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Abstract

The capacity configuration of the standalone wind—solar—storage complementary power generation system (SWS system) is
affected by environmental, climate condition, load and other stochastic factors. This makes the capacity configuration of the
SWS system problematic when the capacity configuration method of traditional power generation is used. An optimal configu-
ration method of the SWS system based on the hybrid genetic algorithm and particle swarm optimization (GA-PSO) algorithm
is proposed in this study to improve the stability and economy of the SWS system. The constituent elements of investment,
maintenance cost and various reliability constraints of the SWS system were also discussed. The optimal configuration of the
SWS system based on GA-PSO was explored to achieve the optimization objective, which was to minimize investment and
maintenance costs of the SWS system while maintaining power supply reliability. The investment and maintenance costs of
the SWS system under different configuration methods were calculated and analyzed on the bases of the monthly mean wind
speed, solar radiation and load data of Xiaoertai Village in Zhangbei County of Hebei Province in the last 10 years. Results
show that the optimal configuration method based on the GA-PSO algorithm could effectively improve the economy of the
system and meet the requirements of system stability. The proposed method shows great potential for guiding the optimal

configuration of the SWS system in remote areas.

Keywords: wind-solar-storage complementary, optimal configuration, hybrid genetic algorithm and particle swarm
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1. Introduction

Energy and environmental issues have become an urgent
problem with the development of the social economy. This
has provided great impetus for a switch away from fossil en-
ergy to clean energy for power generation purposes. Among
the many renewable energy options, wind and solar ener-
gies have been utilized on a large scale because of their
widespread availability and mature technology. The stan-
dalone wind—solar—storage complementary power genera-
tion system (the SWS system) has become a means to pro-
vide electricity and solve local power shortage in remote ar-
eas where power resources are scarce [1].

Traditional energy configuration methods cannot meet the
configuration requirements of the SWS system owing to the
intermittent, random and fluctuating characteristics of wind
and photovoltaic powers [2]. Some SWS systems have in-
creased the configuration proportion of their energy stor-
age capacity to overcome the instability of wind and pho-

tovoltaic power supply and ensure power supply reliability.
The increased proportion of energy storage capacity also in-
creases the cost of the SWS system. In addition, the life
span of energy storage devices is limited and maintenance
is difficult, thereby further increasing the cost of the SWS
system. Therefore, reducing the cost of SWS system con-
struction and maintenance through rational configuration of
system capacity has become the study focus in this field.
Accordingly, researchers worldwide have studied the reli-
ability constraints, optimization objectives and optimal con-
figuration algorithms of the SWS system [3-5]. However,
the optimal configuration of the SWS system is affected by
numerous factors, such as the environment, climate and
load. Current optimal configuration algorithms cannot eas-
ily meet the requirements of the SWS system due to the
multi-objective, multi-variable and non-linear nature of their
configuration problem. Therefore, an optimal configuration
algorithm that is stable and economical should be explored
urgently to maintain the reliability of the SWS system power
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supply.

For this reason, the the SWS system configuration was
optimized using the genetic algorithm and particle swarm
optimization (GA-PSO) algorithm to maintain the reliability of
the power supply with minimum investment and maintenance
costs. The optimal configuration methods of various SWS
systems were calculated and analyzed to provide technical
support for the design and implementation of the optimized
SWS system.

2. State of the art

Researchers globally have conducted studies in the field
of optimal configuration and have amassed a certain body
of results. Abbassi et al. used a statistical method to study
the capacity configuration of mixed energy storage devices in
the SWS system and found that the peak power caused by
the load can be effectively eliminated by reasonably allocat-
ing the super-capacitor and battery capacity of mixed energy
storage devices. However, the overall capacity configuration
of the SWS system was not studied [6, 7]. Gutierrez et al.
studied the distribution and complementary characteristics of
wind and solar resources and provided technical support for
the collaborative construction of wind and solar power sta-
tions. However, the optimal configuration of wind and solar
power station capacity was not discussed [8, 9]. Nguyen et
al. proposed an optimal capacity allocation method for bat-
teries and hydrogen systems to optimize the power gener-
ation cost of a system, although the results are only suit-
able for areas with abundant hydrogen resources [10]. Chat-
topadhyay et al. studied the optimal allocation of large scale
grid-connected wind and photovoltaic powers, although they
did not consider optimal allocation in terms of the SWS sys-
tem [11, 12].

Zhu et al. studied the optimal configuration of storage
battery capacity to create a continuous power supply in a
standalone wind—solar—storage micro-grid system, although
they did not consider the economy of this standalone sys-
tem [13]. Xu et al. studied the optimal configuration of the
SWS system in terms of power supply reliability, but the in-
vestment and maintenance cost of system was not consid-
ered [14]. MA et al. used particle swarm optimization (PSO)
to optimize the configuration of a wind—solar pumped stor-
age desalination system in an island-isolated network, but
the study results are only applicable to areas with pumped
storage power stations [15, 16].

The multi-energy independent power supply system has
been the subject of various studies. Olatomiwa et al. stud-
ied the optimal configuration of this system in rural clinics
from the perspective of power supply reliability, but invest-
ment and maintenance costs were excluded [17]. Ahadi
et al. studied the optimal allocation of a wind-solar-diesel
standalone power supply in terms of economy and stabil-
ity, but the optimization performance should be further im-
proved [18]. Haidar et al. made a comprehensive analysis of
the optimal configuration of a hybrid wind-photovoltaic power

generation system, but without a specific optimization strat-
egy [19]. Igbal et al. used economic operation and carbon
emissions as optimization indicators to simulate and analyze
the optimal operation of a micro-grid, but they did not con-
sider the stability and economy of the system [20-22].

The optimal configuration of multi-energy complementary
power generation systems in different application forms has
been studied. However, only a few studies have ana-
lyzed the optimal configuration of the SWS system, partic-
ularly considering such comprehensive factors as construc-
tion cost, maintenance cost and system power supply relia-
bility. Therefore, the present study proposed an optimal con-
figuration method of the SWS system based on the GA-PSO
algorithm to provide a reliable standalone power supply in
remote areas. The constituent elements of the investment
and maintenance costs of the SWS system and various re-
liability constraints of the system were studied. The optimal
configuration of the SWS system was studied by using mini-
mum investment and maintenance costs of the SWS system
as optimization objectives and the GA-PSO algorithm as the
optimization algorithm. The investment costs under different
configuration methods were calculated and analyzed.

The next sections of this paper are organized as follows:
Section 3 constructs the objective function and reliability con-
straints of the SWS system and proposes the optimal con-
figuration method of the SWS system on the basis of the
GA-PSO algorithm. Section 4 presents a case to verify the
optimal configuration method proposed in this study, then an-
alyzes and discusses the results. Section 5 sets out the con-
clusions.

3. Methodology

3.1. Objective Function

Reliability and economy are key indicators for evaluating
the SWS system. Therefore, the investment and mainte-
nance cost of the SWS system was deemed as an optimiza-
tion objective.

(1) Initial investment cost of the system. The initial invest-
ment cost is as follows:

T

T
Cic = 7— (Ow X Cunit,w) + =— (Qpv X Cunit pv)
Tw Tpy

T
+ T (OBat X Cunit Bat) + @ (Ow X Cunit, w) (1)
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where T is the time in which the system can be recycled;
Tw, OQw and Cy,;;w are the use time of the wind power sys-
tem, system capacity, and capacity cost, respectively, of a
single wind turbine; Tpy, Qpy and C,,;, py are the use time
of the photovoltaic system, system capacity and capacity
cost, respectively, of a single photovoltaic generation sys-
tem; Tgar, Opar and C,ir par are the battery life, system ca-
pacity and capacity cost of a single battery, respectively; a is
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the construction and installation price coefficient of the pho-
tovoltaic generation system; and g is the construction and
installation price coefficient of a wind turbine.

(2) System operation and maintenance cost. The operation
and maintenance cost (Cpsa) mainly refers to the cost of
maintaining equipment during operation of the SWS system.
The calculation formula is as follows:

N
CosMm = Z

i=1 j

Ul
—_

C;;TH; (2)

where C; ; is the single unit capacity of a certain type of
generation equipment and T H; is the maintenance cost per
unit capacity of the i-th type equipment. This study does not
consider the maintenance cost of the battery.

(3) Objective function construction. With regard to the initial
investment, operation, and maintenance costs of the system,
the optimization objective function is as follows:

(Cic + Cogu) X CRF

ST Egen(r)
where CRF is the capital recovery rate; LCE is the lev-
elized cost of energy, i.e., all the costs of power generation
system are converted into cash; and E,,, is the power gen-
erated by the power generation system within a unit hour.

LCEC¥/kWh) =

@)

3.2. Reliability Constraints

System reliability constraints can be described by the ex-
pected energy not supplied (EENS) and energy index relia-
bility (EIR).

(1) Expected energy not supplied. The calculation formula
of EENS in the SWS system is as follows:

N
EENS = Z E; X P; (4)

i=1
where P; represents the probability of the i-th capacity
case, E; is the amount of charge that the load cannot satisfy,
and N is the number of types of different capacities. EENS
indicates that the electric energy generated by the power
generation system is less than the electric energy required
by the user. Thus, the EENS value should be considerably

reduced during system design.

(2) Power supply reliability. The calculation formula of EIR is
as follows:
E; Wy, + Wwr;

EIR,=1- — = (5)
L.i Ep;

where E| ; is the total amount of electricity required by the

load in the i-th month, Wpy; is the photovoltaic capacity in the

i-th month, and Wy, is the wind power capacity in the i-th

month. When designing the system, the EIR value should

not be under 0.9.

(3) Additional power supply rate of system

In addition, the generator set may provide power in excess
of load demand. The excess power (AP) can be calculated
as follows:

12 12 12
AP = Z Wpy.i + Z Wwr, — Z EL; (6)
i=1 i=1 i=1

The system’s additional power supply rate (RAP) can be
calculated as follows:

12
RAP = AP/ Z EL: 7)
i=1
A low RAP value indicates a very economical system de-
sign.

3.3. System Optimization Configuration Based on the GA-
PSO Algorithm

The basic idea of the hybrid GA-PSO algorithm is to intro-
duce the selection mechanism and crossover mechanism of
a genetic algorithm (GA) into the PSO. After each PSO iter-
ation, the particles to be crossed are selected with a certain
probability and placed in the hybridization pool. The parti-
cles in the hybridization pool are randomly combined to pro-
duce offspring particles that will be used to replace the par-
ent particles. Thus, the generated descendant particles in-
herit the advantages of parent particles and the search abil-
ity of particles is strengthened at the same time. The GA-
PSO algorithm overcomes the problem of the traditional PSO
algorithm—which readily falls into the local optimum—and im-
proves the global searching ability of the PSO algorithm.

Therefore, the GA-PSO algorithm was used in this study
to realize the optimal configuration of the SWS system. The
specific steps are as follows.

Step 1: Input historical weather data

Input the meteorological data observed by the weather
station for nearly 10 years, then calculate the monthly mean
wind speed and the monthly average solar radiation amount
accordingly. In the absence of wind power and photovoltaic
power, the battery capacity is determined to be the sum of a
three-day load demand.

Step 2: Determine algorithm parameters

Randomly generate a population containing M particles.
Initialize the particles, i.e., initialize the initial value of PV and
wind power capacity to PPV0O and PWTO, respectively. At-
tribute a a random speed to each particle and set the step
size of wind power and photovoltaic capacity variation. The
number of iterations is set as N.

Step 3: Update particle speed and position

According to Egs. (8) and (9), update the velocity and
position of particles. Thereafter, calculate the values of pho-
tovoltaic and wind power capacity as follows:

K+l _ ok k k k
Vi = wv; e (prest’i - xl-> +cory (xgbest - xl-) (8)
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Xt = o e Q) e

where vf.‘ is the k-th iteration velocity of the particle i(i =
1,2,...,M), xf.‘ is the k-th iteration position of the particle i,

xjjhest’i is the optimal position of particle i at the k-th iteration,

X';m is the optimal position of the group at the k-th iteration,
w is the inertia weight, ¢; and ¢, are the learning factors, and
r; and r, are the random numbers between [0—1].

Step 4: Particle crossing and mutation calculation

After updating the position of particles, select some parti-
cles as the population for cross-genetic calculation. Assume

that there are parents X, and X, as follows:

Step 3

Xi = (X1, 2 X 5 X1ny)
(10)
X = (X1, 2 X0is 5 X2m;)
. Stop charge Stop discharge
According to Eq. (11), the two parents are crossed as C=Can C=Crin
follows: v v
Power shortage time Ealculate power
- Epps=0 shortage time Ejps
X =X + (1 - DX, (11) = ! =
Xo = AX; + (1 = DX, No (> 8760
e e ‘
. . . No
where 1 is a random number in the interval [0—1]. \
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Step 5: Calculate the particle fitness value and constraints :
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ticles according to the objective function. Determine the fit-
ness value of particles according to the particle investment
and maintenance costs and sort the particles according to
the fitness value. Determine whether the particles satisfy 1

the constraint. If the constraint is satisfied and the number | Economic analysis of the system |

of particle iterations has been completed, then the optimal R ]
PV and wind power installed capacity and the corresponding “

costs are output. If the constraint is not met, or the maximum

number of iterations is not reached, then proceed to Step 3.
The overall flow chart of GA-PSO is shown in Fig. 1.

Yes

| Output the optimal solution of system optimization |

Figure 1: Flowchart of the algorithm

4. Result analysis and discussion w

Xiaoertai Village in Zhangbei County of Hebei Province M
was chosen as the calculation object where the correctness
of the proposed algorithm will be verified. This region has ex-
tensive wind and solar energy resources and is distant from
urban areas. In addition, Xiaoertai Village only has a few,
relatively stable load types and lacks large-scale power en-
terprises. Therefore, this region is well-suited to construction
of the SWS system. Fig. 2 shows the monthly average load
for the past 10 years in the region. Month

Fig. 3 shows the monthly average solar peak radiation
hours and the monthly average wind speeds of meteorologi- Figure 2: Monthly average load power
cal data for the past 10 years in Xiaoertai Village.

Three configuration methods were calculated and ana-
lyzed to ensure that the power supply reliability is above 0.9. (1) Only considering wind power, use the wind resource

Power (kWh)
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Figure 3: Monthly average solar peak radiation hours and monthly average
wind speeds

data of the year to determine the annual power generation of
wind power system and configure wind power capacity.

(2) Only considering photovoltaic power, use the solar ra-
diation energy of the year to determine the annual power
generation of photovoltaic array and configure photovoltaic
power capacity.

(3) Simultaneously considering wind power and photo-
voltaic, an optimization model of the SWS system was es-
tablished based on the annual load curve of the system. The
wind and photovoltaic capacities were optimized by the GA-
PSO algorithm to determine the optimal capacity configura-
tion.

In the three configurations, battery capacity is directly de-
termined according to the sum of three days of load. In this
study, the largest three-day load, which was 25 kW, was se-
lected as the battery capacity.

Table 4 shows the investment and maintenance costs for
the three configurations, where PV, WT, and PV+WT are
the investment and maintenance cost of photovoltaic power,
wind power, and combined wind and photovoltaic powers,
respectively.

Table 1: Investment costs in three configurations
Cost and capacity PV+WT PV WT

Total cost (Ten thousand RMB) 27.55 40.8 113.85
Photovoltaic capacity (kW) 26 51 0
Wind power capacity (kW) 15 0 253

The power outputs of the wind power and photovoltaic
power after optimization are shown in Fig. 4.

The monthly average net load shown in Fig. 5 was ob-
tained by subtracting the monthly average load from the sum
of the monthly average wind power output and photovoltaic
power output. Fig. 5 shows that the optimized wind and pho-
tovoltaic power can meet load demand except in January,
August, and December. For those three months, the sum of
wind and photovoltaic outputs is less than the load because
the monthly average solar peak radiation hours and monthly
average wind speeds are too low.

140

120

100

80

power(kWh)

month

Figure 4: Power output and load levels after optimization

Net load power (kWh)

Month

Figure 5: Monthly average value of net load

Table 2 shows the calculation results of power supply relia-
bility and additional power supply rate for the optimized SWS
system in the years 2012-2015. The annual reliability rate of
the power supply is approximately 0.9, which satisfies sys-
tem requirements. In addition, the system’s additional power
supply rate is between 50% and 80%, thereby ensuring safe
and stable operation of the system.

Table 3 shows the optimal configuration results of the PSO
algorithm and GA-PSO algorithm.

Table 3 shows that the configuration capacity of wind tur-
bines is the same under the two optimization algorithms, but
the optimized photovoltaic capacity based on the GA-PSO
algorithm is lower than that of the PSO algorithm. Therefore,
the overall investment cost of the GA-PSO algorithm is less
than that of the PSO algorithm.

Table 2: Power supply reliability and additional power generation 2012-2015

Year EIR RAP
2012 92.8% 78.96%
2013 89.68% 60.72%
2014 87.52% 47.04%
2015 91.84% 60.7%
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7
Table 3: Optimization configuration results of PSO and GA-PSO [7]

Algorithm PV Capacity (kW) Wind Total cost (Ten
Capacity (kW) thousand RMB)
PSO 30 15 30.75
GA-PSO 26 15 27.55 [8]

5. Conclusion
[0l

This study addresses the issue of optimal configuration of
the SWS system. The optimization objective was to minimize
investment and maintenance costs of the system. The ex-
pected energy not supplied and energy reliability index were
considered as system reliability constraints. The GA-PSO al-
gorithm was then used to calculate and analyze the optimal
configuration of the SWS system. The conclusions are as
follows.

(1) The GA-PSO algorithm can effectively complete the
optimal configuration calculation of the SWS system, and the
optimization results of the GA-PSO algorithm are better than
those of the PSO algorithm.

(2) The optimized configuration of the SWS system is
more economical and meets the requirements of power sup-
ply reliability.

This study proposed an optimal configuration method fully
considering the economy and security of system of the SWS
system based on the GA-PSO algorithm. The correctness
of the proposed method was verified by an actual example.
The study results play a positive role in promoting use of the
SWS system.
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