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Abstract

Under the background of high-energy penetration of new energy into the power grid, this
paper takes the ancillary service capability of photovoltaic energy integrated into the grid as
the starting point and builds a photovoltaic system reactive power service impact evaluation
model on the grid energy efficiency. This is based on the multi-temporal and spatial scale
operation mode, in order to study the supporting principles of photovoltaic system reactive
power services on the energy efficiency of grid operation and the law of influence on system
energy efficiency changes. In this way, the space for power system energy efficiency
improvement and the reactive power service market value of renewable energy are explored
to improve the renewable energy auxiliary services participation in the theoretical system of
electric power spot market transactions. The research conclusions can provide a decision-
making reference for system dynamic energy efficiency management and can assist rele-
vant market entities to make optimal decisions in spot market transactions, and provide
empirical data for improving the theory of renewable energy participation in auxiliary service
market transactions.

Introduction

Under the background of high-energy penetration of new energy into the power grid, the
impact of new energy on the safe operation of the power grid is one of the hot topics today.
However, the research on the mechanism and effect of reactive power support capacity on the
energy efficiency of grid operation lacks corresponding attention. Mostly, power grid compa-
nies do not have a full understanding of the relationship between reactive power support
capacity and grid energy efficiency. Furthermore, the reactive power support function of the
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photovoltaic power generation system has not been fully tapped. The auxiliary service of pho-
tovoltaic power generation system is mainly to make full use of the residual capacity of the
inverters in the photovoltaic power generation system and the SVG devices to provide reactive
power for the power system, to realize the balance of reactive power of the power system and
support for the voltage stability of the power system. The reactive power supporting equipment
in the photovoltaic power generation system mainly includes inverters and SVG devices.
When determining the plan for connecting the photovoltaic power generation system inte-
grated to the power grid, there is a lack of effective methods to evaluate the impact of its reac-
tive power support capacity on changes in the energy efficiency of grid operation. Therefore,
the determined planning objectives for the photovoltaic power generation system integrated
into the grid have a restrictive effect on the energy efficiency improvement in the grid com-
pany’s later grid operations. The real-time balance of reactive power plays an important role in
stabilizing market transaction electricity prices. Renewable energy represented by photovoltaic
power generation is widely integrated into the power grid, researches on economic operation
control, power quality, energy efficiency evaluation, optimal utilization of reactive power
resources, energy-saving and emission reduction, and their impact on grid stability after grid
connection have achieved certain results. However, there is a lack of mechanism explanation
for the degree of its impact on the energy efficiency of the power grid. Clarifying the relation-
ship between the reactive power resources in the renewable energy power generation and the
energy efficiency of the power grid operation can further promote room for improvement in
the energy efficiency management of the power grid. Under the multi-temporal and spatial
scales operation mode of the system, based on the supporting capability of auxiliary services of
renewable energy, how market entities in the power system can make effective market trading
strategies for changes in power system energy efficiency to improve its income is an urgent
problem for all entities to solve. Especially under the background that renewable energy has
fully penetrated the power grid and the energy utilization structure has been transformed, it
still needs theoretical basic research to mine the value of the reactive power resources of
renewable energy based on the perspective of energy efficiency management to realize the opti-
mal allocation of system resources and energy-saving and emission reduction of the power
system.

Literature review

At present, academic scholars mainly focus on the following four aspects concerning the
energy efficiency of the power grid, the reactive service capability of the photovoltaic power
generation system, the new energy grid-connected operation control, and its optimized
scheduling.

Firstly, some research focuses on the reactive power support capability of inverters and
SVG devices in photovoltaic power system and their coordination and optimization. Research
[1, 2] adopted a maximum power point tracking (MPPT) technology with an improved pertur-
bation and observation method (P&O) and it was applied to grid-connected photovoltaic sys-
tems. This research can realize that the photovoltaic system inverter had sufficient residual
capacity of reactive power and a reasonable adjustment range. It laid a foundation for ensuring
the operational stability of grid-connected photovoltaic systems. Research [3, 4] proposed a
reactive power and voltage control strategy based on Monte Carlo (MC) method and robust
optimization (RO) algorithm, and this strategy can reduce energy loss and voltage deviation to
improve the operation control capability of the distribution network and the consumption
capacity of the photovoltaic power generation system. Research [5-7] considered the diversity
of the topology changes of the distribution network, reactive power and voltage partition
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coordination control strategy based on photovoltaic system inverters was proposed, the strat-
egy can effectively and timely control the voltage of the over-limit point within a safe range,
and improve the stability of the node voltage of the distribution network. The above research
mainly focuses on the application or improvement of reactive power optimization control
technology in the photovoltaic power system. However, there is no corresponding research on
the effect of reactive power support on-grid energy efficiency for the coordinated optimization
of the inverter and SVG devices in photovoltaic systems.

Secondly, some research focuses on comprehensive benefit and energy efficiency evaluation
of photovoltaic power systems. Research [8-10] proposed a real-time reactive power and volt-
age control method for active distribution networks that combined central and local reactive
power and voltage to reduce voltage over-limits, improved system stability as well as mini-
mized distribution network operating loss. Research [11] studied the calculation and evalua-
tion methods of energy efficiency in photovoltaic power plants and found that photovoltaic
modules, the conversion efficiency of inverters and system loss were the main factors affecting
the energy efficiency of photovoltaic power generation; Research [12] designed a robust corre-
lation index system for energy saving and loss reduction of the distribution network. It verified
the guiding role of this energy-saving evaluation method during loss reduction of the distribu-
tion network through practical cases. The above research mainly focuses on the study of
energy efficiency, benefits, and evaluation methods of the photovoltaic power generation sys-
tem. However, there is limited research concerning the impact of the photovoltaic power sys-
tem on power grid energy efficiency.

Thirdly, the research focuses on the efficient utilization, and carbon emission reduction of
renewable energy power generation after renewable energy is connected to the power grid.
Research [13] introduced carbon emission and carbon trading mechanism into the integrated
energy system (IES) with distributed generation, gave a joint configuration method of power-
to-gas (P2G) equipment and photovoltaic capacity as well as established the joint optimization
model of P2G equipment and photovoltaic system. Research [14] considered the low-carbon
operation of the IES and built a carbon capture and carbon storage equipment model, which
effectively reduced the carbon emissions of the industrial park and promoted a high propor-
tion of new energy consumption. The above research mainly focuses on the overall effect of
grid-connected renewable energy on energy saving and emission reduction of the power sys-
tem, as well as the relationship between environmental protection and power planning. How-
ever, the low-carbon development and energy-saving planning issues after the integration of
renewable energy into the power grid did not adequately consider the improvement of energy
efficiency in the later operation of the power system.

Fourth, some research focuses on the power quality of the power system after renewable
energy is connected to the grid. Research [15] proposed an integrated control scheme of the
energy management system (EMS) and renewable energy auxiliary service scheduling, used
photovoltaic power generation system information monitoring gateway to collect renewable
energy system operation data to support EMS for renewable energy power generation schedul-
ing control. And considered that using the residual capacity of renewable energy to implement
reactive power auxiliary services to improve system voltage quality and achieve the operation
stability of large scale power systems in the background of high penetration of renewable
energy. Research [16] summarized the currently commonly used total harmonic distortion
(THD) reduction methods, and based on the mechanism of the adaptive filter and its applica-
tion effect on harmonic suppression, future application development was proposed. Reference
[17] proposed an adaptive predictive filtering method to reduce THD by adopting the least
mean square (LMS), normalized LMS (NLMS) and leaky LMS (LLMS) algorithms, and the
algorithm tests were implemented based on the single-phase standalone photovoltaic power

PLOS ONE | https://doi.org/10.1371/journal.pone.0268173 May 13, 2022 3/19


https://doi.org/10.1371/journal.pone.0268173

PLOS ONE

Research on supporting mechanism of ancillary service of PV system to grid energy efficiency

generation model to verify its validity. The simulation results indicate that the proposed
method can reduce the THD of photovoltaic systems by more than 70%. The new energy grid-
connected inverter technology has improved rapidly and can effectively control harmonics.
Research [18] pointed out that a dynamic reactive power compensation device should be
installed at the harmonic source to compensate for the reactive power demand of rapidly
changing loads, improve power factor, filter out system harmonics and reduce the injection of
harmonic currents into the power system. Research [19] proposed a unified control strategy of
photovoltaic grid-connected and active filters, which can realize photovoltaic grid-connected
power generation as well as realize harmonic compensation and improve system utilization.
Research [20] pointed out that adopt full-bridge inverter circuit and high-frequency switching
electronic devices in inverters can make the output harmonics have been well controlled. And
the proposed method of space transformation can precisely control the harmonics injected
into the grid current so that the low-order harmonic content of the output current of the pho-
tovoltaic inverter is the smallest under the optimal switching times. The above research mainly
focuses on the problem of harmonic suppression after renewable energy is connected to the
grid. With the advancement of photovoltaic inverter production technology, the impact of har-
monic current in photovoltaic power generation systems on all aspects of the grid will be fur-
ther reduced. The differences between relevant literature and this research are shown in
Table 1 below.

Based on the research progress and shortcomings of existing literature, this paper may have
the following academic contributions and values:

1. By analyzing the boundary operating characteristics of the photovoltaic power genera-
tion system after it is integrated into the grid, typical operation modes of power systems,
typical operation load rates, different grid structures, and two boundary reactive power
operation modes of inverter devices or SVG devices in photovoltaic power generation
systems are simulated. The correlation effect analysis model of photovoltaic power sys-
tem reactive power service to support grid energy efficiency support, which is based on
Pearson method and power system voltage deviation, active loss, and line loss rate as the
core indicators are designed. Taking the auxiliary service capability of the photovoltaic
power generation system as the starting point, the mechanism of the reactive power ser-
vice capability of the photovoltaic power generation system support the energy efficiency
of the power grid operation is studied, and the effect of the reactive power supporting
capability of the photovoltaic power generation system on the energy efficiency support-
ing of the power grid operation is planned to be verified. It provides decision-making
reference for the planning and design, investment cost control, and energy efficiency
management of the grid company before the photovoltaic power generation system is
integrated into the power grid.

2. In this paper, a mean-semi-absolute deviation and t-test system operation energy effi-
ciency correlation effect evaluation model is constructed. Through calculating the devia-
tion of voltage or energy consumption, the difference in the impact of the reactive
service capability of inverters or SVG devices in the photovoltaic power generation sys-
tems on changes in the energy efficiency of grid operations is verified. Based on the com-
parison of different combined operation modes, the effect of reactive power support
capacity of photovoltaic power generation system on energy efficiency support of grid
operation is verified. It is expected to provide decision-making references for planning
and design, investment cost control, and energy efficiency management of grid compa-
nies before and after the photovoltaic power generation system is integrated into the
grid. Meanwhile, taking the supporting effect of the reactive power service of the
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Table 1. Comparison table of differences between the research in this article and the main related literature research.

Time | Research Research content Research solves the major problem Research goal Research method
2021 (8] Optimal local voltage control strategy | The problem of voltage exceeding the Reduction of voltage overruns and Convolution Neural
for photovoltaic inverters in active limit in the process of continuous minimization of power network losses Networks (CNN)
distribution networks increase of the penetration rate of as the goal

photovoltaic power generation in the
active distribution network.

2021 [9] A voltage adjustment method for Fluctuations in photovoltaic power | Running loss minimization as the goal Non-dominated
active distribution network generation lead to significant voltage Sorting Genetic
considering reactive power fluctuations in active distribution grids Algorithm-II
optimization of substations (NSGA-II)

2021 [10] Reactive power optimization After the photovoltaic power System stability and the economy as a Non-dominated

algorithm of distribution network with | generation system is connected to the goal Sorting Genetic
the photovoltaic power generation distribution network, the power quality Algorithm-11I
system decreases, the system’s active power (NSGA-III)
loss increases, and the system is
unstable.
2021 [13] Integrated energy system carbon How to improve the utilization The goal is to minimize the total cost K-means
emissions and carbon trading, as well efficiency of IES and the supporting of system operation
as power-to-gas equipment and capability of reasonable equipment
photovoltaic co-optimized configuration in IES for carbon
configuration neutrality
2020 [7] Voltage Coordinated Control Strategy Distributed photovoltaic grid Realize fast control in case of system Clustering By Fast
of Distribution Network with connection brings problems such as emergency and reach the voltage Search and Find Of
Distributed Photovoltaic Generation | many centralized control dimensions safety range Density Peaks
and complex control process of voltage (CFSFDP)
to the distribution network.

2019 (3] Three-stage reactive power and voltage | Uncertainty of PV power output and reducing energy loss and voltage Robust Optimization

control strategy of inverter based on load demand deviation as a goal (RO)

high-penetration photovoltaic power
generation system

2019 [4] Simulation of consumption capacity of | The imbalance between photovoltaic | improving photovoltaic consumption | Monte Carlo method
distribution network and research on output and load leads to reverse the capacity as a goal (MC)
voltage control strategy under high | tide in the line current, causing voltage

penetration rate of photovoltaic power out-of-limit problem

generation
- This Research on the supporting Mining of auxiliary service resource The correlation between the reactive Pearson correlation
research mechanism of photovoltaic system | value of photovoltaic power generation power service of the photovoltaic coefficient, mean-semi-
auxiliary service to grid energy system and its impact on the dynamic | system and the energy efficiency of the | absolute dispersion,

efficiency energy efficiency of the power grid grid, and the law of dynamic changes and t-test

in the energy efficiency of the system

https://doi.org/10.1371/journal.pone.0268173.t001

photovoltaic power generation system on the grid operation energy efficiency as an
example, it is intended to reveal the general law of the impact of renewable energy on the
grid operation energy efficiency after grid connection, to prove that renewable energy
has participated in the auxiliary services of the power system to the system, to prove the
extent of renewable energy’s impact on the energy efficiency of the system after partici-
pating in auxiliary services of the power system. It provides a theoretical basis for the
construction of a market mechanism for auxiliary services containing renewable energy
and transaction optimization decisions.

3. The research on the supporting mechanism of a single photovoltaic power generation sys-
tem to the grid energy efficiency and the dynamic energy efficiency analysis method of
multi-temporal and spatial scales can be further applied to the dynamic energy efficiency
analysis in the grid cluster mode such as photovoltaic cluster or wind and solar cluster.
Through the coupling mechanism and division of different cluster modes research realize
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the power grid lean energy efficiency management, and provide ideas and methods for
power grid energy conservation and loss reduction.

Analysis of the impact of photovoltaic power generation system
on-grid energy efficiency

The reactive power demand of photovoltaic power plants mainly originates from the trans-
former, collector line, and delivery line. The active power output of photovoltaic power plants
fluctuates and is random. At the same time, the reactive power demand for photovoltaic power
plants will change with the actual power output of photovoltaic power plants. The SVG device
in a photovoltaic system is connected in parallel to the bus of low voltage side of the main
transformers, which mainly compensates the reactive power requirement of main transformer
and transmission line, and SVG generates the maximum reactive power to support the grid
voltage in case of power grid failure. Based on the reactive power regulation capability of the
inverter itself (i.e., when the active power of the inverter is at full load, i.e., 1 pu (per unit), its
reactive power output can be adjusted between—0.484 pu and + 0.484 pu), the reactive power
demand of transformer and collector can be compensated locally. Due to the different capaci-
ties of the photovoltaic power system connected to the power grid, the photovoltaic power sys-
tem has an impact on the node voltage and active power loss.

On the other hand, after the photovoltaic power generation system is connected to the grid,
a high-order harmonic current will be generated, and the harmonic current will have a certain
impact on the energy consumption of the grid. Research [21] is based on the energy efficiency
evaluation system of the distributed generation connected to the power grid. The multi-
dimensional function partial differential calculation method is used to calculate the contribu-
tion of a single evaluation index to the energy efficiency level of the entire distribution system
in a fixed state. The research results indicate that the contribution of the harmonic distortion
rate of current to the energy efficiency of the power grid is the smallest, which is only 0.448,
the contribution of the length of the overhead line is the second, which is 1.714, and the contri-
bution of the distributed capacity is the largest, which is 5.479. At the same time, according to
China’s GB/T 33593-2017 "Technical Requirements for Distributed Power Grid-connected",
GB/T 31464-2015 "Grid Operation Guidelines" and GB/T 14549-1993 "Power Quality Har-
monics of Public Power Grids", the harmonics are proposed requirements. It is required that
the grid-connected inverters themselves have the function of harmonic control, and the har-
monic distortion rate of the grid-connected inverters does not exceed 5%. Therefore, the pho-
tovoltaic power generation system with grid connection conditions has little impact on the
energy efficiency of the power system after grid connection. To sum up, although the power
grid loss is related to the harmonic distortion rate of current, this paper mainly studies the sup-
porting mechanism of a single photovoltaic system on the power grid energy efficiency, and its
impact can be ignored. In order to quantitatively analyze the energy efficiency of the photovol-
taic power system connected to the power grid, this paper selects voltage deviation, active
power loss, and line loss rate of each node in the power grid as the primary basis for compre-
hensive energy efficiency evaluation.

Model of energy efficiency correlation analysis
A. Energy efficiency model of power grid operation

1) Constraints on the stable operation of the power grid. Balanced regulation of active
and reactive power of each node in the system under steady-state operation should be mainly
considered during power grid energy efficiency management, and corresponding stability
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requirements should be met to ensure the safe operation of the power grid.

N
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In the process, N is the number of nodes: Qg;, Qpiis the generator and load reactive power,
kVar; U; is the voltage amplitude of node i, kV; 9,-]- is the phase angle difference between two
nodes, rad; G, Bij are the real and imaginary parts of node admittance, S. w' is the probabili-
ties of different operation modes, tis the all column 1 vector.

2) Calculation equation of power flow in the system (active power and reactive
power). The Newton-Raphson method is used to calculate the power flow of the power grid.
The Newton-Raphson modified equation is as follows:

[AP AQ]" =J[A0 AU (2)

In the formula, AP is the active power unbalance; AQ is the reactive power unbalance; A9 is
the voltage angle balance; AU is the amplitude correction; J is the Jacobian matrix.
3) Voltage deviation index. The voltage deviation formula is as follows:

(Ui — Us)

AU = x100% i=1,...,N (3)

S

In the formula, U; is the node voltage, kV; Uj is the system nominal voltage, kV. Under nor-
mal operation mode, the absolute sum of positive and negative deviations of supply voltage
does not exceed 10% of nominal system voltage.

4) Index of active power loss in the power grid. The nodal equivalent power method is
used to calculate the active power loss. The formula is as follows:

P2 + Q2
Plass = TRt (4)

In the formula, R is the branch resistance, Q; t is time, s; P is the node active power, kW; Q
is the node reactive power, kVar.

5) Comprehensive energy efficiency calculation of the system. The comprehensive
energy efficiency of the system is calculated by subtracting the statistical line loss rate by 100%.
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The formula for calculating the statistical line loss rate is as follows:

A
h= =0 X 100% (5)

8

In the formula, Ay, is the line loss power, kW-h; Ag is the power supply, KW-h.

B. Correlation model of reactive power support and energy efficiency of the
power grid in photovoltaic system

1) Correlation coefficient. Pearson correlation coefficient is used to calculate the correla-
tion. The formula is as follows:

n

Z(xi = X)), —y)

r = (6)

) SISy

In the formula, r is the Pearson correlation coefficient, | r | <I; x,y are the sample vari-
ables, X, ¥ is the sample mean, n is the sample number, i is the sample number.

The correlation coefficient can describe the degree of correlation between variables and the
positive and negative attributes. The positive and negative values of r represent the positive
and negative correlation of variables. | r | represents the degree of correlation of variables.
The larger | r | is, the stronger the correlation degree is, and the smaller | r | is, the weaker
the correlation degree is.

2) T-test and improved mean-semi-absolute deviation model. Mean-semi-absolute
deviation [22, 23] is used to evaluate the degree of deviation of voltage deviation and active
power loss from the mean under different operation modes. The improved mean-semi-abso-
lute deviation formula is as follows:

oy .
p

In the formula, p is the simulation calculation values of voltage and energy consumption, p
is the voltage deviation and average energy consumption. The mean value of voltage deviation
is the sum of all data of voltage deviation divided by the total number of voltage deviation data;
the mean value of energy consumption is the sum of all data of energy consumption divided
by the total number of energy consumption data.

The test is used to test the hypothesis of the deviation of voltage deviation and active power
loss under different operation modes to verify the difference of positive and negative correla-
tion between reactive power support capability of the photovoltaic power system and power
grid operation efficiency under different combined operation modes.

X on
CS//n
In the formula, ¥ is the sample mean, p is the expectation, S is the standard deviation, n is

the sample size. When |#| > t,/,, the original hypothesis is negated. Otherwise, the original
hypothesis is accepted.

(8)
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Table 2. Load rate value of the system.

Operation mode

Load rate

https://doi.org/10.1371/journal.pone.0268173.t002

C. Conditions of simulation assumption calculation

There are 7 main conditions as follows:

1.

In the future, the popularization and utilization of reactive power optimization system soft-
ware for photovoltaic power generation systems will be more extensive, that is, it is assumed
that the reactive power optimization control system in photovoltaic power stations can real-
ize the coordination of reactive power support functions of SVG or inverter devices.

It is assumed that the harmonic current generated by the grid connection of a single photo-
voltaic power generation system has a negligible impact on the energy consumption of the
grid.

It assumes that the load characteristics of a randomly selected system are specific, the peak-
valley difference rate (percentage of the difference between maximum load and minimum
load divided by maximum load) corresponding to the load characteristic curve is not
affected by load rate (percentage of the average load to the maximum load ratio in the speci-
fied time) of the operating system. It also assumes three different load rates (see Table 2) are
analyzed and calculated with various combinations, namely winter large-scale operation
mode (all components in the system are put into operation), summer large-scale operation
mode and summer small-scale operation mode (in which the units with the least input and
the highest economic benefit are selected according to a minimum load of the system dis-
played in the system for a long time). In the future, the three operation modes will be
referred to as Large-scale Winter, Large-scale Summer, and Small-scale Summer
respectively;

It assumes that photovoltaic power system is connected to the 14-node system (a grid struc-
ture in the International Power System Database) of the IEEE (Institute of Electrical and
Electronics Engineers), and it simulates photovoltaic power system connected to the IEEE
57-node system for further theoretical verification;

In different node systems, the position of the photovoltaic power generation system incor-
porated into the node is different, and the impact on the energy efficiency of the power sys-
tem is different. This article assumes that the merged node position is randomly selected.
For two (IEEE57, IEEE14) node systems, choose to merge from node 7 respectively.

It is assumed that the fundamental operation data of IEEE14 and IEEE57 bus systems are
used to calculate corresponding energy efficiency indexes as the initial state for analysis and
comparison (i.e. the state without connection to photovoltaic power system), hereinafter
referred to as the initial state;

This paper assumes that under different combinations of operation modes, there is a
difference in terms of the correlation between voltage deviation and power loss of
inverters or SVG devices with reactive power support capability in the photovoltaic
power system. When the original hypothesis is negated. Otherwise, the original hypoth-
esis is accepted. The test level is generally less than 0.05, indicating that the probability
does not exceed 0.05.

Large operation in summer Large operation in winter Small operation in summer

60% 40% 22%
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Case study

The total installed capacity of a photovoltaic power plant is 60 MW with six collector lines in
total. Each collector line is connected with 10 groups of PVGU (Photovoltaic Generation Unit)
in series, and each group of PVGU has a capacity of 1 MW, which is connected to collector
lines of 10 kV through step-up transformers. The capacity of the 110 kV main transformer is
63 MVA (capacity unit), and the length of transmission lines is 80 km. The LGJ-185 conductor
(line model) is used. SVG devices can be directly parallel connected to a 10 kV bus in a photo-
voltaic booster plant. Based on the 110 kV high-voltage side, SB = 100MVA, and in order to
simplify the calculation, it is set to be 1pu. The equivalent circuit of the photovoltaic power sys-
tem connected to the power grid (due to the limited length of the article, the parameter deriva-
tion of the equivalent circuit is omitted) is shown in Fig 1.

With the goal of quantitative analysis and calculation, the system load ratio under three opera-
tion modes of Large-scale Winter, Large-scale Summer, and Small-scale Summer is assumed as
shown in Table 2. At the same time, two critical operation modes are assumed: mode 1 shows
that when output values of the active power of a photovoltaic power plant (indicating the neces-
sary power to keep the equipment running) and reactive power of inverters reach the maximum,
the reactive power output value of SVG devices is 0. Mode 2 indicates that when output values of
the active power of a photovoltaic power plant and the reactive power of SVG devices reach the
maximum, the reactive power output of inverters is 0. The combined operation mode of reactive
power support of the photovoltaic system is shown in Table 3. In the table, the capacity configu-
ration of SVG is 10 MVar (unit of reactive power capacity), i.e., 0.1 pu (rated capacity of equip-
ment divided by reference capacity), the maximum value of reactive power output of SVG is 0.1
pu, the active power of photovoltaic is 60 MW, i.e., 0.6 pu, and the maximum output of reactive
power of inverters is 48.4% (according to the technical parameters of inverters), i.e., 0.29 pu.

D. Coefficient of system voltage deviation

According to formulas (1), (2), (3), and (6), the voltage deviation correlation between the com-
bination mode in Table 3 and the initial value of voltage deviation calculated based on the
IEEE14 bus system (initial state) is analyzed. The calculated results are shown in Fig 2. In Fig
2, the voltage deviation correlation coefficient under the combination mode of inverters or
SVG reactive power output is 1. The correlation coefficients between the node voltage devia-
tion of mode 1 or mode 2 and the initial value of voltage deviation of IEEE14 bus system are
0.6968 to 0.9995, respectively, showing a strong correlation. It shows that the effect of mode 1
and mode 2 on the system voltage deviation resembles, indicating that improvement of voltage

Zpoi Upot Zg Us
lpu

P

0.6+10.24pu
—>

<

Fig 1. Equivalent circuit diagram.

https://doi.org/10.1371/journal.pone.0268173.9001
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Table 3. Photovoltaic system reactive support combination unit: Pu.

Mode Photovoltaic active power Inverter reactive power SVG reactive power
Mode 1 0.6 0.29 0
Mode 2 0.6 0 0.1

https://doi.org/10.1371/journal.pone.0268173.t003

deviation is positively correlated with the reactive power support capability of inverters or
SVG devices, and through the comparative analysis of normalized load curves (as shown by
the asterisk mark. It is to facilitate comparative analysis so that the normalized load curve can
be directly put into the same graph. In a later analysis, the load curve is directly quoted, and
repeated drawing is no longer needed). This study finds that the correlation coefficient of volt-
age deviation fluctuates with the change of load.

The correlation coefficients of voltage deviation are calculated based on the comparison of
three load rates in Table 2 for Large-scale Summer, Large-scale Winter, Small-scale Summer,
and initial states. As shown in Fig 3, the correlation coefficients are all bigger than 0.9, meaning
that the load rate has a strong correlation with the impact on the power grid. The variation
trend of correlation between operation modes of Large-scale Summer and Large-scale Winter,
and those of Large-scale Winter and Small-scale Summer, are the same and are less affected by
system load change (compared with the load curve in Fig 1). The correlation between operation
modes of Large-scale Summer and Small-scale Summer, and the correlation index between volt-
age deviation and initial state voltage deviation under operation modes of Large-scale Summer,
Large-scale Winter, and Small-scale Summer are greatly affected by system load change (com-
pared with the load curve in Fig 1), and the correlation coefficient also fluctuates greatly.

E. The correlation coefficient of system active energy consumption

Active power is calculated according to formulas (1), (2), (4), and (6), and the initial active
power loss of the IEEE14 system is 0.1318 pu. The variation of active power loss under

; —&—— Mode 1 and initial value
—————Mode 2 and initial value

Correlation coefficient

0.2F
Mode 1 and Mode 2
0 + Load curve nonnalizat]ion value .
0 3 10 15 20 24

Time solt /h
Fig 2. Reactive power support combination method and initial voltage deviation correlation coefficient.

https://doi.org/10.1371/journal.pone.0268173.9002
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Fig 3. The correlation coefficient of voltage deviation under multiple combined operation modes.

https://doi.org/10.1371/journal.pone.0268173.9003

different operation modes and different load rates is shown in Fig 4. The calculated active
power loss under two modes in Table 3 is reduced to below the initial loss value during the low
load period from 04:00 to 07:00. It can be seen from Fig 4 that after a photovoltaic power sys-
tem is connected to the power grid, active power loss of the system is highly correlated with
load rate under different operation modes.

The correlation coefficient of active power loss is shown in Table 4. Based on the three load
rates in Table 2, the correlation coefficients of active power loss between mode 1 and mode 2
and between Large-scale Summer, Large-scale Winter, and Small-scale Summer are calculated;
the correlation coefficient between grid loss of mode 1 and mode 2 is 1, and the correlation
coefficient of active power loss under Large-scale Summer, Large-scale Winter, and Small-
scale Summer modes are close to 1, which indicates that when the active power of a photovol-
taic system is constant, inverters or SVG devices work separately, and the influence on active
power loss tends to be the same under the operation modes of Large-scale Summer, Large-
scale Winter, and Small-scale Summer.

[—
i
1

Initial value
——¢—— Mode 1 "
Mode 2 \v,‘
1 [——&—— Large operation in summer \
——3—— Large operation in winter :
Small operation in summer \

Active power consumption/pu

Time slot /h
Fig 4. Trend diagram of active power loss in the system.

https://doi.org/10.1371/journal.pone.0268173.9004
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Table 4. The correlation coefficient of active power loss under different operation modes.

Mode 1 and Large operation in Large operation in summer anda | Large operation in winter and a
mode 2 summer and winter small operation in summer small operation in summer
1 0.9998 0.9956 0.9972

https://doi.org/10.1371/journal.pone.0268173.t1004

F. System comprehensive energy efficiency analysis

Based on the operation modes of Tables 1 and 2, and according to formulas (1), (2), (4), and
(5), the comprehensive energy efficiency of the power grid after the photovoltaic connection is
quantitatively analyzed by 100% subtracting statistical line loss rate. In order to make a com-
parative analysis, the initial energy efficiency of the system is calculated based on the IEEE14
bus system (according to the 24-hour load curve in Fig 1) and then compared with the energy
efficiency of the system calculated according to three operation modes (Table 2) after it is con-
nected to the photovoltaic power system (as shown in Fig 5).

From Fig 5, it can be seen that the energy efficiency of the power grid under each operation
mode is higher than the initial value curve of energy efficiency. When the load is at the peak
value between 20:00 and 23:00, the energy efficiency of the power grid decreases under mode 1
and mode 2, but it is still above the initial value curve of energy efficiency. Generally speaking,
the energy efficiency of the system has been improved under each mode of operation.

G. Analysis of alliance operation auxiliary service combination strategy

Based on the results of correlation analysis between reactive power support of the photovoltaic
system and the energy efficiency index of power grid under different operation modes, the t-
test is used to verify the difference of correlation effects. According to formula (8) and its
hypothesis, the three operation modes of mode 1, mode 2, and Table 3 in Table 2 are combined
for calculation and analysis respectively, and 12 t-test curves of voltage deviation and func-
tional consumption under six combination modes can be obtained by simulation. Due to the
limited length of the article, the minimum t-test value is selected for analysis (e.g., If the small-
est t-test value can verify relevant results, then other cases can be proved as well). As can be
seen from Fig 6, in the period other than 05:00-05:59, the t value of voltage deviation and the

100
90

S
P
u e
'g g0 b —Initial value
o —#——Mode 1
=
% 70 i : -Mode 2
&3 —&——Large operation in summer
g 60 + 8— Large operat%ou 111 winter
M Small operation in summer
50 . : . ; )
0 S 10 15 20 24

Time solt /h

Fig 5. The trend of system comprehensive energy efficiency.

https://doi.org/10.1371/journal.pone.0268173.g005
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Fig 6. T-test diagram of voltage deviation and active power consumption of IEEE14 node.

https://doi.org/10.1371/journal.pone.0268173.g006

active energy consumption is larger than the corresponding value of t0.05/2,23, namely 2.0687
(t0.05/2,23 means that the test level is 0.05 and the degree of freedom is 23). Therefore, accord-
ing to formula (8), the original hypothesis can be negated (see no. 6 in 3.3 for original hypothe-
sis), and it can be known that most of the time, there is no significant difference in the positive
correlation between reactive power support of inverters or SVG devices, voltage deviation and
active energy consumption improvement. According to the t values calculated under other
operation combination modes, it can be seen that the positive correlation between the reactive
power support of photovoltaic system and the energy efficiency improvement of the power
grid is not significantly different from the improvement under different combinations of oper-
ation modes, that is, most of the time, the correlation is not affected by the combined opera-
tion mode.

H. T-test of voltage deviation and energy consumption based on different
grid structures

In order to further verify the difference of the influence of reactive power support of a photo-
voltaic system on the energy efficiency index of power grid under various combined operation
modes, node 7 of the IEEE57 system is simulated to connect to the photovoltaic power system.
The t-test values of voltage deviation and energy consumption are shown in Fig 7.

In mode 1 and mode 2 of Table 3, the t-test value of voltage deviation under operation
modes of Large-scale Summer, Large-scale Winter, and Small-scale Summer is greater than
t0.05/2,23, namely in the time period beyond 04:00 to 07:00. Under operation modes of Large-
scale Summer, Large-scale Winter, and Small-scale Summer, the influence of reactive power
support of inverters and SVG on voltage deviation and functional consumption does not dif-
fer. In the time period beyond 19:00-21:00, the t-test value of active energy consumption
under three operation modes is greater than t0.05/2, 23, that is to say, in the time period
beyond 19:00-21:00, the effect of reactive power support of inverters and SVG devices on all
active energy consumption of Large-scale Summer, Large-scale Winter, and Small-scale Sum-
mer does not differ. In summary, there is no significant difference in the positive correlation
between reactive power support of inverters and SVG devices, as well as voltage deviation and
active energy consumption improvement most of the time. At the same time, the t values
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Fig 7. T-test diagram of voltage deviation and active power consumption of IEEE57 node.
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calculated from other operation combinations show that the positive correlation between the
reactive power support of photovoltaic system and the energy efficiency improvement of the
power grid is not significantly different from the improvement under different combinations
of operation modes, that is, most of the time, the correlation is not affected by the combined

operation mode.

I. A comprehensive discussion on the correlation between the photovoltaic
system reactive power support and the grid energy efficiency

(1) Comprehensive case analysis.

1. After the photovoltaic power generation system is integrated into the power grid, within
00:00-24:00, the correlation coefficient between the voltage deviation value and the initial
state voltage deviation in a variety of operating states fluctuates between 0-1, and the fluctu-
ation trend changes greatly. This generally shows a positive correlation indicating that it is
greatly affected by changes in system load.

2. After the photovoltaic power generation system is integrated into the power grid, under dif-
ferent combinations of operation modes, the correlation coefficient indicators of active loss
and voltage deviation are above 0.9 within 00:00-24:00, showing a positive correlation. Its
correlation coefficient fluctuates with the change of the load rate, which shows that the
active power loss and voltage deviation of the system are closely related to the change of the
load rate.

3. When the active power of a photovoltaic power generation system is constant, within
00:00-24:00, the correlation coefficient of active loss in different operating modes is above
0.99, that is, the reactive power support capacity of the photovoltaic power generating sys-
tem is basically not affected by different operating modes and it affects the power system.
The trend of the effect of active power loss is consistent; at the same time, the overall energy
efficiency change trend of the system can reflect that at the lowest point of the initial value
of energy efficiency (at 20:00) and other times, the energy efficiency values of different oper-
ating modes are higher than the initial value of energy efficiency; At the same time, the
comprehensive energy efficiency change trend of the system can reflect that at the lowest
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point of the initial value of energy efficiency (at 20:00) and at other times, the energy effi-
ciency values of different operating modes are higher than the initial energy efficiency
value.

. Based on the T-test effect in the statistics, that is, the analysis in H shows that there is no sig-

nificant difference between the positive correlation of reactive power support capacity of
the photovoltaic power generation system to the improvement of grid energy efficiency,
and the improvement effect of the different operation combination modes, that is, the com-
bination operation mode is not affected by most of the time.

. The positions of the merged nodes of the photovoltaic system assumed in this article are

randomly selected, and the selected node system is representative. When different nodes
are merged, the energy efficiency change curve and correlation index are different. The
access point based on the best energy efficiency can be determined by the system-wide
node access simulation according to the analysis model constructed in this paper. In gen-
eral, the integration of photovoltaic power generation systems from different nodes is effec-
tive in improving the energy efficiency of system operations.

. Different types of renewable energy, under the assumptions in C, are simulated and verified

based on different reactive power support boundary conditions, the system’s multi-time
scale load demand, and multiple operating modes. Therefore, similar results can be
obtained.

(2) Insufficiency of article research and prospects for future research. The above results

are based on six assumptions in C and the operation modes designed according to the opera-
tion characteristics of the power grid (Tables 2 and 3).

1. Due to the differences in reactive power equipment and reactive power support capabilities

of other renewable energy sources, the changing trend and correlation index values of the
system energy efficiency will be different from the results of this paper. This research pro-
vides an energy efficiency evaluation and analysis method based on the multi-temporal and
spatial scale operation mode, however, in the process of selecting the location of renewable
energy to be integrated into the grid, due to the constraints of power construction channels,
investment costs, and other factors, the operating energy efficiency of the system may not
be fully considered. Therefore, research based on multiple operating scenarios and con-
straints of planning and construction needs to be further expanded. At the same time, the
application of this method needs to be combined with the actual operating data of the
power grid to analyze and compare. It also provides data support for the market value of
renewable energy reactive auxiliary services based on the perspective of system energy effi-
ciency analysis and verifies the improvement effect of system operation efficiency.

. In this paper, by analyzing the harmonic control function of the photovoltaic grid-con-

nected inverters themselves and the contribution of the harmonic distortion rate of current
of the photovoltaic power generation system to the energy efficiency of the power grid, the
research case ignores the impact of harmonics generated by a single photovoltaic power sta-
tion on the line loss of the power grid. Due to its small contribution, the photovoltaic power
generation system has little influence on the changing trend of the grid energy efficiency;
although the research method in this paper has laid a theoretical foundation for the
dynamic energy efficiency analysis of the grid under the photovoltaic cluster mode, in the
actual grid operation, the load is constantly changing where changes and differences in
power load characteristics will affect the content of harmonic currents in the power system.
Especially in the mode where the power system is connected to a large number of
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photovoltaic clusters, the harmonic superposition or cancellation effect of different photo-
voltaic clusters after grid connection will cause an impact on the energy consumption and
reliability of power grid operation. Therefore, the degree of influence of photovoltaic power
generation clusters on the dynamic energy efficiency change trend of the power grid needs
further research.

Analysis of operating cost of a photovoltaic power plant based on
system reactive power support

The SVG capacity of photovoltaic power systems is usually 20%-30% of the capacity of power
plants. Assuming that 100 MW photovoltaic power plants are equipped with 20 MVar SVG
devices, the SVG loss is set as 0.2% of the output capacity during system operation, and the
average power cost is 0.0714 USD/KW"h, then the annual power consumption of 20 MVar
SVG is 350,400 kW-h (20000Var*0.2%*24h*365days), and the operation loss will be 625,464
USD (350400-h*0.0714USD*25Years) after 25 years. Through research on the correlation
between reactive power support of inverters and SVG devices and power grid, inverters can
substitute SVG devices for their equivalent reactive power support. Therefore, the capacity
configuration of SVG can be reduced during design. At present, the unit cost of 35 kV sus-
pended SVG is about 14.2857USD/kVar. By reducing 10 MVar capacity allocation, the cost
will be reduced to 142857USD, and the operating loss will also be reduced.

Conclusion

This paper takes the reactive power capabilities of the photovoltaic power generation systems
as the starting point to study the role of its reactive power capabilities in supporting grid
energy efficiency. By analyzing the boundary operating characteristics of the photovoltaic
power generation system after it is integrated into the grid, the typical operation load rate and
multi-spatial-temporal operation mode of reactive power service in photovoltaic power gener-
ation systems are simulated. The correlation effect analysis model of photovoltaic power sys-
tem reactive power service to support grid energy efficiency support based on the Pearson
method and power system voltage deviation, active loss, and line loss rate as the core indicators
are designed. At the same time, a mean-semi-absolute deviation and t-test system operation
energy efficiency correlation effect evaluation model is constructed. Through calculating the
deviation of voltage or energy consumption, the difference in the impact of the reactive service
capability of inverters or SVG devices in the photovoltaic power generation systems on
changes in the energy efficiency of grid operations is verified. The mechanism of the photovol-
taic system reactive power service to the energy efficiency support of grid operation is revealed.
Research conclusions show that: (1) The model constructed in this paper can effectively ana-
lyze the impact and change trend of renewable energy on the system operation energy effi-
ciency after it is integrated into the power grid. The research data can provide a decision basis
for tapping the energy efficiency improvement space and has a certain reference value on opti-
mizing the design of renewable energy grid-connected projects and investment cost control.
(2) Under the combination of different operation modes of the system based on multi-spatial-
temporal scales and the reactive power support of the photovoltaic power generation system,
the reactive power support capacity of the photovoltaic power generation system can generally
improve the operational energy efficiency of the power grid, that is, the impact on the power
efficiency of the power system operation is the positively correlated effect. This conclusion
provides a theoretical basis for promoting its increase in the proportion of consumption in
power transactions. Research-based on the market value of reactive power services has
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enriched the theoretical system of renewable energy participating in auxiliary service market
transactions. (3) Taking the effect of the reactive power service of the photovoltaic power gen-
eration system on the grid energy efficiency as an example, this article reveals the mechanism
of the impact of renewable energy on the grid energy efficiency after grid connection. The
energy efficiency change data of the multi-spatial-temporal operation mode can provide theo-
retical support for the auxiliary service transaction decision in the real-time power balance
market. (4) The analysis method based on the auxiliary service of the photovoltaic power gen-
eration system to support the dynamic energy efficiency of the power grid provides ideas and
theoretical references for the research on the energy efficiency management decision-making
of the photovoltaic cluster or the wind and solar cluster.
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