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Abstract: With the integration of large-scale renewable energy generation, some new problems and
challenges are brought for the operation and planning of power systems with the aim of mitigating
the adverse effects of integrating photovoltaic plants into the grid and safeguarding the interests
of diverse stakeholders. In this paper, a methodology for allotting capacity is introduced, which
takes into account the active involvement of multiple stakeholders in the energy storage system. The
objective model for maximizing the financial proceeds of the PV plant, the system for the storage
of energy, and a power grid company is studied. Then, in order to maximize the benefit of three
stakeholders, a modified particle swarm optimization algorithm is devised, employing the prevailing
typical allocation strategy. Finally, a case study is provided based on the modified IEEE 14-bus and
the actual power grid from South Xinjiang, China. The simulation results and findings of the case
study conclusively illustrate that the proposed methodology adeptly ensures the maximization of
interests for the triad of stakeholders.

Keywords: multi-stakeholders; photovoltaic (PV) plant; optimal capacity of energy storage; modified

particle swarm optimization

1. Introduction

To address global electricity demand in an environmentally sustainable manner, one
pivotal approach involves the establishment of an innovative power system predominantly
fueled by the robust advancement of renewable energy sources, encompassing hydropower,
solar power, and wind power [1,2]. However, the grid characterized by a substantial
share of photovoltaic (PV) faces great risks as PV has strong randomness and volatility
owing to the intrinsic characteristic associated with PV generation [3,4]. The integration of
energy storage has the capability to mitigate the variability in renewable energy output
without necessitating alterations to the current grid infrastructure. Also, it can alleviate the
strain caused by the peaking of general units while harnessing the potential of sustainable
energy [5-7]. The collaborative undertaking of PV and stored energy can enhance the
flexibility and ensure the stability of the sophisticated optical data archival system, which
can bring maximum benefits to the grid. Hence, investigating the storage capability
of the energy reservoir is crucial given the substantial investment costs associated with
energy storage.

Over the past few years, an abundance of research has focused on the configuration to
optimize the energy storage capacity of PV plants. Bullichthe-Massagué et al. (2020) and
Zhang et al. (2021) summarized and analyzed different characteristics of energy storage.
The conclusion was the establishment of an optimal energy storage solution for providing
diverse services in large PV plants [8,9]. Shi et al. (2020) introduced an innovative hier-
archical optimization approach to enhance the efficiency of both sustainable energy and
energy reservoir [10]. Li et al. (2021) and Liu et al. (2021) both proposed optimization
models for energy storage systems (ESS) aimed at enhancing PV consumption efficiency
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in the distribution network [11,12]. Zhang et al. (2020) proposed an advanced heuris-
tic algorithmic approach of determining capacity for regulatory control in an integrated
incremental hydropower PV-pumped storage system [13]. Zhu et al. (2023) developed
a profitable energy storage capacity optimization model [14]. Zhang et al. (2019) and
Chaima et al. (2021) proposed fast configuration methods for energy storage derived
from the forecasting of PV and an energy reservoir topologyed hydro storage-PV plant
system [15,16]. Deng et al. (2021) and An et al. (2019) devised an established optimization
scheduling model, which ensured the steadiness and dependable functioning of an expan-
sive multi-energy coupling system [17,18]. The above-mentioned results mainly focus on
the siting and capacity-setting methods for ESS to promote PV consumption. However, few
studies discuss the optimization capacity allocation in terms of the benefits.

Energy reservoirs can also be applied as a flexible adjustable resource to gain some
benefits from participation in grid operations. Contreras-Ocana et al. (2017) and Wang et al.
(2018) explored mechanisms to enhance the role of energy storage in grid operations [19,20].
Contreras-Ocana et al. developed an optimization model for aggregators to participate in
grid peaking and dispatching through competitive bidding, while Wang et al. introduced
a capacity contract mechanism for power sellers, facilitating optimal trading strategies.
Also, it was argued that power sellers can achieve real-time regulation of distributed en-
ergy storage resources through a certain trading mechanism. Mortaz et al. (2019) and
Croce et al. (2020) proposed advanced strategies to optimize energy distribution and
investment [21,22]. Mortaz et al. utilized a tri-level stochastic optimization program to
assess the impact of zonal diversification on investment portfolios. Croce et al. introduced
a machine learning-enhanced multi-criteria optimization methodology to optimize energy
zone flexibility, aiming to reduce peak power consumption and prevent reverse power
flow. By taking into account the cost of the whole life cycle and the benefit of the ESS,
Li et al. (2020) established a bilayer optimization model to solve the challenge of volt-
age fluctuations of distributed power sources in microgrids [23]. Wu et al. (2019) and
Mediwaththe et al. (2020) both focused on optimizing smart grid operations [24,25]. Wu
et al. developed a distributed hierarchical equivalence algorithm to solve economic chal-
lenges in smart grids, while Mediwaththe et al. explored integrating energy storage
with PV for demand management within acceptable voltage levels, employing a Stack-
elberg game based on a linearized model to enhance energy trading benefits for storage
providers. To solve the impossibility of quantifying the indirect benefits of energy storage,
Wang et al. (2020) established an economic benefit and evaluation approach taking
into account a reduction in unitary deficits and postponed returns from investment [26].
Zhang et al. (2022) proposed a capacity allocation method with maximum energy storage
benefit with the life cycle as the optimization objective [27]. The energy management
strategy considering peak and valley regulation was proposed for the mixed energy storage
system of the electrified railroad. Cui et al. (2017) established a two-stage energy storage
arbitrage model to address the chronic energy storage arbitrage problem of maximizing
annual returns in a grid characterized by a substantial share of wind energy [28]. Zhao et al.
(2021) developed a model to assess the benefits of energy storage system scheduling strate-
gies based on time-of-use tariffs, focusing on maximizing economic gains [29]. Ying et al.
(2023) targeted the uncertainties of wind power with a capacity configuration for pneumatic
ESS, aiming to enhance economic outcomes [30]. Meanwhile, Sun et al. (2020) proposed
an energy flow-based optimization strategy for the integrated energy system, adding a
different dimension to optimizing energy resources [31]. All three studies aim at optimizing
energy storage for economic benefits. Yang et al. (2021) proposed a framework of analyzing
battery operation in an Australian National Electricity Market electricity spot; an operating
strategy was proposed based on battery degradation costs [32]. However, most of the
aforementioned results mainly focus on analyzing the benefits of energy storage without
taking into account other stakeholders. Therefore, an important topic is the optimization
of the capacity configuration of ESS from the perspective of multiple interests, which is
worth studying.
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Building upon the preceding discussions, in this paper, a capacity optimization al-
location infrastructure is proposed based on maximizing the net benefit by considering
multiple interests (such as PV plants, energy storage systems, and grid companies). The
auxiliary service benefits of energy storage are fully exploited by an improved particle
swarm optimization (PSO). Finally, simulation and analysis are carried out in the adapted
IEEE 14-bus network and a real-world electricity grid in a region of South Xinjiang, China,
which are expected to demonstrate the efficacy and utility of the proposed approach.

2. Photovoltaic-Storage Architecture

The structure of a typical multi-source interaction system is shown in Figure 1. The
integration of large-scale PV into the electricity network, with the inherent randomness of
PV generation, will significantly affect the stability of energy supply and power quality in
the grid. The energy storage system has the characteristics of rapid bidirectional power
regulation. It can significantly enhance the negative impact of PV volatility on the grid.
The configuration of the combined ESS for PV is depicted in Figure 1. The energy reservoir
device can be selectively connected to either the DC or AC side of the PV inverter as needed.
It is convenient to retrofit the existing PV generator set when connected from the AC side.
The investment can be reduced when connected from the DC side.

[
L
|

DC ( Q )
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-

PV
DC
ac| < gi )' Electricity Network

Energy Storage System

Figure 1. A typical multi-source interaction system.

3. Multi-Stakeholder Model

The reservoir of energy equipment is integrated into the pre-existing power grid to
control the storage system to store and release energy according to the change in load and
PV plant output. In this paper, three parties’ revenue (PV plant revenue, energy storage
system revenue, and grid company revenue) is taken as the optimization object and an
intricate model for optimizing multiple objectives is developed.

3.1. Revenue Model of PV Plant

Revenues from PV plants can be expressed as

T

_— 1
1—(1+T)7T1 0

Fi income = Wi.pst + WinEs + Wi .rBI

Wirgr = P1Dy ()

where T represents the prevailing discount rate, 7/[1 — (14 1)~ 1] is the equivalent annual
coefficient of the device, P; is the total installed capacity of the PV plant, D; is the scrap
price of PV cells per unit of power, Wy ps; is the annual electricity sales revenue, Wy N is
the renewable energy subsidies of government, and W gp; is the PV battery scrap income.

T
Fycost = Cl.ICCW + Cr.omc 3)

Ciicc = Pl 4)
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Cromc = PiM; %)

where Uj is the cost of PV cells per unit of power and Mj is the annual maintenance cost of
the PV plant per unit of power. Tj is the lifespan of the photovoltaic power plant.
Therefore, the net income model of the PV plant can be expressed as

Fl = Fl,income - Fl,cost (6)

3.2. Revenue Model of ESS

The advantages of ESS mainly include peak saving and backup, which can be repre-
sented as
T T
cpeES pe+ ) CREES RE @)
t=1 t=1

B income =

where cpg represents the unit peak saving income, cgg is the unit standby income, and
EE,PE and Eé/ re are the peak saving power and spare capacity delivered by ESS during the
specified time period ¢, respectively.

The expend of storage system can be represented as

F cost = Co.pur + Ca1cc + Cromc )

1-(1+71) 2

T
Capur = Y_ E5 purh2 )
t=1
where EJ ,; is the energy storage purchased from the grid power in period t, A, is the price
of unit power, C; pyjr is the power purchase cost, C; jcc is the primal capital expenditure,
and Cp ppc is the daily expense of operation and maintenance. T is the lifespan of ESS.
Therefore, the net profit model of storage system can be represented as

k= PZ,income - FZ,cost (10)

3.3. Grid Company Revenue Model

The income of grid company can be expressed as

Fincome = Wa.ser + Wa.rge (11)

W3 rcc = Arge(M — N) (12)

where A7gc is the green certificate unit electricity trading price, M is the actual holding
of green certificates, N is the renewable energy quota of the grid company, W5 sg; is the
electricity sales income, and W3 7g¢ is the green certificate transaction income.

The cost of the grid company can be expressed as

T

1-(1+7)°5 (19

F3.cost = Ca.pur + C3.6TR

where C3 pyjr is the purchase cost and Cz 7R is the cost of network expansion. T3 is the
lifespan of the grid structure.
The equation for computing the augmentation expense of the grid is as follows:

N
Csgrr = ) CuLn (14)
k=1

where N} represents the total number of candidate amplification lines, C, represents
average expense of line 11, and L, represents the length of alternative amplification line.
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Therefore, the net income model of grid company can be expressed as
F 3 = F 3,income — F 3,cost (15)
3.4. Constraint Conditions
3.4.1. Power Balance Constraint
The balance of power can be expressed as
t t t t t
Pgen+P1t3V+Ph:Pload+Pbess+Ploss (16)

where Pgten represents the power of the output for unit i, P}, represents the power of output
for the PV field in time interval ¢, P} represents the power of output for the hydroelectric
facility during the specified time span t, P, represents the load in time interval t, P},
represents the power of output for the storage system during the specified time span ¢, and
Pf . is the active power of network loss.

3.4.2. Constraints on Output of Conventional Unit within the Upper and Lower Bounds
The output of conventional unit can be expressed as

pg,ri\m <P

oi < P (17)

where P;i‘ax and Pgn?i“ represent the upper and lower bounds of the output, respectively.

3.4.3. Conventional Unit Ramp Constraint

The ramp of conventional unit can be expressed as
— AP < Poiy — Poirq < APP (18)

where AP?%" is the downhill climbing rate limit of conventional unit i and APiup is the
limit of rising ramp rate for conventional unit i.

3.4.4. Reserve Capacity Constraint

To mitigate the unpredictability in grids, a certain amount of reserve capacity should
be reserved in the system. However, there will be decreased economy of grid operation
due to excessive spare capacity.

Ng

oy (Pmax — Pl ;) = AP+ APy, + AsP!
Iﬁg (19)
L i (Phoni () = PR ) 2 M} + AaPhy (1) + AP
where N, represents the number of power plants, Ay = Ay = 10%, A3 = 2~5%, u; ; represent
the operational cycling status of a conventional power facility i, 1+ = 1 represents power-
on, yi; = 0 indicates downtime, and P22 and Pé’e‘g"i represent the upper and lower

gen,i
boundaries of the conventional unit’s output, respectively.

3.4.5. Voltage Constraint
The safety constraint of voltage can be expressed as

min g max
{w <V <V 20)

9;1’111’1 S 61 S ellfnaX
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3.4.6. Line Flow Constraint

The safety constraint of line flow can be expressed as
pflow < pflowmax (p —q . T) 1)

where PloW and PO"™@ represent the actual power and maximum power on the
line, respectively.

3.4.7. Energy Storage State of Charge Constraint

The constraint of energy storage state can be expressed as

P}’ess X 1pe X At
Epess (t)
Ptbess XMNpd X At
EthSS

, PPess > 0

P < 0

53 +

soC __
St o gsoc
t—1

(22)

where PP represents the grid charge and discharge power of ESS during the specified time
span t, PP® > ( represents the charging state of the ESS, PP®*® < 0 represents the discharge
state of ESS, Ej,(t) represents the remaining capacity of the ESS at the previous moment,
57°¢ represents the state of charge of ESS, At represents the duration of ESS charging, and
11y and 14 represent the efficiency during charging and discharging in ESS, respectively.

4. Model Solving
4.1. Improved Particle Swarm Optimization

The conventional PSO showcases the benefits of a broad optimization range and
straightforward coding. It is often used to obtain the optimal solution, which is given
by [33].

{ Vi =@V e (B = X{) + ey (P - Xf) 23)

_ wd 4 yi
Xig =XtV

where Vid and Xf are the speed and position before the update, Vi’il and X?—H are the
updated speed and location, d represents the iteration of population 7 in X;’l, w is weight,
and c; and ¢, represent learning parameters of population, which are the random values
within the range of (0, 1).

However, the standard PSO is susceptible to local optima and premature. In this paper,
a modified PSO from two aspects is established.

(1) Improvement in Inertia Weight

In the standard PSO, the weight w affects the optimization accuracy of the particles.
The slower particle flight speed at the smaller weight is beneficial to the local optimum in
the later stage. The faster particle flight speed at the larger weight is conducive to a global
optimum. Therefore, compared to the weights of traditional PSO, the improved PSO in this
paper adopts dynamic weight w. The improved update formula is as follows:

Ty Nvar
D(x) = ———Y" (xgestn — Xn) (24)

Xmax — ¥min ;,—1

W = Wmin + (wmax - wmin) X (D(x) - 1) (25)
where 1y, is the number of decision variables, xp,n is the particle position lower limit, and
Xmax is the particle position and decision variable upper limit.

(2) Improvement in the Learning Factor

PSO has better global optimum ability in the early stage when c; is large and c; is
small. Also, PSO has better local optimum ability in the later stage when c; is large and
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c1 is small. Therefore, by adopting a non-linear change method, the improvement in the
learning factor can be formulated as

q=2-—" (26)
max

=14 27)
max

where r € (0, 1) is the random number.

4.2. Solution Process

The solution process of storage system capacity optimization configuration based
on modified PSO is depicted in Figure 2. It is important to note that the variable to be
optimized in the multi-objective optimal configuration model is the installed capacity of
ESS. The spatial positions of the particles are determined through the modified PSO.

(“’“J

Y

The number of particles and related
parameter settings

Y

Setting Decizion Variables Capacity and
Power of Energy Storage System

Y

Load conventional unit parameters, new
energy output prediction data

[P

vw

Inject the results into the grid
structure

'

Flow calculation

Update particle velocity and
position

] v Y 7

Photovoltaic station Energy storage The revenue of power
Tevenue system revenue grid company

No

Optimal Solution of Output Energy Storage
Configuration

Figure 2. Flowchart of storage capacity optimization configuration.

The depicted flowchart outlines an optimization protocol for an energy system incor-
porating photovoltaic stations and storage units. Initially, the algorithm’s parameters are
established, including the number of solutions modeled as particles. Decision variables for
the storage system’s capacity and power are set, followed by the introduction of parameters
for conventional energy units and predictions for renewable outputs. These inputs inform
the energy distribution to the grid. Subsequently, energy flow is calculated, and an iterative
optimization loop begins, updating the solution candidates” attributes to maximize the
system’s revenue components. The loop continues until a satisfactory solution is reached
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based on convergence criteria or the iteration count, culminating in the identification of
an optimal configuration for the energy storage system output, thereby concluding the
optimization process.

5. Case Analysis
5.1. Parameter Setting

The adapted IEEE 14-bus network and the actual power grid in a certain area of
Southern Xinjiang are taken as the case models for simulation verification. The load
information and PV output curve in the case are shown in Figure 3. The improved network
topologies are depicted in Figures 4 and 5, respectively. The operating parameters of
thermal units, ESS and hydropower units, the electricity price information, and equipment
cost information are shown in Tables 1-4, respectively.

1400

: T T T
The power of the pv plant
Power load demand

1200 - 1

1000 1

Power/MV

600 - b

200 - /f\ |
0 s s )
5 10 15 20

25

Time/h

Figure 3. Typical daily operation curve.

? L 19
! I
?_-\

"5 4"@
S Sdngmiif
He w3

]
I v

@ Thermal power station
@ Photovoltaic power station

% Energy-storage system

Figure 4. The adapted IEEE 14-bus network.
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Figure 5. Actual power grid topology of a region in Southern Xinjiang.

Table 1. Parameter settings for the case system.

Parameters Data Parameters Data
PV plant construction cost 11,340 yuan/kW Number of ESS 2
. SOC upper limit of energy
PV plant maintenance cost 1120 yuan/kW per year storage battery 0.9
. SOC lower limit of energy
PV panel scrap income 120 yuan/kW per year storage battery 0.1
PV panel life 20 years Battery life 15 years
Energy storage system 3800 yuan/kW Grid expansion cost 1 million yuan/KM
construction cost
Maintenance cost of energy Government’s expected
storage system 300 yuan/kW per year photovoltaic subsidies 03 yuan/kWh
Energy‘ storage unit 30 yuan/MWh Photox{o}talc grld 0.7 yuan/kWh
peaking income electricity price
Energy storage unit . . .
standby revenue 0.55 yuan/kWh Power grid selling price 0.5 yuan/kWh
Table 2. Relevant parameters of the thermal power unit.
Unit Number 1 2 3 4 5
Min (MW) 120 120 20 20 20
Max (MW) 455 455 130 130 162
Coal consumption coefficient a 0.00048 0.00031 0.000212 0.00211 0.00398
Coal consumption coefficient b 16.19 17.26 16.61 16.5 19.72
Coal consumption coefficient c 1000 970 700 680 450
Table 3. Relevant parameters of the hydropower unit.
Unit Number 1 2 3 4
Vin (10,000 m3) 80 60 100 70
Vinax (10,000 m) 150 120 240 160
Quin (10,000 m3/s) 5 6 10 6
Qmax (10,000 m3/s) 15 15 30 20
PH,;,, (MW) 10 15 35 20
PH gy (MW) 500 350 600 450
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Charging and discharging power/MV

Table 4. Parameter settings for the algorithm.

Parameters Data Parameters Data
Iterations 100 Learning factor cq 0.1
Number of populations 50 Learning factor ¢ 0.2
Initial value of inertia weight 0.2 Concluding inertia 0.8

weight parameter

The simulation time span is 1 day, the annualized equivalent factor of equipment is 0.08,
the upper limit of capacity of PV plant and storage system is set as the maximum load of
the system, the trading price of green certificate is set as 0.2 yuan/KWh, and the renewable
energy quota obligation of power grid company is set as 15% of the annual load power.
The scratch income from photovoltaic panels in Table 1 represents annual data. Therefore,
it is necessary to prorate this to daily data when optimizing the established model.

5.2. Case Analysis

In order to validate the viability of the model presented in this paper, three scenarios
are formulated for analysis. All scenarios operate under identical system parameters.

Scenario 1: Only the power grid company’s revenue;
Scenario 2: Only the energy storage system benefits;
Scenario 3: The income of grid companies, ESS, and PV plants.

Figures 6 and 7 show the state of ESS operation throughout the day under three
optimization scenarios, utilizing the adapted IEEE 14-bus network.

(I Energy storage systen]

[ Energy storage systen]

I £nergy storage syste
P

Charging and discharging power/MV
Charging and discharging power/MV

10 15 2
Time/h

scenario 3

0 5 10 15 20 25 0
Time/h
scenario 2

0 5 10 15 20
TIHIE{h
scenario 1

Figure 6. Power flow into and out of the ESS for scenario 1 to 3.
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L - SOC statu of energy storage system
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scenario 1 scenario 2 scenario 3

Figure 7. SOC status of ESS for scenarios 1 to 3.

Table 5 lists the peak saving capacity and reserve capacity that ESS can provide to the
grid in a cycle of 24 h.

ESS is equivalent to the provision of energy to the grid when it is in the discharged
state again. At the same time, it can also be charged on demand, which is equivalent to
a load.
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Table 5. Energy storage capacity configuration results.

Scene No Configure Peaking Standby
) Capacity/MWh Capacity/MWh Capacity/MWh
1 5.71 7.88 48.9
2 8.51 22.54 68.83
3 7.22 12.35 54.36

Scenario 3’s energy management profile, as illustrated by Figure 6, suggests a highly
strategic and dynamic system operation, with sharp peaks in charging and pronounced
troughs in discharging, indicating aggressive energy turnover within the 24-h cycle. Upon
comparative analysis, Scenario 3 emerges as superior for an energy storage system due to
its dynamic operation. Unlike Scenario 1, which shows moderate charging and discharging,
and Scenario 2, which indicates higher utilization, Scenario 3 demonstrates the most
significant range of power fluctuations. With peaks nearly reaching 5 MW and troughs
around —4 MW, Scenario 3 suggests an aggressive and responsive energy management
strategy. It indicates that the system robustly adapts to varying energy supply and demand
conditions, optimizing its storage capacity. The pronounced activity in Scenario 3 likely
reflects strategic operational decisions to store energy during periods of low cost or excess
supply and discharge during high demand, potentially leading to improved efficiency
and cost-effectiveness. Thus, Scenario 3’s utilization pattern may be indicative of a more
economically savvy and operationally efficient system.

The variability in the SOC graph points to a system that responds actively to the
changing energy landscape, possibly accommodating high levels of renewable energy
generation and rapid shifts in electricity demand. Scenario 3 may offer advantages in
scenarios where energy prices fluctuate widely, allowing operators to buy low during
periods of surplus and sell high during shortages, effectively leveraging market dynamics.
The pronounced dips in SoC also hint at the potential for deep discharge cycles. When
juxtaposed with the charging and discharging profiles, they suggest that ESS is not just a
backup but a pivotal component of the energy strategy, engaging in both load leveling and
peak saving.

To ascertain the enhanced particle swarm algorithm’s efficacy and utility in addressing
the issue delineated herein, a comparative analysis of the algorithm’s performance pre- and
post-enhancement toward solving the designated problem was conducted, with the com-
putational outcomes depicted in Figure 8. An examination of the convergence rates of both
algorithms reveals that the post-improvement version exhibits accelerated convergence,
thereby underscoring the selected algorithm’s superiority.

6
105 <10

PSO
Improve PSO

Amount/¥

| . . . .
0 20 40 60 80 100
Number of iterations

Figure 8. Comparison of optimization results between PSO and improved PSO algorithms.

During the execution of the actual Simulation, three scenarios were systematically
configured. Figures 9 and 10 show the state of ESS operation throughout the day un-
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der three optimization scenarios, utilizing the actual power grid topology of a region in
Southern Xinjiang.

[ 1#Energy storage syste
S | | D 2#Energy storage systes
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Figure 9. Power flow into and out of the ESS for scenario 1 to 3.
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Figure 10. SOC status of ESS for scenarios 1 to 3.

This paper configures ESS in the place where the PV farms gather more densely
according to the actual grid structure of South Xinjiang, China. The final determination of
energy storage capacity allocation is 14.4 MWh and 19.1 MWh, respectively, taking into
account the interests of the three parties.

The peaking capacity and standby capacity that the two energy storage systems can
provide to the grid in one cycle of 24 h are presented in Table 6. In analyzing the ESS across
three scenarios, it becomes evident that Scenario 3 offers a more balanced and efficient
configuration. This scenario showcases System 1 and System 2 with configured capacities
of 14.4 MWh and 191 MWh, peaking capacities of 29.1 MWh and 36.9 MWh, and substantial
standby capacities of 138.7 MWh and 168.6 MWh, respectively. The distribution of capacities
in Scenario 3 suggests an optimized balance between the immediate availability of energy
for peak demand (peaking capacity) and the strategic reserve for unforeseen circumstances
(standby capacity), without excessively prioritizing one over the other. This balanced
approach not only ensures a reliable energy supply during peak times but also maintains a
higher level of preparedness for emergency situations. Furthermore, the relatively high
configured and standby capacities of both systems in Scenario 3 indicate a robust framework
designed to accommodate fluctuations in demand and supply, enhancing the overall
efficiency and stability of the energy grid. Consequently, Scenario 3 emerges as the superior
configuration, demonstrating an effective integration of energy storage capabilities to meet
diverse operational demands while ensuring grid reliability and efficiency. Meanwhile, the
above results indicate that considering multiple interests simultaneously will result in a
more balanced outcome.

It can be concluded that the total revenue of the established model is the highest in
the PV plant energy storage system from Table 7. Scenario 2 has a higher charging and
discharging capacity than Scenarios 1 and 3, as it considers the maximum benefit of ESS.
However, scenario 3 has a relatively flat charging and discharging capacity because it
integrates the revenue objectives of multiple parties. The revenues of the three parties of
interest in the simulation case and actual case are enumerated in Table 7. The findings
indicate that the revenue of PV plants mainly comes from their power sales revenue and
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government subsidy policies. Auxiliary services are the main source of revenue for ESS.
Grid companies’ revenues are closely related to the installed renewable energy capacity
in the region. A higher price of green certificate trading can increase the incentive for
energy storage and grid companies to invest. ESS can increase the utilization of sustainable
energy resources.

Table 6. Energy storage capacity configuration results.

Scene No. Energy Storage Configured Peaking Standby
System No. Capacity/MWh  CapacityyMWh  Capacity/MWh
1 15.1 27.1 128.7
1 2 122 30.1 101.1
1 18.4 44.2 217.7
2 2 10.3 19.52 1025
1 144 29.1 138.7
3 2 19.1 36.9 168.6

Table 7. Third party income of three scenarios.

Total Revenue in

Total Revenue in

Scene No. Subject of Interest 14-Bus Network/¥ Actual Power Grid/¥

PV plant 499,722 240,898

1 ESS 70,878 16,628
Grid company 9,701,638 1,333,863

PV plant 504,338 247,063

2 ESS 113,620 17,869
Grid company 9,602,817 1,314,823

PV plant 504,603 246,790

3 ESS 101,236 17,392
Grid company 9,683,937 1,328,108

6. Conclusions

The energy storage system can efficaciously mitigate a range of issues arising from
large-scale PV into grids. By the combination of multi-stakeholders and an improved PSO,
a multi-faceted optimization model was introduced for the PV of ESS. The simulation
results demonstrated that the reasonable allocation of ESS in the grid could enhance the
harnessing of alternative energy sources. The rational arrangement of the ESS can achieve
the maximum benefit for multiple parties. Simultaneously, the adapted PSO devised in
this study could efficiently compute multi-objective optimization models and achieve
good performance.
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