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As a new type of flexible regulation resource, energy storage systems not only
smooth out the fluctuation of new energy generation but also track the
generation scheduling combined with new energy power to enhance the
reliability of new energy system operations. In recent years, installing energy
storage for new on-grid energy power stations has become a basic requirement
in China, but there is still a lack of relevant assessment strategies and techno-
economic evaluation of the size determination of energy storage systems from
the perspective of new energy power stations. Therefore, this paper starts from
summarizing the role and configuration method of energy storage in new
energy power stations and then proposes multidimensional evaluation
indicators, including the solar curtailment rate, forecasting accuracy, and
economics, which are taken as the optimization targets for configuring
energy storage systems in PV power stations. Lastly, taking the operational
data of a 4000 MWPV plant in Belgium, for example, we develop six scenarios
with different ratios of energy storage capacity and further explore the impact of
energy storage size on the solar curtailment rate, PV curtailment power, and
economics. The method proposed in this paper is effective for the performance
evaluation of large PV power stations with annual operating data, realizes the
automatic analysis on the optimal size determination of energy storage system
for PV power stations, and verifies the rationality of the principle for configuring
energy storage for PV power stations in some regions of China.
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Highlights

1) This paper starts by summarizing the role and configuration
method of energy storage in new energy power station and
then proposes a new evaluation index system, including the
solar curtailment rate, forecasting accuracy, and economics,
which are taken as the optimization targets for configuring
energy storage system in PV power stations.

2) It calculates the forecasting accuracy of PV power and the
penalty cost for each month in terms of penalty rules in a
certain region, provides the specific algorithm process of
energy storage sizing, and derives the simulation results.

3) The method proposed in this paper is applicable to the
analysis of the operating characteristics of large PV power
stations within the whole year and realizes the automatic
analysis of the optimal scheme for the configuration with
energy storage on PV power stations.

1 Introduction

In recent years, solar energy has been widely regarded as one
of the largest green energy and plays a major role in modern
power system (Ndebele, 2020). Combined with the “carbon peak
and carbon neutral” target proposed by China (Qian et al., 2022),
it is expected that by 2030, the installed capacity of domestic PV
power generation will exceed 1000 GW (Kut et al, 2021,
Meanwhile, by the end of 2021, the cumulative installed solar
power capacity in Germany reached 66.5 GW and is expected to
exceed 100 GW by 2030. In addition, Australia’s installed
capacity has also reached 253 GW (Ali et al, 2019; Apeh
et al., 2022).

However, there remain two major issues when integrating it
into the power grid due to the consequent intermittent and
fluctuating features (Chao, 2011; Kim et al., 2020). In addition,
the grid dispatching center uses the forecasting power of the PV
power station as reference for scheduling plan, but there is still a
large deviation between forecasting power and actual generation
(Keeratimahat et al, 2021), which may not only cause the
occurrence of PV curtailment (Bird et al., 2016; Zhang et al,,
2022a) but also result in low system reliability and security due to
inadequate backup resources. Furthermore, it is possible to face
high penalty for PV power station (Azimov and Avezova, 2022).

Energy storage is one of the most effective solutions to
smooth out new energy power fluctuations (Chen et al., 2021;
Yang et al., 2022), promote high penetration of grid-connected
green energy, and reduce the forecasting deviations of PV power,
because of its flexible dual characteristics of charging and
discharging (Lutsenko and Fetsov, 2020). Therefore, the
development of energy storage system will promote energy
2022).
However, the initial investment cost of energy storage is high

conservation and emission reduction (Lu et al,

(Du et al, 2022), which makes it necessary to figure out a
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reasonable configuring capacity. J. Li et al. (2020) propose a
capacity optimization method for combined PV and storage
systems, which considers the power allocation for PV and
storage systems with the objective of economic optimality; P.
D. Lund (2018) considered the PV self-consumption, as well as
the sensitivity of the storage system size of weather, and finally
obtained the economically optimal PV energy storage system
configuration; R. Luthander et al. (2019) consider the matching
of PV generation with demand and the transfer of solar energy
through energy storage systems, which can achieve zero-energy
buildings that meet the relevant requirements of EU regulations;
and R. Dominguez et al. (2020) analyzed the operation and
construction of the European power system in 2050 and
proposed a stochastic model to study the future renewable
energy construction planning. The results showed that new
renewable energy generation capacity in Europe should reach
881 GW by 2050, taking into account the installation of energy
storage system, and until then, CO, emissions will be reduced by
77%. F. Zhang et al. (2020a) proposed a predictive control
strategy of energy storage system to improve AGC regulation
capacity for high PV penetration system; meanwhile, a protective
charging and discharging method is developed to extend energy
storage system life. O. Alrawi et al. (2022) utilized empirical
evidence and an economic model to evaluate rooftop PV systems
in Qatar with different economic tools and collected real data,
and S. Ud-Din Khan et al. (2022) developed theoretical models to
evaluate the economy of integrated PV systems. Various types of
lithium-ion and liquid-flow batteries are then evaluated
technically and economically to determine appropriate type of
storage. E. Oh and Son (2020), based on the uncertainty of wind
power forecast, proposed a method of determining the
theoretical energy storage capacity considering the stochastic
characteristics of uncertainty. Finally, the effectiveness of the
model is verified by the actual wind power generation data and
the forecast data; V. Jani and H. Abdi (Jani and Abdi, 2018)
established three different and incompatible objective functions
considering operation cost, voltage deviation, and air emission to
determine the optimal configuration of energy storage capacity.
Two multiobjective hybrid algorithms are used to solve the
problem. Simulation results show the effectiveness of the
proposed method; S. Garip and S. Ozdemir (Garip and
Ozdemir, 2022) chose energy cost minimization as the
objective function. The proposed algorithm can obtain the
optimal PV and energy storage size with minimum cost using
the new energy management method and the PSO algorithm.
In summary, there have been many studies on energy storage
sizing in PV power systems, but there are few sizing models with
consideration of assessment indicators in terms of local new
energy policy and economic factors. From the side of new energy
generation, installing energy storage systems not only can
improve the operating characteristics of PV power station but
can also indirectly improve the system reliability and
environmental protection. Therefore, this paper builds a new
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energy storage sizing model for large PV power stations, with the
aim to improve the solar curtailment rate and forecasting
accuracy. First, with processing original data of PV power
generation, the annual curtailment and forecasting accuracy of
PV power are quantified. Then, we calculate the forecasting
accuracy of PV power and the penalty cost for each month in
terms of penalty rules in a certain region, provide the specific
algorithm process of energy storage sizing, and derive the
simulation results. A comprehensive energy storage system
size determination strategy is obtained with the trade-off
among the solar curtailment rate, the forecasting accuracy,
and financial factors, which provides a practical reference to
determine energy storage size for PV power station and further
verifies the feasibility of energy storage system in the high PV
penetration power system.

2 Role of energy storage in PV power
étﬁjcions and deployment rules in
ina

2.1 Roles of energy storage systems in PV
power stations

Chinese renewable energy enters a new stage of high-quality
leap; in the first half of 2022, nonfossil energy power generation
accounted for 83% of new power generation installed capacity,
while renewable energy generation exceeded 1.1 billion kW
(Pablo-Romero et al, 2021). The generating capacity of
hydropower, wind power, and solar power has increased by
20.3%, 7.8%, and 13.5% from the last year, respectively. Large-
scale wind power and PV on-grid has posed a huge challenge to
the safety and reliability of power system (Lei et al., 2022; Liu
etal,, 2022). From the perspective of system operation, installing
energy storage not only mitigates PV power fluctuation but also
realizes real-time scheduling of tracking power and enhance the
grid’s ability to consume new energy (Wang et al., 2019); in
addition, the joint operation of PV power generation and energy
storage can play the role of peak shaving and valley filling and
also participate in auxiliary services (Motalleb et al., 2016). On
the other side, from the perspective of new energy power plant,
installing reasonably energy storage can improve the accuracy of
PV forecasting (Liu et al., 2020), which may not only reduce the
penalty cost but also further reduce the solar curtailment rate and
improve net revenue of PV power station. In general, most
optimization objectives of combing with PV power generation
and energy storage focus on system operation, including meeting
the technical requirements of grid power quality, minimizing
power fluctuations, providing stable output power, and
improving the utilization rate of new energy. With different
optimization objectives, sizing procedures of energy storage
system are developed, but the size determination strategy of
energy storage systems from the perspective of renewable power
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plant is not enough. The sizing of energy storage systems in PV
power plants is closely related to the operation mode, market
rules, and financial factors. Installing energy storage system with
reasonable capacity is necessary for power plant operation;
therefore, an optimal sizing strategy of energy storage system
in PV power plants is very important and meaningful.

2.2 Deployment rules of energy storage in
PV power stations in China

So far in 2021, the deployment rules of energy storage for
new energy plant have been put forward in 24 provinces of
China, of which governments have made clear requirements
for energy storage supporting distributed PV. In all
configuring rules of energy storage, the highest proportion
of energy storage capacity requirements in Shandong
Zaozhuang is 15%-30% of the installed PV rated capacity,
and the duration time can be 2-4 h, while in some regions of
Henan and Shanxi province the capacity of energy storage
reaches 20%. Mostly the duration time is 2h, and 3h is
required for the market-based on-grid project in Hebei
province. We investigate the relevant rules in Jiangsu
province in terms of energy storage capacity requirements,
the solar curtailment rate, and the minimum standards for
forecasting assessment. Specifically, Jiangsu Development and
Reform Commission issued the “Provincial Development and
Reform Commission on the province’s 2021 photovoltaic
power generation project market notice”, in which the
energy storage system with 8% of PV rated power
generation and 2h duration is needed principally for
projects located in south of the Yangtze River; for those
projects located in north of the Yangtze River, 10% of PV
rated power and 2 h duration are required. In terms of the
solar curtailment rate, according to the “Clean Energy
Consumption Action Plan (2018-2020)” developed by the
National Development and Reform Commission and the
National Energy Administration, the utilization rate of PV
power generation must be higher than 95% and the solar
curtailment rate must be less than 5% (Zhang et al., 2022b).
to the
requirements of the “Jiangsu Province Electricity Grid

For assessment indicators, according specific
Operation Management Rules”, the time interval is set at
15 min, and the PV forecasting qualification rate is also
defined in the The

assessment are calculated monthly, and the penalty expense

rules. criteria for qualification
for every month is also standardized.

Based on aforementioned regulations and standards, this
paper will figure out the economics of PV power plants with
different sizes of energy storage systems. In order to calculate the
relevant evaluation indicators from the massive dataset, this
paper uses statistics to carry out the economic analysis of

energy storage configuration scheme.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1074916

Li et al.

3 Statistical analysis and extraction of
feature indicators with PV power
station data processing

3.1 Solar curtailment rate

Through the statistics and analysis on the sample dataset
of PV plant, the PV curtailment power at each sample point is
measured, as shown in Eq. 1.

Psi = max(O, Pai — Pc,I) > (1)

where pg; is the PV curtailment power at the sampling
poinl i, and I and pI.; are the actual and forecasting power at
the sampling point i, respectively. When p,; > p.;, all of the
PV power can be dispatched; when p,; < p.;, there is a surplus
of PV power, and the phenomenon of solar curtailment occurs
without energy storage system (Zhang et al, 2020b). By
calculating the monthly curtailment power and solar
curtailment rate (Fang et al., 2017), actual on-grid power of
PV station in each month can be indirectly deduced. The total
monthly solar curtailment power and solar curtailment rate is
shown in Egs 2, 3.

96*d (m)

Ps,m = Ps,i > (2)

i=1

where p;, is the PV curtailment power dataset for each month,
and d(m) denotes the number of days at the month m.

ostd(m)
Amy= Y P
Pa,i

3)

i=1

where A(m) denotes the dataset of solar curtailment rate in each
month.

3.2 Forecasting qualification rate of PV
power generation

3.2.1 Monthly forecasting qualification rate

According to “Jiangsu Province Electricity Grid Operation
Management Rules,” the short- and medium-term PV
forecasting power are computed by 96 points, and we
obtain the qualification rate from Eq. 4. The next day
qualification rate is required not less than 90%. The
qualification rate of PV forecasting power is determined by
the ratio of qualified points to total points for every month.
When the unqualified rate exceeds 2%, PV power station will
be punished by ¥10 per 10,000 kW of rated capacity.

a(%) = <1—|‘DZ"‘C;PC"|> x 100% ,

ap

4
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Calculating the forecasting
power deviation and the
forecasting qualification rate
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v
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of days per month

.

Count the number of unqualified
PV forecasting points per month

A4

Calculate the percentage of
unqualified points per month

Calculating amount of penalty

N ¢
Y
Output
the number of unqualified points,

monthly fines, and unqualified rate

N v

0 Penalty

FIGURE 1
Statistical process of unqualified forecasting points for PV
power station. The steps are as follows.

In Eq. 4, p,; is the actual power at the sample point i, p.; is
the forecasted power at the sample point i, and C,p, is PV rated
capacity.

3.2.2 Statistical analysis process

In order to statistically calculate the number of unqualified
PV forecasting points from a huge dataset and quantified the
penalty cost for each month, this paper proposes a method to
count the monthly unqualified PV forecasting points and specify
the penalty cost; the process is shown in Figure 1.
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FIGURE 2

Implementation process of energy storage capacity size determination.

Step 1: Input data, calculate the forecasting power deviation and
qualification rate for each point using Eq. 4.

Step 2: The number of sampling points for each month is
calculated to determine the specific data range from each month’s
dataset, as shown in Eq. 5.

S(m) = ri96><d(m—1)+l,i96><d(m) s

i=1 i=1

©)

where S(m) represents the specific data range corresponding
to the data of monthm in the annual dataset, and d(m)
represents the number of days in month m. When and only
when m =1, Y7 ' 96 x d(m — 1) = 0,

Step 3: Count the number of unqualified PV forecasting points
in each month as shown in equation 6, and calculate the
percentage of unqualified points in each month as shown in
Eq. 7.

N (m) = {a[S(m)] <90%}, (6)
_ N (m)
plm) = Y796 x d(m) - Y" ' 96 xd(m—1) @)
Frontiers in Energy Research

05

where N(m) is the number of unqualified points in month m,
and a[S(m)] indicates the qualification rate in month m. In Eq. 7,
¢@(m) is the percentage of monthly unqualified points.

Step 4: Determine whether the percentage of unqualified points
is greater than 2% per month. If it is greater than 2%, calculate the
monthly penalty, as shown in Eq. 8, and if less than or equal to
2%, the penalty is zero in the month.
Let |pai = peil = pp,i»> then
i%xd(m)
Gm= Y
R

Poi*Cpieri € [(a[S(m)] <90%) U (¢ (m)>2%)], (8)

where py,; denotes the absolute value of the PV forecasting deviation at
the sample point i, C4 (1) denotes the penalty in month m, and ¢
represents penalty cost of per unit unqualified forecasting PV power.

Step 5: Determine whether all of the monthly data have been
analyzed, otherwise return to step 2.

Step 6: Output: calculation results including penalty and the
number of unqualified points for each month.
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TABLE 1 Set value of energy storage power and capacity.

The rated power Power/MW
ratio of energy

storage with PV

(%)

8 320

10 400

11 440

12 480

13 520

15 600

10.3389/fenrg.2022.1074916

Duration/h The energy storage

system capacity/ MWh

640
800
880
960
1,040

[T ST ST SEE S N

1,200

TABLE 2 Main parameter settings.

Parameter

Setting

The forecasting data and raw data of PV power
Rated power (p),Capacity (Epa)

Cost per unit capacity (Cpar)

Cost per unit power (Cpcs)

PV on-grid tariff (Cpy)

4 Sizing determination strategy of
energy storage considering
assessment indicators and financial
factor

The sizing process of energy storage capacity is programmed
with MATLAB, as shown in Figure 2. By extracting and
processing the raw dataset after performing multiple cycles,
the feature indicators mentioned in section 2 are developed.

The steps are as follows:

Step 1Input basic dataset and initial parameters including energy
storage capacity Epy and rated power p. for different scenarios,
cost per unit capacity Cpye, cost per unit power Cpcs, and PV on-
grid tariff Cpy .

Step 2Input power constraints, that is, when the first cycle is
performed, the PV curtailment power of each sample point is
calculated by Eq. 1 to form curtailment dataset that corresponds
to each time point, and the curtailment power dataset is formed
by Eq. 9 after filtering the adsorption by energy storage. If the
curtailment power at a certain moment is greater than the rated
power of energy storage, the power cannot be absorbed and set as
zero; meanwhile, curtailment dataset is updated.

Poai = [pi(pei> Pes) = 0] U [ pi < pes]-i € [1,35040],  (9)

where Pg4; is the PV curtailment dataset composed by
consumption power of energy storage.
96T

Epj=025% ) Pyaj(96T - 95 ~ 96T), T € [1,365],] € [96T - 95,96T],
j=96T-95

(10)

Frontiers in Energy Research

06

96*365,96*365

Configured at 8%-15% of installed PV capacity
1.3¥/Wh

0.08¥/W

0.5¥/kWh

where Er j is the total amount of PV curtailment power that has
been consumed by the energy storage until sampling point j in
day T.

Step 3Energy constraints: the energy storage system is set one
cycle per day; therefore, the dataset is converted from a scale of
96*365 to a scale of 1*365. Then the second cycle is carried out on
the basis of the end of the first cycle, which takes into account
whether the daily energy storage capacity reaches 90% of the
rated capacity, and also tracks the real-time curtailment power
being consumed at every 15 min sample point. The energy is
calculated per day as shown in Eq. 10.

In order to extend the life of battery energy storage, the
charging and discharging capacity limit is stipulated as 90% of
the rated capacity. Therefore, when the storage charging energy is
greater than 90% of the rated capacity, the storage capacity needs
to be defaulted on the day.

(1m
(12)

ET)]' = 0-9*Ebat .
Pya;(j~96T) = 0.

At this point, the energy storage battery has reached

saturation after being completely charged during the day, and
no longer absorbs the PV curtailment power; therefore, the real-
time dataset of the solar curtailment power that can be absorbed
by the battery is updated again.
Step 4When all data are cycled through for 365 days in a year, the
net revenue of energy storage C is obtained as shown in Eq. 13.
The results of the solar curtailment rate, C, and the loss cost are
outputted.
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PV actual power
PV curtailment power
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2000

Power/MW

1500

1000 |-

500 |-

0 0.5 1 15 2 2.5 3 3.5
Time/15 min x10%

FIGURE 3
Actual power and curtailment power of PV plant in a whole
year.

I PV curtailment power
[ PV on-grid power

1PV actual power 18
—%— The solar curtailment rate

Monthly power/MW
The solar curtailment rate (%)

4 5 6 7 8 9
Months

FIGURE 4
Monthly solar curtailment power and solar curtailment rate.

365
C = ZEP,T*va,g - Pcs*CPCS - Ebat*Cbat . (13)

5 Case studies

5.1 Basic data

In this paper, the original data of 35,040 sample points with
an interval of 15 min for a 4000 MW PV plant in Belgium are
used to study the size determination of energy storage. From the
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FIGURE 5
Actual power vs forecasting power of PV power station.

rules mentioned in section 2.2, the energy storage capacity ratio is
set as shown in Table 1.

From Table 1, six scenarios with energy storage power ratios
of 8%, 10%, 11%, 12%, 13%, and 15% are built. To discuss the
techno-economic indicators proposed in section 2, the initial
parameters are described in Table 2.

5.2 Analysis of feature indicators

The PV curtailment power of each sample point can be obtained
from dataset by Eq. 1, and then the actual power and curtailment
power of PV plant for the whole year is shown in Figure 3.

From Figure 3, it can be seen that the solar curtailment situation
of the PV plant is quite serious. To further quantify the solar
curtailment, the monthly solar curtailment power and solar
curtailment rate are performed by Eqs 2, 3, respectively. Then,
actual PV on-grid power for each month can be figured out, as
shown in Figure 4.

In Figure 4, it is clear that the solar curtailment rate in
January is as high as 19.5%, the lowest in June is only 5.5%, and
the average solar curtailment rate is as high as 8.07%. The solar
curtailment occurred with low forecasting accuracy at some time
points, which can be alleviated by installing storage devices for
PV power plant. To further investigate the impact of PV
forecasting accuracy on solar curtailment rate, the actual
power generated at each point is compared with the
forecasting power of the previous day, as shown in Figure 5.

As can be seen in Figure 5, there are still many sample points
with significant forecasting deviation. When dispatching power is
too high, PV power cannot meet the load demand, and when
dispatching power is too low, PV power generation is surplus.
According to the regulation of “Jiangsu Province Electricity Grid
Operation Management Rules,” the unqualified points of PV

frontiersin.org
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FIGURE 6
Forecasting deviation and qualification rate of PV power
station.

forecasting power, the forecasting deviation, and the qualification
rate of each sample point can be provided. The results are shown in
Figure 6.

From Figure 6, it can be seen that the deviation between the
forecasting and the actual power of some points is large, and
there also exist many unqualified forecasting points.

5.3 Results and discussion

5.3.1 Simulation results

To get the total number of unqualified points for each month
from the huge dataset and thus calculating penalty cost, the
simulation results are outputted by completing steps one to six in
section 3, as shown in Table 3.

TABLE 3 Statistics and simulation results.

10.3389/fenrg.2022.1074916

From the results in Table 3, months of the forecasting power
assessment in 2021 is unqualified, and the total penalty to be
paid is about ¥1,006,200, which seriously affects the efficiency
of system dispatching and causes additional expenses for the PV
power plant. To solve this problem, energy storage system
should be installed for PV power stations. The simulation
results for six scenarios with different energy storage sizes
are shown in Table 4.

To describe the effect of energy storage size on each
assessment indicator, more discussions including the influence
on the net income, the solar curtailment rate, and the forecasting
qualification rate are developed.

5.3.2 Impact of energy storage capacity on net
income

From the perspective of the net income of energy storage,
with the increase of the storage capacity, the net income of energy
storage shows a trend of first increase and then decrease, as
shown in Figure 7. As we know, energy storage is charged when
the PV power is in surplus and discharged at night, an increasing
income present with the increase of power ratio, and the
maximum annual net income reaches 3.17 million. However,
when the power ratio exceeds 11%, the income begins to decline,
and when the ratio exceeds by 12%, the income is even negative.
With the increase of the storage capacity, the investment cost of
energy storage rises and the income obtained from the PV
consumption cannot offset the annual investment cost of
energy storage, as shown in Figure 8.

5.3.3 Impact of energy storage capacity on the
solar curtailment rate

When the power ratio is 8%, the annual solar curtailment
rate is already lower than 5%. With the increase of the storage
capacity, the solar curtailment rate decreased continuously

Month  Day Point  Monthly Percentage of Whether >2% The sum of Penalty cost
no. no. no. unqualified points monthly unqualified unqualified (¥10,000 unit)
number point (%) predicted
power(MW)
1 31 2,976 4 14 N — 0
2 28 2,688 166 6.18 Y 95,280 9.53
3 31 2,976 219 7.34 Y 130,702 13.07
4 30 2,880 348 12.08 Y 200,558 20.06
5 31 2,976 226 7.6 Y 127,955 12.8
6 30 2,880 208 7.2 Y 121,992 12.2
7 31 2,976 216 7.3 Y 127,626 12.76
8 31 2,976 178 6.0 Y 91,644 9.16
9 30 2,880 181 6.28 Y 110,362 11.04
10 31 2,976 48 16 N — 0
11 30 2,880 29 1 N — 0
12 31 2,976 31 1.04 N — 0
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FIGURE 7
Net income of energy storage with different rated power
ratios.
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FIGURE 8
Net income and annual investment cost of energy storage.

from 4.32% to 1.5%, and the PV utilization rate is greatly
improved, as shown in Figure 9. However, with the large
size of energy storage, the net income of energy storage is
negative when the power ratio exceeds 12% even the
improvement of the PV consumption rate. Therefore, the
size determination of energy storage should involve the solar
curtailment rate and economics.

When the capacity ratio is 11% (440MW/880 MWh), the
maximum net revenue of energy storage is obtained. Here, the
solar curtailment rate is 2.89%, which is far below the specified
value. The comparison of the solar curtailment power at each
point without and with energy storage is shown in Figure 10. It is
obvious for reducing the curtailment for PV power stations.
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FIGURE 9
Solar curtailment rate and net income with different power
ratios.
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FIGURE 10
Solar curtailment power without and with energy storage.

5.3.4 Effect of energy storage capacity on the
forecasting qualification rate

As the rated power ratio increases, the penalty and annual
unqualified forecasting points decreases, as shown in
Figure 11. The penalty remains the same level from 8% to
10%, and the number of annual unqualified forecasting points
does not change, which means that the energy storage size is
not enough.

The net income of energy storage does not increase
continuously while improving the forecasting qualification rate
and reducing the penalty, as seen in Figure 7. The net income is
negative with the ratio of 13%. The highest income appears with
the ratio of 11%; meanwhile, the penalty cost decreases by
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FIGURE 11
Annual unqualified forecasting power points and penalty with
different rated power ratios.
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FIGURE 12
Deviation between forecasting and actual power.

¥81,000 and the unqualified forecasting point number drops
by 203. When the ratio is 12%, the penalty cost and unqualified
points reduction are ¥150,700and 330, respectively. However, the
net income is 1.36 million lower than that of 11%. Therefore, the
reasonable capacity will be confirmed as 440MW/880 MWh. The
deviation of forecasting power and actual power is clearly
improved, as shown in Figure 12.

The aforementioned results show that the maximum
annual net income and lower solar curtailment rate of
2.89% can be realized with 440MW/880 MWh energy
storage. Also, in this scenario, the deviation of forecasting
and actual power improved largely and the forecasting
qualification rate enhanced clearly.
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6 Conclusion

In view of the lack of relevant policies and comprehensive
techno-economic indicators when configuring energy storage
at the PV power station side, an optimal size determination
strategy of energy storage is proposed by considering
the the
perspective of PV plant according to the “Assessment Rules

assessment indicators and economics from

for New Energy Grid Connection in Jiangsu Province of
China” in this paper. The
automatically extracted from the annual operation data of

feature indicators are
PV plant, and different scenarios are established for evaluating
the reduction of solar curtailment rate and the improvement
of forecasting accuracy. The methods proposed in this paper
are verified step by step based on the dataset of PV power
station, and the following conclusions are summarized from

the simulation results.

1) Taking a 4400 MW PV plant in Belgium, as example, the
results show that when the rated power ratio is 11%, the
highest annual net income of energy storage can be achieved.
The solar curtailment rate is reduced to 2.89%, and total
number of annual unqualified points of PV forecasting power
is reduced by 203, which can effectively reduce the penalty
cost of PV power plants.

2) The method proposed in this paper is applicable to the
extraction of the operating characteristics of large PV
power stations within the whole year and realizes the
automatic analysis of the optimal sizing of energy storage
from the side of PV power station.

3) For specific PV power plant, the size of energy storage should
be determined by multidimensional optimization combined
with the annual operating characteristics of PV power plants
and local assessment rules, in favor of improving the techno-
economic indicators of the joint operation of PV power
stations and energy storage.

In summary, the method proposed in this paper is
reasonable for the performance evaluation of large PV
power stations with annual operating data and realizes the
automatic analysis of the optimal size determination of energy
storage systems for PV power stations, which will provide a
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