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Abstract

In recent years, the rapid development of new energy sectors, particularly
photovoltaic and wind power, has introduced significant challenges stem-
ming from their inherent randomness and volatility. This paper presents
a systematic approach for effective evaluation of energy storage configu-
rations. The study begins by examining the anticipated evolution of the
power grid in alignment with China’s energy policies, focusing on the annual
growth rates of wind power, photovoltaic systems, and energy demand.
This analysis establishes a foundation for planning energy storage installa-
tions. Next, a forecasting method is employed to predict the output of both
photovoltaic and wind energy resources. Building on this, a novel control
strategy is proposed for integrating renewable energy sources into the grid,

Distributed Generation & Alternative Energy Journal, Vol. 39_6, 1125–1152.
doi: 10.13052/dgaej2156-3306.3962
© 2025 River Publishers



1126 Guozhen Ma et al.

facilitating the determination of optimal energy contributions to ensure a
stable power supply. A comprehensive energy storage configuration model
is then developed, accompanied by a multi-faceted analytical framework
to assess energy storage from perspectives such as environmental impact,
economic feasibility, operational flexibility, and technological advancement.
Ultimately, this research provides a scientific assessment of energy storage
configurations, grounded in grid development projections and resource output
forecasts.

Keywords: Grid planning, forecast analysis, renewable grid integration,
energy storage evaluation.

1 Introduction

The rapid development of the power industry has driven the swift advance-
ment of new energy sources like photovoltaics and wind power. However, the
intermittency, randomness, and uncertainty of these energy sources pose new
challenges for system peak regulation and grid operation.

Energy storage systems are flexible to install and have two-way interac-
tive charging and discharging capabilities. Deploying energy storage solu-
tions at new energy sites can enhance the efficiency of transmission channels,
mitigate the peak regulation demands on conventional units, and elevate the
consumption levels of new energy, all while maintaining the integrity of the
existing grid structure. Additionally, it can smooth out the power fluctuations
of new energy and promote the grid connection and consumption of new
energy. Given the uncertainty and intermittent nature of clean energy, the
reasonable configuration of energy storage systems can help parks improve
electricity efficiency, reduce energy waste, and support the broader adoption
of renewable energy. In addition, the government provides subsidies, tax
exemptions, and other preferential policies for park energy storage projects.
These policies can reduce the costs of energy storage projects and boost their
investment appeal. A large number of studies from various perspectives have
been conducted both domestically and internationally on the configuration
of park energy storage capacity. Reference [1] examines the coordinated
optimization of energy storage capacity in wind, photovoltaic, and storage
microgrid systems, considering the effects of multi-time scale uncertainty
coupling. It also proposes a method for configuring energy storage that
incorporates energy storage operation strategies; Reference [2] focuses on
the optimal configuration of energy storage in wind power grid-connected
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systems, thereby obtaining the optimal energy storage capacity configura-
tion of the system; Reference [3] analyzes the key factors of new energy
consumption and research on solutions; Reference [4] research on grid-
side energy storage optimization configuration taking into account planning
and operation; Reference [5] examines the energy storage capacity config-
uration method for peak-shaving demand of high-proportion new energy
power systems; Reference [6] evaluates the reliability assessment of coor-
dinated operation of wind, photovoltaic, and storage from the perspective
of operational reliability; Reference [7] addresses multi-objective configu-
ration and proposes multi-objective capacity optimization configuration of
photovoltaic microgrid energy storage systems based on demand response;
Reference [8] considers the joint planning and optimal scheduling of energy
storage and high-proportion renewable energy; Reference [9] explores the
capacity optimization configuration of multi-medium energy storage sys-
tems to improve local wind power consumption; Reference [10] studies
wind farm probability equivalent modeling based on clustering-discriminant
analysis; Reference [11] discusses the application of a user-interactive load
model and its integration into the day-ahead economic dispatch of microgrid
systems.

At present, mainstream power grid optimization technologies can be
roughly divided into traditional mathematical optimization methods and
intelligent heuristic algorithms. Traditional optimization algorithms, such as
linear programming (LP), nonlinear programming (NLP), and mixed integer
programming (MIP), are mature tools that rely on precise mathematical
models to find optimal solutions. However, they often have difficulty cop-
ing with the scale and complexity of modern power systems. To overcome
these limitations, intelligent optimization algorithms inspired by natural and
biological processes are becoming increasingly popular. These algorithms
include genetic algorithms (GA), particle swarm optimization (PSO), ant
colony optimization (ACO), and various machine learning methods such as
artificial neural networks (ANN) and reinforcement learning (RL). Each algo-
rithm has distinct advantages in dealing with nonlinear, multi-objective, and
dynamic optimization problems. In addition, hybrid optimization methods,
which combine traditional and intelligent techniques to make full use of the
advantages of multiple methods, are becoming increasingly popular.

This paper conducts a scientific evaluation of the future development
of the power grid, informed by the national power industry policy plan-
ning outlined in the “14th Five-Year Plan” and “15th Five-Year Plan”,
as well as the future development goals set by the State Grid and the
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Southern Power Grid. It also analyzes the annual growth rates of wind
power, photovoltaic power, and load to provide a reference for energy
storage installation planning. Subsequently, a short-term power generation
forecasting method based on VMD-WOA-BiLSTM-Attention [12] is used
to predict the resource output of photovoltaic and wind power. The grid
control method of new energy grid connection is used to select appropriate
new energy to be connected to the grid for power supply. Then, an energy
storage configuration model for new energy consumption is established, and
an approach for the optimal solution of energy storage installation in ten years
is established [13]. Additionally, a hierarchical analysis method measurement
system is constructed to measure energy storage configuration from differ-
ent perspectives such as environmental protection, economy, flexibility, and
technology.

2 Grid Development Planning Assessment

2.1 The Scale of China’s New Energy Development

During the development phase of the new power system, the installed capac-
ity of new energy in China has experienced rapid growth. The total installed
capacity of photovoltaic, solar thermal, onshore wind power, and offshore
wind power is projected to reach 1.12 billion kilowatts by 2025 and 2.68
billion kilowatts by 2035, and the proportion of non-fossil energy in total
power generation is expected to reach 43% by 2025 and 61% by 2035.
Correspondingly, the installed capacity of coal-fired power will increase. By
2025, China’s coal-fired power installed capacity is projected to peak at 1.17
billion kilowatts and then enter a peak plateau period, slowly declining to
1.06 billion kilowatts in 2035, of which about half are peak-shaving units
with a utilization hour of only more than 3,000 hours.

In recent decades, the Chinese government has actively promoted the
development of the renewable energy industry as a strategic initiative to
combat climate change, reduce environmental pollution, and enhance energy
security. Through a comprehensive range of policies, the Chinese government
is committed to achieving these goals, as reflected in major national targets
such as reaching a carbon emissions peak before 2030 and achieving car-
bon neutrality by 2060. To support the rapid growth of renewable energy,
China has implemented various incentives, including financial subsidies,
tax incentives, and feed-in tariffs to encourage investment and technologi-
cal innovation. In addition, China’s Five-Year Plan and Renewable Energy
Law provide long-term strategic direction for the industry, emphasizing the
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importance of innovation, infrastructure development, and integration with
smart grid technologies.

2.2 Changes in China’s Installed Capacity of Power Generation
Energy

From the perspective of installed capacity, China’s power structure continues
to optimize. Although thermal power continues to hold a dominant position,
the installed capacity of renewable energy has consistently increased over
the years, along with its proportion of total installed capacity. Based on
the chart illustrating the development trend of China’s installed capacity by
power source from 2015 to 2040, China’s installed capacity will show an
overall upward trend, with a compound annual growth rate of 3.1%. Notably,
renewable energy has experienced rapid development, with photovoltaic
power generation showcasing the highest compound annual growth rate. It is
projected that wind power and photovoltaic power will develop at compound
annual growth rates of 10.2% and 17.9% respectively from 2024 to 2030.
This scale of development facilitates the establishment of an energy storage
configuration evaluation model for new energy consumption based on the
grid development plan. It aims to effectively realize the expected growth of
wind power, photovoltaic power, while ensuring the scientific and rational
deployment of energy storage scale, and the planning of subsequent annual
energy storage installation plans. The research process of the entire paper is
shown in Figure 1.

Figure 1 The research process of the entire study.
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3 Resource Output Forecast Analysis of New Energy
Photovoltaic and Wind Power

3.1 Establishment of Photovoltaic Output Model

The photovoltaic output power is mainly affected by temperature, light radia-
tion intensity, and photovoltaic panel status. According to the reference [14],
there is the following formula:

PPV(t) = YPVfPV(
Ḡ(t)

ḠT,JTC
)[1 + αP(T (t)− TJTC)] (1)

where PPV(t) is the PV output power at time t; YPV is the rated PV output
power under standard test conditions (PV panel temperature is 25◦C, radi-
ation is 1 kW/m2); fPV is the derating factor set to consider factors such
as PV panel dirt, wiring loss, shadow, snow accumulation, aging, etc.; Ḡ(t)
is the solar radiation incident on the photovoltaic panel at time t; ḠT,JTC

is the incident radiation under standard testing conditions; αP denotes the
power temperature coefficient; T(t) represents the PV panel temperature
at time t; T (t) signifies the PV panel temperature under standard testing
conditions.

3.2 Establishment of Wind Power Output Model

The wind turbine output power Pw(t) [15] is:

Pw(t) =


0 νw(t) < Vci or νw(t) > Vco

Pwt_r
νw(t)− Vci

νr − Vci
, Vci ≤ νw(t) ≤ Vr

Pwt_r , Vr < νw(t) ≤ Vco

(2)

where Pwt_r represents the rated output power of the wind turbine; νw(t)
denotes the wind speed; νr indicates the rated wind speed; Vci and Vco are the
cut-in and cut-out wind speed, respectively.

3.3 Short-term Renewable Energy Power Forecasting Method
Based on VMD-WOA-BiLSTM-Attention

This section introduces an ultra-short-term forecasting method based on
a deep long short-term memory network [16] for day-ahead load predic-
tion, supporting optimal energy storage scheduling decisions. This method
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integrates CNN, BiLSTM, and the attention mechanisms in a deep learn-
ing framework, enhanced by the Whale Optimization Algorithm (WOA).
WOA improves upon traditional stochastic gradient descent by avoiding local
optima and exploring global solution spaces, resulting in faster convergence
and more accurate photovoltaic and wind power forecasts.

The process begins with collecting historical power generation data and
relevant influencing factors from the target area. The data undergoes Varia-
tional Mode Decomposition (VMD), which offers advantages over traditional
methods through its basis function-free approach, resistance to mode alias-
ing, and robust noise handling capabilities. The WOA algorithm optimizes
BiLSTM’s key parameters, including learning rate, hidden layer nodes, and
regularization coefficients. This optimization process involves initializing the
population through random mapping, setting iteration parameters, defining
hyperparameter ranges, calculating fitness values, and determining optimal
positions until meeting termination conditions.

The expression of the best search strategy is:

D = |C ·X∗(t)−X(t)| (3)

X(t+ 1) = X∗(t)−A ·D (4)

where t is the current iteration count, X∗(t) is the current position of the
best individual, A,C is the coefficient vector. If there is a better solution, the
WOA algorithm will continuously update the position of the best individual
X∗(t), where the vector A,C is expressed as follows:

A = 2a× r1 − a (5)

C = 2× r2 (6)

Throughout the iteration, a decreases linearly from 2 to 0, while r1 and
r2 are random vectors in [0, 1].

The expression of the position update formula is:

X(t+ 1) = D′ × ebI × cos(2πI) +X∗(t) (7)

D′ = |X∗(t)−X(t)| (8)

where D′ represents the distance between the current search individual and
the optimal solution, b denotes the spiral shape parameter, and I is a random
number uniformly distributed in the range of [−1, 1].
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The position update formula has the following two forms according to the
probability p:

X(t+ 1) = X∗(t)−A ·D, p ≤ 0.5 (9)

X(t+ 1) = D′ × ebI × cos(2πI) +X∗(t), p > 0.5 (10)

where p is a random number in the range of [0, 1], and A and a gradually
decrease as the number of iterations increases. If |A| < 1 occurs, it means that
the current optimal solution has been surrounded and the local optimization
has begun.

After some search individuals enter the local optimization, other search
individuals will enter the global optimization. Therefore, when |A| ≥ 1, the
expression of the position update formula becomes:

D′′ = |C ·Xrand (t)−X(t)| (11)

X(t+ 1) = Xrand (t)−A ·D (12)

Among them, D′′ represents the distance between the search individu-
als, and Xrand (t) represents the current random individual position. When
|A| ≥ 1, random search is selected, and when |A| < 1, close to the optimal is
selected. The characteristic of WOA is that it can select a suitable expression
for prediction based on probability p.

Utilizing the historical load data and the characteristic data set of photo-
voltaic power generation, the WOA algorithm is employed to optimize the
hyperparameter combination of BiLSTM, including randomly dividing the
characteristic data set of photovoltaic power generation into a training set
and a test set. Based on the training set, the hyperparameter combination
of BiLSTM is optimized by the optimized WOA algorithm to acquire the
best hyperparameter combination of BiLSTM, and the prediction accuracy of
the VMD-WOA-BiLSTM-Attention short-term photovoltaic and wind power
prediction model is verified by the test set.

The mean absolute percentage error (MAPE), root mean square error
(RMSE), and mean absolute error (MAE) are chosen as the evaluation
indicators of the prediction accuracy of the VMD-WOA-BiLSTM-Attention
short-term new energy photovoltaic and wind power prediction model, and
the corresponding evaluation index values are obtained according to the test
set, and the prediction accuracy of the VMD-WOA-BiLSTM-Attention short-
term photovoltaic and wind power prediction model is verified according to
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the evaluation index values. These formulas are as follows:

MAPE =
1

n

n∑
i=1

|li − l∗i |
li

× 100% (13)

RMSE =

√√√√ 1

n

n∑
i=1

(li − l∗i )
2 (14)

MAE =
1

n

n∑
i=1

|li − l∗i | (15)

Introduce the attention mechanism (Attention), the formula can be
obtained as:

Attention(Query ,Source) =

Lx∑
i=1

Similarity(Query ,Key i) ∗Valuei

(16)

The Source consists of a series of ⟨Key ,Value⟩ pairs; Query represents a
given target element; Key is the Key value of the element in Source; Value is
the Value value of the element in Source; and Attention Value is the weighted
sum of the Value values.

The first stage involves calculating the correlation between the query and
various keys, which entails determining the weight coefficients of different
values. The second stage normalizes the output from the previous stage, map-
ping the range of values between 0 and 1. The third stage performs a weighted
summation of the values to derive the attention values, thereby redistributing
the weights. The problem of too much information can be addressed by
reallocating limited computing resources to more important tasks. This helps
the model focus more deeply on the core data of the input sequence, thereby
enhancing the accuracy and rapid convergence of the model.

4 Reasonable Integration of Photovoltaic and Wind Power
Into the Grid

4.1 Grid Connection Options for New Energy Photovoltaic and
Wind Power

This section introduces a grid control method for photovoltaic and wind
power grid connection [17]. First, the representative curves of photovoltaic
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and wind power are compared and analyzed against those of other grid-
connected energy sources to generate the correlation analysis curve. Subse-
quently, each continuous curve segment is determined from the correlation
analysis curve according to a preset curve analysis value. The correlation
evaluation value model is represented by the following formula:

W =

n∑
i=1

[
1.18t2i−t1i ×

∫ t2i

t1i
Li(t)

]
(17)

In the above formula, W is the associated evaluation value, t1i and t2i
are the times corresponding to the continuous curve segment i, and n is the
number of continuous curve segments.

Generate a historical grid-connected input curve for each grid-connected
energy source according to the historical grid-connected data; adjust each of
the historical grid-connected input curves to obtain a grid-connected repre-
sentative curve corresponding to each of the grid-connected energy sources.
The method for adjusting the historical grid-connected input curve includes:

1. Dividing the historical grid-connected input curve according to the pre-
set time cycle segment to obtain several unit curves, integrating the unit
curves into the same coordinate system, and setting the corresponding
unit coefficients based on the time period corresponding to each unit
curve;

2. Marking the unit curve with the largest unit coefficient as the initial
curve, calculating the unit difference of the unit coefficient between each
unit curve and the initial curve, and marking the initial curve with the
smallest unit difference as the curve to be merged;

3. Merging the curve to be merged with the merged curve to obtain a
new merged curve until no curve remains to be merged, and marking
the remaining merged curve as the grid-connected representative curve.
When there are multiple minimum unit differences, the unit curve closest
to the current time is selected as the curve to be merged.

Methods for merging curves include:

1. Mark the curves to be merged as the first curve and the second curve,
respectively;

2. Identify the values of the first curve and the second curve corresponding
to the same time;

3. Mark the values of the first curve and the second curve as Q1t and Q2t,
respectively, where t is the time;
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4. Determine the unit coefficients corresponding to the first curve and the
second curve, and mark them as the first unit coefficient and the second
unit coefficient, respectively.

Apply the merger formula:

Q3t = Q1t+
(Q2t−Q1t)× d2

d1 + d2
(18)

Calculate the third curve value after the first curve value and the second
curve value are combined; where Q3t is the third curve value; d1 is the first
unit coefficient; d2 is the second unit coefficient. Generate a combined curve
by merging the first curve and the second curve according to the third curve
value corresponding to each moment. Calculate the unit coefficient of the
combined curve according to the formula d3 = d1 + d2, where d3 is the unit
coefficient of the combined curve.

4.2 Method for Comparative Analysis of Wind Power
Representative Curve and Grid Connection Representative
Curve

The method for comparing and analyzing the representative curve of wind
power with the representative curve of grid-connected power involves
obtaining relevant data from the joint dispatch of wind power and various
grid-connected energy sources, establishing a curve evaluation model. The
expression of the curve evaluation model [18] is:

P (x) =

{
1, If x does not meet the curve requirements
0, Other cases

(19)

where x represents the representative curve of wind power and the represen-
tative curve of grid connection. The process of determining the associated
power source from each grid-connected energy source based on the asso-
ciated evaluation value is as follows: marking the grid-connected energy
source with an associated evaluation value not less than the preset value
as a candidate power source, and performing a combined evaluation of the
candidate power sources. The combined evaluation includes:

1. Determining each candidate application combination according to each
candidate power source, performing application simulations for each
combination, and obtaining the energy storage optimization value and
grid connection optimization value corresponding to each candidate
application combination;
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2. Establishing a joint scheduling evaluation model, where the input data
is the candidate application combination, and the output data is the
application evaluation value.

The expression of the joint scheduling evaluation model is:

f(x) =

{
0, If x does not meet the curve requirements
1, Other cases

(20)

where s is the application combination to be selected. The corresponding
priority value is calculated using the formula:

AY = f(s)× (b1 × CM + b2 ×DM) (21)

In the formula, AY denotes the priority value; CM represents the energy
storage optimization value; DM signifies the grid connection optimization
value; b1 and b2 are proportional coefficients, with a value range of 0 <
b1 ≤ 1, 0 < b2 ≤ 1. The candidate application combination with the
highest priority value is selected as the target application combination, with
each candidate power source in this combination designated as an associated
power source. This approach aims to facilitate the integration of new energy
sources, including wind power, photovoltaic power, and energy storage, in
the future.

5 Establishment of an Energy Storage Configuration
Model for New Energy Consumption

5.1 Establishment of Energy Storage Model

The existing evaluation of energy storage configuration schemes mainly
evaluates the energy storage configuration from the perspective of economic
efficiency, and therefore lacks consideration of the role of energy storage
in improving the regulation capacity of the power grid and the absorption
capacity of new energy [19].

The model we propose calculates the average absorption capacity of
wind power, the mean absorption capacity of photovoltaic power, the average
voltage deviation, the maximum voltage deviation, the average wind aban-
donment rate, and the average photovoltaic abandonment rate based on the
new energy distribution network after implementing the new energy storage
configuration, so as to comprehensively evaluate the optimal energy storage
configuration scheme [20].
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To formulate the optimal operation strategy and power purchase plan,
this paper establishes a model with the objective to minimize the total power
purchase cost. The objective function comprises four components: the power
purchase cost from the grid, the photovoltaic power purchase cost, the wind
power purchase cost, and the costs associated with the abandonment of wind
and solar power. The formula is:

minCost i =
T∑
t=1

(CgridWgrid,i,t + CpvWpv,i,t + CwindWwind,i,t

+ αCostabandon,i,t) (22)

where Cgrid, Cpv and Cwind are the unit prices of electricity purchased from
the grid, photovoltaic power, and wind power, respectively, in yuan/(kW·h);
α indicates the extent to which the park accommodates abandoned wind and
photovoltaic power. α = 0 means that the region incurs no additional cost
for abandoned wind and photovoltaic power, while α = 1 signifies the region
pays for the abandoned power at the unit price of wind power/photovoltaic
power purchase.

Mtotal =
minCost i

WL
=

minCost i∑23
i=0 PLit

(23)

WL,i,t = Wgrid,i,t +Wpv,i,t +Wwind,i,t (24)

In these two formulas, Mtotal is the unit electricity price cost, WL,i,t rep-
resents the load power, and Wgrid,i,t, Wpv,i,t and Wwind,i,t are the electricity
purchased from the grid, photovoltaic power, and wind power in the region,
respectively.

In field operation, the following constraints of the power balance equation
need to be met:

Wgrid,i,t +Wpv,i,t +Wwind,i,t + (1− bi,t)P
d
i,t∆t = Pload,i,t∆t+ bi,tP

c
i,t∆t

(25)

where bi,t represents the operating status of energy storage device i during
period t, expressed as a binary variable. The value of 1 means that the energy
storage device is in the charging state, while a value of 0 indicates that it is
in the discharging state. Additionally, the variables P c

i,t and P d
i,t represent the

average charging power and discharging power of energy storage device i
during period t, measured in kW.
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For photovoltaic and wind power generation equipment, the electricity
purchased from wind (or photovoltaic) sources in each period must not
exceed the corresponding power generation in that period and must comply
with the output constraints for both wind and photovoltaic sources.{

0 ≤ Wpv,i,t ≤ Ppv,i,t∆t
0 ≤ Wwind,i,t ≤ Pwind,i,t∆t

(26)

where Wpv,i,t and Wwind,i,t represent the electricity purchased by region i
from the power grid, photovoltaic power, and wind power, respectively, in
kWh; Ppv,i,t and Pwind,i,t denote the photovoltaic and wind power outputs of
region i in period t, respectively, in kW.

This study considers the role of configuring energy storage [21], so the
regulations do not allow the sale of excess photovoltaic power and wind
power to the main power grid. The total cost of wind and light abandonment
Costabandon,i,t can be calculated as follows:

Costabandon,i,t = Cpv(Ppv,i,t∆t−Wpv,i,t)

+ Cwind(Pwind,i,t∆t−Wwind,i,t) (27)

Energy storage devices have certain particularities. In addition to meeting
the output/output power constraints in each period, the stored energy is also
limited to ensure safe and stable operation (SOC constraints). The constraints
on charge and discharge power for energy storage devices in each period are
as follows: {

0 ≤ P c
i,t ≤ bi,tPi,max

0 ≤ P d
i,t ≤ (1− bi,t)Pi,max

(28)

The operating state parameter bi,t for energy storage devices is introduced
in the formula, which implicitly stipulates that the same energy storage device
cannot be charged and discharged simultaneously within a given time period;
thus, the following formula is derived:{

P c
i,t = 0, bi,t = 0

P d
i,t = 0, bi,t = 1

(29)

The energy stored in the energy storage device at any given moment is
dependent on the energy from the previous moment and the device’s charge
and discharge power during the current period. The energy stored in the
device in region i at time t is:

Ei,t = Ei,t−1 + ηbi,tP
c
i,t∆t−

(1− bi,t)P
d
i,t∆t

η
(30)
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where Ei,t and Ei,t−1 represent the power of the energy storage device in
the current and previous periods, respectively, and η is the efficiency of the
charge and discharge processes. According to investigation and research, the
general value is 95.

To ensure the long-term and good operation of energy storage equipment,
manufacturers generally limit the SOC of energy storage batteries to between
10% and 90%. The formula is:

10%Ei,max ≤ Ei,t ≤ 90%Ei,max (31)

where Ei,max indicates the rated energy of the energy storage equipment
configured in region i. By combining it with the above formula, non-decision
variables can be eliminated, and the following formula can be obtained:

10%Ei,max ≤ Ei,0 +∆t ·
t∑

τ=1

(
ηbi,τP

c
i,τ −

(1− bi,τ )P
d
i,τ

η

)
≤ 90%Ei,max

(32)

In addition to meeting the SOC constraints of the energy storage device
during each period, for the typical daily load curve, it is also imperative to
require that the net output of the energy storage device within a day is 0 [22].
The formula is expressed as:

Ei,0 = Ei,T (33)

Substituting into each decision variable, we have the formula:

T∑
t=1

(
ηbi,tP

c
i,t −

(1− bi,t)P
d
i,t

η

)
= 0 (34)

This study also emphasizes the need to optimize the power and energy
configurations of the energy storage equipment, as their costs represent a one-
time investment. Amortized over the actual industrial service life of 10 years,
the cost of using a single-day energy storage equipment is:

Costes =
CEEi,max

3650
+

CPPi,max

3650
(35)

In the formula, CE represents the energy price of the storage battery,
while CP denotes the power price. Thus, the objective function for optimizing
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the energy storage device is:

minCost i =
T∑
t=1

(
CgridWgrid,i,t + CpvWpv,i,t

+CwindWwind,i,t + αCostabandon,i,t

)
+ Costes,i

(36)

6 Establishment of AHP Measurement System From
Different Perspectives

6.1 Establishment of AHP Model

The evaluation indicators include wind power utilization index, regulation
capacity index, economic performance index, and environmental friendliness
index of the energy storage configuration scheme.

The expression formula of the judgment matrix is:

A =


a11 ... a1j ... a1N
... ... ... ... ...
ai1 ... aij ... aiN
... ... ... ... ...
aN1 ... aNj ... aNN

 (37)

In the formula, A represents the judgment matrix, which is used to judge
the evaluation indicators of the scheme layer on the criterion layer, N is
the number of evaluation indicators, i and j denote the numbers of each
evaluation indicator; aij is the relative importance of factor i to factor j, and
the relative importance is assigned according to preset rules and satisfies:
aij = 1/aji; when i = j, aij = 1.

The evaluation method comprehensively considers the role of energy
storage configuration in improving the grid regulation capacity and new
energy absorption capacity, as well as the land occupation of energy storage
and the cost of recycling the battery energy storage after the service life.
Compared with the existing energy storage configuration evaluation method,
it is more reasonable and has higher optimization efficiency.

We can use the following formulas to calculate:

Photovoltaic utilization rate =
Wpv

Wpv_total
(38)

Wind power utilization rate =
Wwind

Wwind_total
(39)
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New energy utilization rate =
Wpv +Wwind

Wpv_total +Wwind_total
(40)

Wind and solar curtailment rate

=
(Wpv_total +Wwind_total )− (Wpv +Wwind )

Wpv_total +Wwind_total
(41)

Economic indicators =
Cost − Cost ′

Cost
× 100% (42)

Environmental friendliness index = 1− Actual area
Standard floor space

× 100%

(43)

7 Case Study

7.1 Case Description

To verify the effectiveness of the energy storage configuration evaluation
method for new energy consumption based on power grid development plan-
ning and resource output forecasts, we selected three regions with different
characteristics for verification. The established model was verified using real
data from these independent regions, and the photovoltaic and wind power
utilization rates were independently calculated for each region. Region A is
only equipped with photovoltaic power with an installed capacity of 750 kW,
and its maximum daily load is 447 kW. Region B relies exclusively on wind
power generation with an installed capacity of 1000 kW, and its maximum
daily load is 419 kW. Region C combines photovoltaic power generation with
an installed capacity of 600 kW and wind power generation with an installed
capacity of 500 kW, while its maximum daily load is 506 kW [23]. The grid
connection diagram is shown in Figure 2.

Figure 2 Regional power grid map.
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Figure 3 The differences of three regions. (a) Region A power; (b) Region B power;
(c) Region C power; (d) Legend image.

First, independently verify the situation when the three regions operate
with separate energy storage systems. The first step is to obtain the load
power consumption and new energy power generation for regions A, B,
and C. When the load power exceeds the combined output of new energy
sources, such as wind and photovoltaic power, it becomes necessary to
procure electricity from the power grid to ensure power balance [24]. For
specific regions, the daily load changes in regions A, B, and C are different.
The daily load variations of regions are shown in Figure 3.

7.2 Solution Analysis

To assess the effectiveness of the energy storage configuration evaluation
method for new energy consumption, based on power grid development
planning and resource output forecast analysis, we conducted a comparative
analysis of three regional setting schemes. The comparison schemes are as
follows:

Case 1: Parameter calculation for independent operation of region A
Case 2: Parameter calculation for independent operation of region B
Case 3: Parameter calculation for independent operation of region C
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Figure 4 The differences of three regions. (a) Total power purchase; (b) Total curtailed
power; (c) Total supply cost; (d) Average supply cost per unit power.

After the calculations, the total power purchase, total curtailed power,
total supply cost, and average supply cost per unit power for regions A, B,
and C are shown in Figure 4.

From Figure 4, the power supply cost and the average power supply cost
per unit of electricity in area A are relatively high, while areas B and C have
relatively low total power supply costs and average power supply costs per
unit of electricity. The key factors that cause different economic performance
in different regions are: Area A relies on photovoltaic power supply. Affected
by sunlight, power supply is primarily concentrated during the daytime,
necessitating substantial electricity purchases from the power grid at night;
Area C utilizes wind-solar integrated power supply. The power supply and
load power are closely aligned, resulting in a minimal power purchase amount
and consequently low power supply costs. The factors affecting economic
performance are mainly the regional power supply form. For photovoltaic,
wind or wind-solar integrated systems, the differences in power supply, power
load, abandoned power, and purchased power play a significant role.

The power diagrams of the 24-hour operation of area A are shown in
Figure 5.
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Figure 5 24-hour operation of area A.

Figure 6 24-hour operation of area B.

The power diagrams of the 24-hour operation of area B are shown in
Figure 6.

The power diagrams of the 24-hour operation of area C are shown in
Figure 7.

The results of Figures 6 and 7 show that after using this method, the power
wastage in Areas B and C has been significantly reduced, leading to higher
benefits. This indicates that adopting reasonable energy storage configuration
and scheduling methods are conducive to improving efficiency [25].
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Figure 7 24-hour operation of area C.

Figure 8 The comparison of different cases. (a) Electricity purchase comparison; (b) Total
supply cost comparison; (c) Average supply cost per unit comparison.

7.3 Analysis of the Situation After Adding Energy Storage

By configuring 50 kW/100 kWh energy storage for each of the three regions,
we can develop an optimal energy storage operation strategy and power
purchase plan on the basis of the energy storage evaluation model.

The operation status after adding energy storage is compared with that
before its addition, and the changes in power purchase are shown in Figure 8.
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Figure 9 The training set loss. (a) Train-loss; (b) Train-MAE; (c) Val-loss; (d) Val-MAE.

It is evident that the electricity purchased, the amount of wind and solar
power abandoned, the total power supply cost, and the average power supply
cost per unit of electricity in regions A, B, and C are all lower than the
values observed without investment in energy storage devices, indicating an
improvement in operational efficiency. The main reason is that by installing
a 50 kW/100 kWh energy storage system, excess new energy resources can
be stored and subsequently released as a supplement when power generation
power is insufficient, thereby reducing the amount of energy purchased from
the power grid.

7.4 Model Checking

We test the model accuracy through the loss and MAE of the training set and
validation set, respectively. The images are shown below, where the training
set loss is displayed.

Train-loss, train-MAE, val-loss and val-MAE are all indicators used to
measure the effectiveness of the training method [26]. Through the four
curves obtained, we can see that as the number of training rounds increases,
the curves gradually converge and approach a horizontal state around 100
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rounds, which means that the method is well trained at this point and the
results obtained are highly credible.

8 Conclusions

As the power industry continues to evolve, new energy sources such as
photovoltaics and wind power are advancing rapidly. However, the inter-
mittent, random, and uncertain nature of new energy generation presents
significant challenges for system peak regulation and power grid operation.
The integration of energy storage will be crucial in facilitating the utilization
of new energy.

This study conducts a scientific and comprehensive evaluation of the
energy storage configuration method for new power systems with uncer-
tain loads connected to a high proportion of new energy. It aims to pro-
vide a reasonable and scientific solution for the subsequent adjustment of
energy storage configuration according to the results of the comprehensive
evaluation.

The specific technical deficiencies are mainly reflected in: (1) The inter-
mittent and random characteristics of wind power and light power make it
difficult to accurately predict power generation. (2) The cost optimization
under multi-energy storage access is a difficult goal to achieve, as commonly
used tools like multi-linear programming are difficult to apply effectively.

The future development direction of the energy storage configuration
evaluation method for new energy consumption based on power grid develop-
ment planning and resource output forecast analysis will be comprehensive,
precise, and intelligent. Comprehensive means the integration of a variety
of energy storage technologies, which requires more sophisticated control
strategies to minimize costs and operate reasonably. Precision indicates
that in the future, the accuracy of power prediction in the energy storage
configuration evaluation method will become increasingly critical, requiring
more accurate predictions for short-term power generation and load power
to enable scientific dispatch and adjustment of energy storage resources.
Intelligence suggests using the current booming artificial intelligence and
deep learning methods to calculate optimal configuration plans.

We believe that intelligence will be the core focus of the future devel-
opment direction of this method. By integrating advanced Internet of Things
technology, the operating status of the system can be monitored in real time,
allowing the integrated management system to perform unified calculations,
commands, and dispatches to achieve safe and cost-effective operation.
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