3. (a) Simulation result of February; (b) Simulation result of May; (c) Simulation result of the whole year; (d) Simulation result of August; (e) Simulation
result of November; (f) Simulation result of the whole year’s SOC.
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5. Conclusions

This paper used NSGA-II optimization to optimize the power supply system under
three conditions. According to the findings, purchasing one year of constant power was
less expensive, and the wasted energy in Case 3 was more reusable. The original intention
of this paper was to design a power supply system that used clean energy as much as
possible for the University, which would reduce dependence on the grid. In these three
cases, the carbon emissions of Case 1 were the smallest followed by Case 2 and Case 3;
but their effects on grid stability were very different. The simulation in the article was
reliable under the guarantee of the LPSP (under 0.05%). Moreover, in terms of wasted
energy and the cost of energy, Cases 2 and 3 were obviously different from Case 1. This
showed that the pre-purchasing of constant fixed power was more favorable than the
general electricity grid connection for universities or some enterprise institutions that use
electricity during the day.
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Abbreviations

The following abbreviations are used in this manuscript:

PV Photovoltaic

NSGA-II  Non-dominated sorting genetic algorithm II
LPSP Loss of power supply probability

LCC Life cycle cost

WE Waste of energy

ESS Energy storage systems

GA Genetic algorithm

HESs Hybrid energy systems

nZEB Nearly/net-zero energy buildings

CSEA Chaotic self-adaptive evolutionary algorithm
WG Wind turbine

BESS Battery energy storage system

FC Fuel cell

MILP Mixed-integer linear programming

SOC State of charge

SDG Sustainable Development Goals

UN United Nations
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