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1 | INTRODUCTION

In the last 20 years, global wind power and photovoltaic
(PV) power installed capacity increased from 7.64 to

| Weihao Hu' | Di Cao' | Wen Liu? | Zhe Chen® | Henrik Lund*

Summary

For a remote area or an isolated island, where the grid has not extended, a
standalone hybrid energy system can provide cheap and adequate power for
local users. However, with the development of society, the load demand will
increase and the original system cannot completely meet the load demand.
This situation occurs in Xiaojin, Sichuan, China. The existing photovoltaic-
pumped hydro storage (PV-PHS) hybrid system in this area as the original sys-
tem cannot completely meet the load requirements at present. The term
“repowering” aims to maximize the reliability of power supply and the utiliza-
tion of the PV-PHS hybrid energy system that differs from traditional planning
optimization to build all components. The repowering strategy is to integrate
wind turbines (WTs) and battery into the original system. For the repowering
system, a power management strategy is proposed to determine the operating
modes of the PHS and battery. Three objectives, which are minimizing percent-
age of the demand not supplied, levelized cost of energy, and curtailment rate
of renewable energy, are considered in the optimization model. Simulation is
conducted by single-objective, biobjective, and triobjective particle swarm opti-
mization (PSO) techniques. For the single-objective optimization, the compar-
ison of PSO and genetic algorithm (GA) is made. For the double-objective
optimization, multiobjective PSO (MOPSO) is compared with weighted sum
approach (WSA), and fuzzy satisfying method is utilized to find the win-win
solution. The results reveal that the repowering strategy can help to achieve
maximum reliability of power supply after load demand increases significantly,
and the battery plays an important role in such a hybrid system.

KEYWORDS
multiobjective optimization, particle swarm optimization, power management strategy, PV-PHS

hybrid system, repowering optimization

468.99 GW and from 0.23 to 301.47 GW, respectively. Wind
and PV power generation have grown rapidly, increasing
79-fold to 959.5 TWh and 439-fold to 331.1 TWh, respec-
tively.! However, renewable power generation, such as
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wind and PV power generation, will cause great disturbance
to the power grid if connected to the grid directly, since it
has the disadvantage of fluctuation and intermittence.*>
In general, a hybrid energy system is a combination of dif-
ferent renewable energy sources and storage devices, which
can not only effectively alleviate the disturbance to the
power grid caused by renewable energy generation but also
greatly reduce the phenomenon of curtailment of wind and
solar.*> Many storage devices have been applied in hybrid
systems.®” Pumped hydro storage (PHS) is a preferable stor-
age device, with low cycle cost, and is considered the most
mature technology.® Several hybrid energy systems have
been built in the world to date. In 2017, French company
C&T International constructed a PV-PHS hybrid system
using floating PV panels in Portugal, which is reported in
the newspaper (Energy Monitor Worldwide). China has the
world's largest PV-PHS hybrid system in Longyangxia, with
an installed hydropower capacity of 1280 MW and a PV
installation capacity of 850 MW.’

In addition to these practical applications, there is an
extensive research on the planning optimization of various
types of the hybrid energy systems. Several papers in the
literature present different methods for sizing optimiza-
tion.'®** Techno-economic model was used to design the
hybrid energy system including PV, wind turbine, battery
bank, and diesel generator based on genetic algorithm
(GA).'® A dynamic multiobjective particle swarm optimi-
zation (MOPSO) was presented for designing the hybrid
energy systems aiming to minimize simultaneously the
total net present cost, unmet load, and fuel emission.'! A
simple method for designing the hybrid renewable energy
systems might adopt HOMER software, which is a power-
ful tool for planning optimization."* For multiobjective
optimization problems, Pareto front was usually used to
address the trade-off. But it could not give the win-win
result. e-contraint method'> and weighted sum technique'®
were employed to solve the multiobjective optimization
model that could obtain the Pareto front, and then fuzzy
satisfying technique was used to find the win-win solution
in the Pareto front. These studies on planning optimization
were mainly related to build a new system. For the already-
built standalone systems, the existing hybrid energy sys-
tems need to be ameliorated when mismatch occurs
between electricity supply and load demand. This study
focuses on the existing standalone hybrid system and its
repowering strategy. Such strategy allows to identify and
integrate new components into the existing system and
provide optimized solutions to eliminate the mismatch
between supply and demand.

The methods discussed above in newly built systems are
also applicable for the existing hybrid energy systems.
Repowering optimization, which is often called expansion
planning, has been applied in various existing energy

Novelty Statement

« The concept of reconstructing a photovoltaic-
pumped hydro storage (PV-PHS) hybrid system
is proposed based on a real PV-PHS hybrid sys-
tem in Xiaojin, Sichuan, China. To the best of
our knowledge, it is the first study to investigate
reconstructing an existing standalone PV-PHS
hybrid system; the proposed concept and
methods are applicable to other hybrid systems.

« A power management strategy is introduced
and examined to manage operating modes of
PHS and batteries to reduce the usage of
battery and extend its lifetime.

« A triobjective optimization model with
consideration of system reliability, the
investment cost, and the curtailment rate of
renewable energy is constructed and simulated.

system. Hou et al'” study the methods of expansion plan-
ning for the existing district energy systems in China to
address the problems of low efficiency and insufficient
energy supply. A combined socioeconomic model is pro-
posed in Candas et al'® to investigate German and Italian
PV future expansion without consideration of feed-in tariffs.
In ZekiYilmazoglu et al,'® solar repowering of an existing
thermal power plant is analyzed by conducting simulations.
When taking CO, taxes into account, the proper option of
repowering the existing thermal power plant is integrating
solar energy. In Serri et al,® from the perspective of
technical-economic assessment, the evaluation of the
repowering potential of wind energy plants in Italy is
discussed by means of three steps methodology, and this
paper could be a starting point for a more global analysis
to the future of wind energy in Italy. Hou et al*' is the first
paper to investigate the profitability of the repowering strat-
egy by means of adaptive PSO, and the authors focus on
optimization of offshore wind farm repowering using the
evaluation index of the levelized cost of energy (LCOE).

Through widely reading literatures, no research has been
found for repowering optimization of an existing standalone
hybrid energy system. Therefore, this paper applies
repowering optimization to an existing standalone PV-
PHS hybrid system, which is one option when the original
system cannot meet the increased load demand. Wind tur-
bines and batteries are selected to be integrated into the sys-
tem. Integrating diesel engines is also a solution, but it can
cause a lot of pollution.**** Therefore, the solution of inte-
grating diesel engines is not considered in this research.

It is worth mentioning that this research is based on a
real system located in Xiaojin, Sichuan, China. Working
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on a real case offers the potential solutions to repowering
the system and facilitate the local planners to make
decisions.

The contributions of this paper can be summarized as
follows:

1. The concept of reconstructing a PV-PHS hybrid sys-
tem is proposed based on a real PV-PHS hybrid sys-
tem in Xiaojin, Sichuan, China. To the best of our
knowledge, it is the first study to investigate
reconstructing an existing standalone PV-PHS hybrid
system; the proposed concept and methods are appli-
cable to other hybrid systems.

2. A power management strategy (PMS) is introduced
and examined to manage operating modes of PHS
and batteries to reduce the usage of battery and
extend its lifetime.

3. A triobjective optimization model with consideration
of system reliability, the investment cost, and the cur-
tailment rate of renewable energy is constructed and
simulated.

The following sections are organized as follows. Sec-
tion 2 presents the mathematical models for each compo-
nent and the objective function used in this research.
Section 3 describes the optimization algorithm, including
MOPSO and fuzzy satisfying method, and the PMS. Sec-
tion 4 analyzes the original system and the proposed
repowering strategy. Finally, Section 5 summarizes
results and the comprehensive analysis of this research.
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2 | MATHEMATICAL MODELS

The repowering of a PV-PHS hybrid system is investigated
in the research that is based on a real system in Xiaojin,
Sichuan, China (latitude: 30.76477°, longitude:
102.11929°). The schematic diagram of the original and
new system in Xiaojin, Sichuan, China, is given in
Figure 1. The studied area is marked in Figure 1 by a red cir-
cle. Xiaojin is located in the northwest of Sichuan Province
with abundant water resources and solar irradiation, and its
geographical location is relatively remote. According to the
local environmental and geographical conditions, a
standalone PV-PHS hybrid energy system was built to serve
local electricity users, which is the original system in the
research. The original system can completely meet the local
load demand in the first few years. It consists of PV array,
converter, load, local substation, upper and lower reser-
voirs, pump, and water turbine. When there is solar radia-
tion in the daytime, the PV array generates power to the
load and the surplus power is stored in the PHS. At night,
only the PHS generates power to the load. The blue and
black arrows in the Figure 1 indicate the direction of water
and power flow, respectively. However, in recent years, with
the rapid economic growth, the load demand and profile
change greatly, and the original system cannot fully meet
the local load demand since sometimes the shortage of
power supply and power outages will occur. Therefore, the
original system should be reconstructed to fulfill the local
load. The reconstructed system is the new system as shown
in Figure 1. According to the project requirements, the new
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system needs to meet the load demand in 5 years. Besides,
due to the policy requirements, the new system takes the
curtailment rate of renewable energy into consideration.
The wind power is considered to provide adequate electric-
ity because the limited area cannot install more PV array.
Since replacing a new pump/water turbine is not cost-
effective and will take a long time, and a small capacity of
storage devices can help to meet the load demand, the bat-
tery as an auxiliary energy storage equipment for the PHS
is considered. The operating modes of PHS and battery are
determined by the PMS, and its detailed description is given
in the latter section. The following sections present the
models used in this research, which contains wind turbines,
PV array, PHS, and battery bank. In addition, the model of
the objective function is also included.

2.1 | Power output model of PV array

The output power of PV array is affected by many factors.
The radiation intensity directly determines the PV output.
The influence of temperature cannot be ignored since the
power generation efficiency of the PV array decreases
with an increase in temperature. In this paper, PV output
takes the influence of temperature into account. The for-
mula of PV array output considering the temperature
effect can be written as***>

G
Ppy = NPVninvPRGiT[l + kp(Tc — Trer)], (€Y
ref
Te = Tamp + (0.0256 X Gr). @)

2.2 | Power output model of an individual
wind turbine

There are many models in the literature for calculating
the output power of an individual wind turbine. How-
ever, plenty of literature estimates the output power of
wind turbines without considering variation in wind
speed at different vertical heights. The wind speed at
the installation height should be estimated from the refer-
ence wind speed measured by the meteorological station.
The power output curve, wind speed, and tower height
are the three main factors determining the output power
of wind turbines. The formula for output power of an

individual wind turbine can be expressed as***’
0 V< Vg4
P WTR 3 Vc:i3
— Py Vi<V <Vg
Pwrow = VR =V V&’ =V ; ,
Pwrr VRSV <V
0 V>Ve
3)

Hwyr 4
V=V | — | . 4
ref <H ref ) ( )

2.3 | Pumped hydro storage

PHS stores surplus energy as potential energy by pumping
water from a lower reservoir to the upper one. The water
in the upper reservoir (UR) will be released to generate
power when an energy deficit occurs. According to previous
literature, the design parameters of the PHS include the
capacity of the reservoirs, the height difference of the PHS,
the sizing of pumps, and water turbines. All the parameters
mentioned above are known in the original system. The
PHS consists of a variable-speed pump, a water turbine,
and an UR, which are modeled as follows>®:

2.3.1 | Generating mode

During discharging mode, the water turbine power out-
put can be written as

Py = 1y,08hq,,- (5)

In fact, the overall efficiency of the water turbine
changes with operating conditions. In this paper, the
overall efficiency is considered to be a fixed value.

2.3.2 | Pumping mode

A variable-speed pump is installed in the original system
that works if available power is more than 10% of its max-
imum power. The electricity input for the pump is from
the PV array in the original system and the PV array and
wind turbines in the repowered systems. The water volu-
metric flow rate output from the pump can be written as

inP
= (6)
= ogn

2.3.3 | Upper reservoir

The main factors that influence the water quantity of the
UR are charging and discharging. Water loss in the UR
includes evaporation, leakage, and precipitation, which is
evaluated by introducing 1 — . The effect of rainfall on
the UR is not considered in this paper for simplification.
The water quantity of the UR at hour ¢ can be expressed as

Qur(f) = (1—=B)Qur(t—1) @)

t t
Jrj‘t—1qp(t)dt - j‘t—lqwdtv

where Qur(t) and Qugr(t — 1) are associated state variables.
The available water quantity of the UR is determined by
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the capacity of UR, which is restricted by

0 = Qurmin £ Qur < Qurmax = VUr- ®

In this paper, the minimum water quantity of the UR
QuR,min 18 set to 0.

2.4 | Battery bank

The power generated from the PV array and wind tur-
bines at each hour not only determines the
pumping/releasing of water to/from the UR but also
determines the charge/discharge state of the battery
bank. The battery bank is a new component for the orig-
inal system, which serves as a backup storage device for
the PHS. The charging-discharging process should be
reduced to prolong the service life of the battery bank.
In reality, the response time of the battery bank and
PHS is very different, and the battery bank has a shorter
response time. However, the effect of response time is
ignored in this study. The energy stored in the batteries
can be regarded as a state variable to illustrate the opera-
tion of the battery bank, which is formulated using the
following dynamic equation®
Pis

EBat(t) - EBat(t - 1) + (1 —x)PChnch — X 5 (9)
dis

where x = 0/x = 1 means the battery bank is in
charge/discharge state. The binary decision variable x is
introduced in this paper to consider the physical con-
straint of the battery bank and in order to avoid the bat-
tery bank charging and discharging at the same time.

Changes in available energy stored in the battery bank
are mainly caused by its charge/discharge behaviors;
however, the available energy is bounded by the limits
of the battery state of charge (SOCp, and SOCyay),
which is subject to the following constraints™:

Socmin'EBat,max < EBat < SOCmaX'EBat.maX; (10)

SOCpin = 1 — DOD. (11)

DOD means the depth of discharge, which is applied
to show how deeply the battery bank is discharged.

2 Ccap,bat + Crmain_bat + C’rep,bat + C'cap,wt + Crmain_wt + C'rep,wt _

WILEY S eaae

In this paper, the capacity and charge/discharge power
of the battery bank are both designed as optimization var-
iables in repowering strategy, and the charging power is
equal to the discharging power. Therefore, the constraints
of charge/discharge power at hour t can be written as

0< Pch < Pbat_maX7 (12)
0< Pdis < Pbat‘max- (13)

2.5 | Modeling of the PDNS

The percentage of the demand not supplied (PDNS)
means the ratio of unsatisfied load to total load in a year*'
which is the first objective function and should be mini-
mized. It can be used to evaluate the reliability of the
hybrid system, which is regarded as a constraint condi-
tion in this research. For the original system and
repowering strategy, the equations of calculating the
PDNS are different since the load demand is supplied by
different components. For original system, load demand
is supplied by PV array and PHS (Equation 14). Load
demand is provided by PV array, wind turbines, battery
bank, and PHS for the repowering strategy (Equation 15).

8 —
PDNS = min{ f}o Pev(®) + ;)W(t() 5 Pioaa(t) 100%}
t=1 load
(14)

PDNS1 =

min 8§0 Pev(t) + Pwr(t) + Pu(t) + Pais(t) = Proaa(t) . 1000,
= Pload(t) }

15)

2.6 | Economic model

The economic model is to optimize the components of the
repowering strategy, including the number of wind tur-
bines (Nwr), the capacity of the battery bank (Epamax)s
and the charge/discharge power of the battery bank
(Pmax)- Plenty of literature takes techno-economic index
as objective function.***® For the single-objective analy-
sis, it can be regarded as a subset of Pareto front in

N4

(1+ i)

(16)

E served
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techno-economic biobjective optimization, since the pre-
mise of the minimum cost is to ensure the maximum reli-
ability, which means avoiding demand not supplied. The
second objective aims to minimize the LCOE, which is an
excellent indicator to evaluate the economic feasibility of
the repowering strategy, and can be written as**

CRF is applied to annualize the investment cost; the
capital recovery factor can be formulated as

i-(1+1i)

CRF = ———"—.
(141 -1

17)

The formula to calculate the discount interest rate is
offered below.

I
~

(18)

=
+
~

For the repowering system, the revenues are the sal-
vage value (SV) of battery and wind turbines that hap-
pens at the end of the project lifetime. Based on the
initial or replacement costs, it can be written as

N rem

SV - Crep 'm.

(19)

2.7 | Curtailment rate

The PHS and battery in the repowering system stores sur-
plus electricity, but the power provided by PV arrays and
wind turbines is restricted by the capacities of the storage
devices. Therefore, the curtailment of PV and wind power
would occur since the PV array and wind turbines cannot
reach its maximum power output when it is more than
the sum of load demand and the energy storage capaci-
ties. CR is defined as the curtailment rate of the PV and
wind power that cannot be supplied to the load and
stored in the storage devices. The third objective aims to
minimize the CR, which can be formulated as

CR =
8760
2 [Pwr(t) 4+ Pev(t) — Poger(t)]
min{ =2 28760 [PWT(Z') + va(t)}~100%
(20)
2.8 | Characterization of uncertain PV

and wind power

Since the new planning system needs to meet the load
demand in 5 years, the uncertainties of PV and wind
power are modeled by means of the forecast error. The
uncertain PV and wind power are defined as®>3°

XU ET AL.
Ppy = Ppy + epy, (21)
Pl\IVTout = Pwrout + ewr- (22)

For the stochastic optimization, it is widely accepted
that the forecast errors of uncertain parameters obey a
normal distribution:

epv ~ N(uy,07), (23)

ewr ~ N (uz,03). (24)

3 | REPOWERING STRATEGY
OPTIMIZATION

3.1 | PMS of the PHS and battery

The PMS is proposed to regulate energy distribution
among energy storage systems (PHS and battery), power
sources (PV and wind power), and load. Therefore, the
PMS decides how the hybrid energy system works and
its key variables vary. The PMS is designed to address
the complex operation problems of the PHS and battery
in this research. Due to the high investment cost and
short lifetime of the battery, the battery as an auxiliary
storage device operates after the PHS works. The operat-
ing modes depend on the surplus power generated from
the PV array and wind turbines (Ps), the UR level (0 <
Qur < Vur), and the SOC of the battery (SOC,;, < SOC
< SOCpax)- The flowchart of the PMS is given in
Figure 2, which presents the detailed operation strategy
of PHS and battery.

If surplus power P < 0, the UR level Qg and the SOC
of the battery are checked. If UR level Qugr > 0, the PHS
provides electricity to the load. When load demand is
over the maximum output of the PHS and UR level Qug
> 0, the battery is used to meet the load demand. If the
load demand is greater than the sum of the maximum
output of the water turbine and battery, the load loss
occurs, which should be eliminated or reduced. If UR
level Qur < 0 and battery SOC > SOC,;,,, only the battery
bank supplies electricity to satisfy the load.

If surplus power P > 0, the UR level Qug and the SOC
of the battery are checked again. In case of UR level Qur
< Vyr and Pg > 10% of the maximum power of pump, the
surplus power is first used to pump the water from lower
reservoir to the upper one, and if the pump is working at
its maximum power and battery SOC < SOCp,,y, the rest
of electricity is charged by the battery bank. When the
surplus electricity is more than the sum of the maximum
output of pump and battery, it will be wasted, which
leads to the curtailment rate of PV and wind power. If
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FIGURE 2 Flowchart of the power management strategy (PMS) [Colour figure can be viewed at wileyonlinelibrary.com]

the UR level Qur > Vyr and battery SOC < SOC,,.x, the
available power is used to charge battery.

3.2 | Particle swarm optimization

At present, plenty of evolutionary algorithms, with a good
chance of obtaining the optimal solution for a nonlinear
optimization problem, have been used to replace mathe-
matical algorithms in the literature. Among these, GA
and PSO are extensively used. Due to the excellent perfor-
mance of PSO in computational efficiency,*’ it is chosen
to conduct the simulations in this research. Single-
objective optimization can be achieve using original
PSO. For the multiobjective optimization, the MOPSO
can be used to find the Pareto-optimal front. Abido*®
gives a detailed description of MOPSO, and the main
steps of MOPSO are shown below:

Step 1: Initialize population according to the size of
populations and the value range of the optimization
variables.

Step  2: Sort initial
nondomination.

Step 3: Find best populations including local best and
global best.

Step 4: Start from first generation to implement the fol-
lowing five procedures for each iteration:

1. Update each particle velocity and position according
to the local best and global best.

2. Evaluate the objective functions using the updated
particle position.

3. Search for nondominated solutions.

4. Expand and update nondominated global and local
set.

population  according to

5. Find the new best populations to update the previous
one.

Step 5: Update the weight and learning factor, and then
repeat Step4 until the stop criteria satisfied.

In this paper, the number of particles and the maxi-
mum number of generations are set to be 100 and 200,
respectively. The extension factor of solution set of
nondominated solutions is 0.1. Both selection factors
and elimination factors of nondominant solutions are 2.
A framework of the optimization design for the repower
strategy is given in Figure 3.

3.3 | Fuzzy satisfying method

For the multiobjective optimization, the MOPSO obtains
many different solutions. The fuzzy satisfying approach
can be employed to select the win-win result amid the
obtained solutions, which normalizes the objectives.15
In order to obtain the win-win result, the objective func-
tions of LCOE and PDNS are modeled using member-
ship functions. The solution satisfaction depends on the
values of the membership functions. The membership
function is calculated under the lower and upper limits
of ith objective function. The membership function for
the nth solution of ith objective function is defined as
follows™:

1 ¢l’l S ¢§n1n
¢ — g
¢l;nax _ <ﬁmn

0 ;1 > ¢;nax

A N )

The fuzzy solutions can be obtained by Equation (26)
for the fuzzy multiobjective. Then, the maximum weakest
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FIGURE 3 The optimization framework using multiobjective
particle swarm optimization (MOPSO). PMS, power management
strategy [Colour figure can be viewed at wileyonlinelibrary.com]

membership function is calculated using Equation (27),
which is considered as the win-win solution.

¢" = min (¢, ..., $%) (26)

™ = max(¢', ..., ¢") (27)

4 | RESULTS

41 | Data

The research investigates a PV-PHS hybrid energy system
repowering in Xiaojin, Sichuan, China (latitude:
30.76477°, longitude: 102.11929°) as case of study, which
is marked in Figure 4 (red dot). The meteorological data
that contains hourly temperature, hourly solar

irradiation, and hourly wind speed is shown in Figure 4.
For the new load demand, the battery and wind turbines
are used to repower the original system. The battery can
be regarded as the auxiliary storage to assist the PHS in
order to completely satisfy the new load demand. Two
different batteries (lead-acid and Li-ion battery) are
selected to conduct the simulation, and their specification
information is given in Table 1. The wind turbines can
generate adequate power and then provide it to the new
load demand. The detailed information of the selected
wind turbine is shown in Table 2.

4.2 | The original system

The original system is a PV-PHS hybrid energy system
that is a real case located in Xiaojin, Sichuan, China.
The original system consists of PV arrays (40154 kWp)
and the PHS (UR: 559810 m®, pump: 9500 kW, water tur-
bine: 6120 kW). According to the information, the
research investigates the performance of the original sys-
tem and the feasibility of the repowering strategies after
the increase of load demand. Based on the meteorological
data, the PV model adopted in this research and the
known PV construction number, the monthly total out-
put power of PV array in a year is obtained (see
Figure 5). From March to August, PV output is relatively
high due to the intense solar radiation. The maximum
and minimum monthly average PV output in a year occur
in July and December, respectively. Figure 6 gives the
present and future monthly total load demand in a year.
The future load demand (5 years later) is 1.4 times that
of the present which is the prediction results from the
State Grid Sichuan Company. It can be observed that
the load demand in spring and winter is high, while load
demand is low in summer and autumn. Since the selected
site is located in the plateau with a relatively low temper-
ature in summer.

Figures 7 and 8 give the demand not supplied at pres-
ent and in the future, respectively. Under the present and
future load demand, the original system cannot totally
meet the load demand. At present, the original system
leads to 3.8% of the demand not supplied and the demand
not supplied occurs in winter and spring due to the high
load demand. The curtailment rate of the PV power
reaches 35.6%. In the future, due to the higher load
demand, more load demand cannot be met and the orig-
inal system will cause 18.4% of the demand not supplied.
The condition of demand not supplied becomes more
serious comparing with the present condition. The cur-
tailment rate of the PV power reduces to 9.9%. For some
areas, the reliability requirement of the load is relatively
high, namely, the load must be completely supplied.
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FIGURE 4 Meteorological data in Xiaojin, Sichuan, China [Colour figure can be viewed at wileyonlinelibrary.com|

TABLE 1 The specification of different battery*’

Lead-Acid Li-Ion

Battery Battery
Lifetime, y 10 15
Roundtrip efficiency, % 90 95
DOD, % 80 80
SOC max 100 100
Capital cost per power, $/kW 800 1000
Capital cost per capacity, $/kWh 500 1500
Operating and maintenance cost, $/kW/y 8 10
Replacement cost, $/kWh 500 1500

TABLE 2 The specification of wind turbine*!

Parameters Value
Rated power, kW 250
Cut-in wind speed, m/s 2.5
Cut-out wind speed, m/s 8
Rated wind speed, m/s 20
Capital cost, $/unit 375 000
Operating and maintenance cost, $/unit/y 7500
Replacement cost, $/unit 265 500
Lifetime, y 20
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FIGURE 5 Monthly total photovoltaic (PV) output [Colour
figure can be viewed at wileyonlinelibrary.com]

Therefore, the original system should be reconstructed to
meet the load demand.

Through the above analysis, the original system causes
a little demand not supplied before the increase of load
demand. After the load demand changes in the future,
the PV-PHS hybrid system cannot provide enough power
to the load; hence, the PV-PHS hybrid system owner
should take measures to deal with this issue. Integrating
a new power plant and increasing storage capacity may
be a good approach to reconstruct the original system to
meet the new load demand. Therefore, this paper pro-
poses a repowering strategy, which is the integrating
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FIGURE 7 Hourly demand not supplied at present [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Hourly demand not supplied in the future [Colour
figure can be viewed at wileyonlinelibrary.com]

WTs and battery repowering strategy with practical refer-
ence value. It can be observed that the repowering strat-
egy integrates wind turbines so the daily average output
power of an individual wind turbine in a year is given in
Figure 9. This is calculated using the meteorological data
and the wind turbine model adopted in this research. The
total wind turbine output depends on optimization results
of the number of wind turbines. Based on the PV output
data, new load demand, and an individual wind turbine
output, the repowering strategy is analyzed below.

4.3 | Integrating WTs and battery
repowering strategy

Integrating WTs and battery repowering strategy, which
makes no changes to the original system, is to integrate
wind turbines and battery bank. The wind turbines can
generate more power to the load demand. The function
of the battery bank is to increase the storage capacity and
charge/discharge power of the original system, which is
an auxiliary device to assist the PHS. Under the condition
of 0% of the demand not supplied, the optimization results
are obtained as shown in Table 3. It can be observed that
the optimized sizing of the two types of battery can be
regarded as the same, but the LCOE of the Li-ion battery
ismuch higher than that of the lead-acid battery. Consider-
ing the low LCOE of the lead-acid battery, the following
parts is analyzed based on the results of the lead-acid bat-
tery. The benchmark case shows that it cannot reach 0%
of the demand not supplied without battery as an auxiliary
storage device.

During the single-objective optimization, the optimal
capacities are found by PSO. GA, which is widely
adopted, is used to compare with the PSO to prove the
performance of the PSO. These two numerical experi-
ments aim to minimize the LCOE under zero PDNS,
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FIGURE 9 Daily wind turbine output [Colour figure can be
viewed at wileyonlinelibrary.com|
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TABLE 3 The optimized sizing of the two types of battery

Wind Turbine Battery Power
Number BW)
Benchmark case 30 0
Lead-acid battery 30 3001
Li-ion battery 30 2949

WILEY [N OE NG

Battery Capacity, LCOE,
kWh PDNS, % CR, % $/kWh
0 0.62 34 0.0642
25 973 0 34 0.1834
27 242 0 34 0.3184

Abbreviations: PDNS, percentage of the demand not supplied; LCOE, levelized cost of energy; CR, curtailment rate.
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FIGURE 10 Variation of levelized cost of energy (LCOE) during
genetic algorithm (GA) and particle swarm optimization (PSO)
[Colour figure can be viewed at wileyonlinelibrary.com|

and the number of the total iterations are the same. These
iteration curves of the two methods are given in Figure 10
. Notably, these two methods are simulated under the
same conditions (same initial point). Compared with
GA, PSO converges faster and its optimized results are
better. Therefore, this paper selects PSO to conduct the
simulation. Figure 11 shows the fitness value of 10 times
trials of the PSO, which proves its robustness. The LCOE
of each trial is close to 0.18 $/kWh. The lowest LCOE is
0.1834 $/kWh, which appears four times in the ten times
trials, so this result can be considered relatively accurate.

Figure 12 shows the pumped/released water quantity
of the PHS in a year. It can be observed that the PHS sees
much more use the battery bank, reducing the number of
battery cycles to extend battery life due to the high cost of
the battery bank. In Figure 12, the maximum water quan-
tity released corresponding to the rated power of the
water turbine is the black dotted line (22 795 m>) and
the maximum water quantity pumped corresponding to
the rated power of the pump is the red dotted line (17
275 m?®). In the original system, the rated power of the
pump is greater than that of the water turbine, since the
PHS needs to store more power from PV array in the day-
time and generate electricity to the load by utilizing the
energy in the UR at night. Due to the behaviors of the
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FIGURE 11 The fitness value of ten times trials
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FIGURE 12 Hourly pumped/released water quantity of the
pumped hydro storage (PHS) [Colour figure can be viewed at
wileyonlinelibrary.com]

pump and water turbine (Figure 12), the water quantity
in the UR changes and its changing curve is shown in
Figure 13. When the pump/water turbine works to
store/generate electricity, the water quantity of the UR
increases/reduces. Obviously, in winter and spring, the
water quantity of the UR decreases greatly due to the
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FIGURE 13 The change of water quantity in the upper reservoir
(UR) [Colour figure can be viewed at wileyonlinelibrary.com]

high load demand, and it reaches the lower limit in many
hours. The PHS plays a very important role in ensuring
the reliability of electricity supply.

Figure 14 gives the charge/discharge power of the bat-
tery in a year. Between 2314 and 7170 hours, the battery
does not operate because of the high PV generation and
low load demand. In the other hours of the year, the bat-
tery charges and discharges due to the PHS cannot
completely satisfy the new load demand. The changes of
energy stored in the battery are shown in Figure 15, and
it is related to the behaviors of the battery (Figure 14).
When the battery works to charge/discharge electricity,
the energy stored in the battery increases/reduces. The
energy stored in the battery reaches its lower boundary,
which cannot be zero due to its the minimum SOC. As
shown in Figures 14 and 15, the behaviors of the battery
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FIGURE 14 Hourly charge/discharge power in the battery
[Colour figure can be viewed at wileyonlinelibrary.com|
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FIGURE 15 The change of energy stored in the battery [Colour
figure can be viewed at wileyonlinelibrary.com]

are relatively rare in a year, but it can ensure the reliabil-
ity of electricity supply over a year. In fact, battery as an
auxiliary storage device does not need to operate fre-
quently since it works when the PHS cannot satisfy the
load demand which can extend its lifetime.

To better describe the repowering strategy, under the
condition of 0% of the demand not supplied, the simula-
tion results of these two sample days, which can show
operation state of the hybrid system with/without the bat-
tery participation, are given. The two samples days are 27
January 2017 and 9 July 2017, respectively. For day 1, the
battery can assist the PHS to achieve maximum reliability
by discharging power to the load. For day 2, the PHS can
provide adequate power to the load by itself without the
battery participation. The curves of the load demand,
wind, and PV power generation in these two sample days
are given in Figure 16, and these two sample days are

25 . < . : ,
—#*—Dayl-load
20+ —+*—Dayl-PV
—#— Dayl-wind
. ——Day2-load
2 |5} |—2—Day2-PV
2 —2—Day2-wind
5
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~
57 i VIS
) S A S T
04
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FIGURE 16 The load demand, wind, and photovoltaic (PV)

power on these two sample days [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 17 The hourly behaviors of the pumped hydro storage
(PHS) [Colour figure can be viewed at wileyonlinelibrary.com]

marked with star and triangle markers, respectively. For
these two days, PV can generate sufficient power at the
daytime. Comparing with day 1, the hourly load demand
and the total wind power of day 2 are lower. Some hours
in these two days, the wind power output is greater than
the load demand.

Figures 17 and 18 give the hourly pumped/released
water quantity of the PHS and hourly charge/discharge
power of the battery in these two sample days, respec-
tively. It can be observed that the PHS operates more
frequently than the battery since the battery acts as an
auxiliary storage device. In Figure 17, for day 1, the
PHS pumps from 7:00 to 17:00 due to the enough power
generated from the PV array and wind turbines. In other
hours, the PHS releases water to generate power to the
load. For day 2, the PHS does not work from 2:00 to
9:00 since the water quantity in the UR reaches its lower
boundary and the battery provides enough power to the
load. In Figure 18, for day 1, the battery charges at the
daytime. The battery discharges before 9:00 and after
18:00 since the PHS is empty, which cannot generate
power and the water turbine output reaches its rated
power, respectively. As shown in Figure 18, it can be
observed that the battery does not operate in day 2 since
the load demand is low and PHS have the ability to pro-
vide enough power to the load. Figure 19 gives the
change of the energy in the battery bank and water
quantity in the UR of these two days. The curves in Fig-
ure 19 depend on the behaviors of PHS and battery in
Figures 17 and 18. When the energy in the battery and
water quantity in the UR reach their lower or upper
limit or the PHS and battery do not work, the curves
become flat.

Time (hour)

FIGURE 18 The hourly behaviors of the battery [Colour figure
can be viewed at wileyonlinelibrary.com|
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FIGURE 19 The change of energy in the battery and water
quantity in the upper reservoir [Colour figure can be viewed at
wileyonlinelibrary.com]

The above analysis is based on a single objective
(LCOE). Actually, investors can trade off between the
LCOE and PDNS in some areas without the high
reliability requirement. The two objectives are analyzed
by means of the Pareto optimality theory. Figure 20 gives
the results of biobjective optimization of the PDNS and
LCOE using MOPSO and WSA. Table 4 gives the Pareto
optimal solutions obtained by MOPSO. It can be observed
that both two methods show excellent performance to
obtain the Pareto front. The left-most point is under the
condition of 0% of the demand not supplied, which is
analyzed above. Changing acceptable PDNS from 0% to
5.38% can bring a dramatic decrease in LCOE (81.6%).
Therefore, if a small PDNS is tolerated, significant
reductions in costs can be achieved.
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FIGURE 20 Biobjective optimization of the percentage of the
demand not supplied (PDNS) and levelized cost of energy (LCOE)
[Colour figure can be viewed at wileyonlinelibrary.com]

When the PDNS is zero, maximum reliability is
achieved though LCOE is high and the battery bank plays
an important role. For some power consumers, such as

TABLE 4 Pareto optimal solutions obtained by MOPSO

# LCOE, $/kWh PDNS, %
1 0.1834 0

2 0.1729 0.0260
3 0.1563 0.0926
4 0.1314 0.1083
5 0.1222 0.1550
6 0.0876 0.2862
7 0.0687 0.5549
8 0.0621 0.7474
9 0.0559 1.1740
10 0.0539 1.3650
11 0.0518 1.5890
12 0.0498 1.8850
13 0.0478 2.2260
14 0.0458 2.5890
15 0.0438 2.9850
16 0.0418 3.1060
17 0.0398 3.8650
18 0.0378 4.3330
19 0.0357 4.8290
20 0.0337 5.3800

hospital, manufacturing enterprise, and government
departments, the reliability of power supply is more
important than the investment cost, and the optimal
design under the condition of 0% of the demand not sup-
plied should be a preferable choice for the PV-PHS hybrid
system owner to reconstruct the original system. For
other users without high requirements, all the solutions
on the Pareto front can be used to design the system. A
win-win solution on the Pareto front that is the results
of overall trade-off between the two conflicting objectives
should be provided to the planners. Such a solution does
not only satisfy the users' demand for the reliability of
power supply but also meet the investors' requirements
on investment cost. The min-max fuzzy satisfying method
is widely employed to find the best possible solution on
the Pareto front. For the method, the result correspond-
ing to the maximum weakest membership function is
considered as the win-win solution. As shown in
Table 4, the win-win solution is solution #8 where the
maximum weakest membership function is 0.810287.
The results of LCOE and PDNS under solution #8 are
0.0621 $/kWh and 0.7474%, respectively.

Due to the policy requirements, in some areas, the cur-
tailment rate of renewable energy should be considered at

$1, pu $2, pu min(¢y, $>)
0 1 0
0.070140 0.995167 0.070140
0.181029 0.982788 0.181029
0.347361 0.979870 0.347361
0.408818 0.971190 0.408818
0.639947 0.946803 0.639947
0.766199 0.896859 0.766199
0.810287 0.861078 0.810287
0.851703 0.781784 0.781784
0.865063 0.746283 0.746283
0.879092 0.704647 0.704647
0.892452 0.649628 0.649628
0.905812 0.586245 0.586245
0.919172 0.518773 0.518773
0.932532 0.445167 0.445167
0.945892 0.422677 0.422677
0.959252 0.281599 0.281599
0.972612 0.194610 0.194610
0.98664 0.102416 0.102416
1 0 0

Abbreviations: MOPSO, multiobjective particle swarm optimization; PDNS, percentage of the demand not supplied; LCOE, levelized cost of energy.
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FIGURE 21 Triobjective optimization of the percentage of the
demand not supplied (PDNS), levelized cost of energy (LCOE),
and curtailment rate (CR) [Colour figure can be viewed at
wileyonlinelibrary.com]|

the stage of planning. Therefore, on the basis of
biobjective, the curtailment rate of renewable energy as
another objective function is introduced to form a
triobjective optimization. Figure 21 presents the results
of triobjective optimization of PDNS, LCOE, and CR. In
order to clearly show the relationship between the three
objectives, a small figure in the upper right corner of
Figure 21 is given, which is seen from a different perspec-
tive. In Figure 21, it can be observed that the LCOE grows
with the decrease of the CR under the same PDNS. Inte-
grating wind turbines into the PV-PHS hybrid energy sys-
tem will lead to the increase of CR; storage systems can
be an effective way to reduce the CR. Considering the
capacity of PHS cannot be adjusted in the research, only
the battery can be used to reduce the CR. Due to the high
investment cost of battery, the LCOE will increase signif-
icantly when the CR requirement is strict (low CR). The
above analysis of biobjective (LCOE and PDNS) without
considering CR can be applied to the condition consider-
ing CR. Likewise, under the same CR, the LCOE
decreases with the increase of PDNS. Therefore, the
requirements for CR and PDNS are big drawbacks for
investors since the LCOE relates to CR and PDNS.

5 | CONCLUSION

This paper puts forward a novel concept of repowering an
existing standalone hybrid energy system. A repowering
strategy is proposed to reconstruct an existing PV-PHS
hybrid energy system in Xiaojin, Sichuan, China, which
is to integrate the battery bank and wind turbines into
the existing PV-PHS hybrid energy system, in order to max-
imize the value of a PV-PHS hybrid system and fulfill the

\WAIBSE £\ ERGY RESEARCH pmmm

load demand in 5 years. Based on the actual requirements
of PDSN and CR, the results can guide the planners to
make the decision in Xiaojin, Sichuan, China. For the
repowering strategy, the wind turbines can provide more
power to the system and the battery bank as an auxiliary
storage device of the PHS can help to implement the max-
imum reliability. A PMS is proposed and applied in simula-
tions to manage the behaviors of the PHS and battery. The
repowering strategy is optimized and investigated by
means of the single-objective, biobjective, and triobjective
PSO technique.

Simulation results of single-objective are analyzed in
details, which is under zero PDNS and without consider-
ing CR. In this case, the battery plays an important role in
ensuring zero PDNS. The comparative analysis of PSO
and GA indicates that PSO performs better. During the
biobjective optimization, the Pareto front set is found
based on LCOE and PDNS. The LCOE can reduce by
81.6% if the acceptable PDNS varies from 0% to 5.38%.
Thus, if a small PDNS is tolerated, significant reductions
in LCOE can be reached. MOPSO is also compared with
WSA, and they can obtain very similar Pareto font. In
order to give the planners a win-win solution on the
Pareto front, fuzzy satisfying method is utilized. Under
the triobjective optimization, the CR is introduced due
to the policy requirements. Repowering optimization is
very significant for the existing PV-PHS hybrid system
to meet the new requirements and policies. The results
indicate that the requirements for CR and PDNS are
unfavorable for the investors since the investment cost
is greatly influenced by CR and PDNS. The theories and
methods proposed in this paper can be applied in other
hybrid systems, such as wind-PHS hybrid system and
wind-battery hybrid system.
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NOMENCLATURE
Ceap_bat> Ceap_wt ($) capital cost of the battery and
wind turbines

operation and maintenance
cost of the battery and wind
turbines

replacement cost of the bat-
tery and wind turbines

Cmain_bata Cmain_wt ($)

Crepfbat’ Crepfwt ($)

Crep ($) replacement cost of each
component
CRF capital recovery factor
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Epa(1), Epa(t — 1) (kWh)

EBat,max (kWh)

Epae (kWh)
Eserved (kWh)

epy (kW)
ewr (kW)

f (%)
GT (W/ m2)
Gref (W/ mZ)

g (m/s?)

Href (m)
Hyr (m)

h (m)
i/i (%)

kp (1/°C)

Npv
'Nrem (ye ar)

Niite (year)
Pr (kW)

Ppy (kW)
Ppy (kW)
P WTR (W)
P ‘WTout (kW)

Pl\lVTOut (kw)
Py, (kW)

P, (kW)
P ch (kW)

Pyis (kW)
Pbat,max (kW)

Pload(t) (kW)
Py () (kW)

Pgis(t) (kW)
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energy stored in the battery

bank at hour ¢ and ¢-1
maximum capacity of the

battery bank
energy stored in the battery

energy supplied by the wind

turbines and battery
forecast error of PV output

forecast error of wind tur-

bines output
annual inflation rate

solar radiation
solar radiation at reference

conditions, equal to 1000
gravitational  acceleration,

equal to 9.81

reference height

installation height of the
wind turbine

height difference between
upper and lower reservoir
nominal/Discount  interest
rate

temperature coefficient of
peak power, equal to —3.7 X
107°

the number of PV array in
the original system

residual life of each device at
the end of project lifetime
lifetime of each component
rated power of PV module at
reference conditions

output power of the PV array
forecast of PV power

rated power of the wind
turbines

output power of the wind
turbines

forecast of wind power
output power of the water
turbine

power supplied to the pump
charged power of the battery
bank

discharged power of the bat-

tery bank
maximum charge/discharge

power
load demand at hour ¢
output power of the water
turbine at hour ¢

discharged power of the bat-
tery bank at hour ¢

Ppy(1), Pwr(t) (kW)

PDNS, PDNSI (%)

qw (m*/s)

gp (m*/s)

Qur(®), Qur(t — 1) (m*)
QuR,mins QuR,max (M?)
Qur (m?)
SOCinSOCrmax (%)

SV ($)

Tc (°C)
Tref (OC)

Tamb (OC)
Vr (m/s)
Vref (m/ S)

Vci, Vco (l’l’l/S)

V (m/s)

Vur (rn3)

y (year)

Ny (%)
Nw (%)

o (%)
NchsNdis (%)

A

power directly supplied from
PV array and wind turbines
at hour ¢

percentage of the demand
not supplied of the original
system and  repowering
strategy

water flow rate input into the
water turbine

water flow rate output from
the pump

water quantity of the upper
reservoir at hour ¢ and ¢-1
lower and upper limits of the
upper reservoir

the water quantity stored in
the upper reservoir

the bottom and top limita-
tion of battery state of charge
salvage value

PV module temperature

PV module temperature at
reference conditions, equal
to 25

ambient temperature

rated wind speed at which
the wind turbine reaches its
rated power

wind speed at the reference
height

the cut-in and cut-out wind
speeds, the speeds where the
wind turbine begins to gener-
ate electricity or shut down
wind speed at the installation
height of the wind turbine
capacity of the upper
reservoir

binary decision variable
lifetime of the project

water loss coefficient which
is similar to self-discharge
coefficient

the efficiency of the inverter
overall efficiency of the water
turbine

overall efficiency of the
pump

charge and discharge effi-
ciency of the battery bank
power law coefficient which
is related to the selected
location



XU ET AL.

INTERNATIONAL JOURNAL OF

8479

p (kg/m?)
i

£ g
¢n

¢maX

water density, equal to 1
membership function for the
nth solution of ith objective
function
maximum/minimum value
of ith objective function
membership function of nth
solution

maximum weakest member-
ship function
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