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Abstract: Due to the large-scale integration of renewable energy and the rapid growth of peak
load demand, it is necessary to comprehensively consider the construction of various resources to
increase the acceptance capacity of renewable energy and meet power balance conditions. However,
traditional grid planning methods can only plan transmission lines, often resulting in low utilization
rates of newly constructed lines. Additionally, static planning methods can only address single-target
scenarios and cannot cope with dynamic growth in load and renewable energy. To address these
issues, this paper proposes a multi-stage collaborative planning method for transmission networks
and energy storage. This method considers the non-line substitution effect of energy storage resources
and their characterization methods. It establishes the coupling relationship between resources across
different planning stages to achieve coordinated multi-stage planning for transmission networks
and energy storage. Based on the IEEE-24 node system and a case study in a northern province of
China, the results show that the proposed method reduces investment costs by approximately 30%
compared to static planning methods and by about 7.79% compared to conventional grid planning
methods. Furthermore, this method can accommodate more renewable energy.

Keywords: transmission expansion planning; non-wires alternative; alternative energy storage for
the power grid; multi-stage planning

1. Introduction

Following the announcement of the “dual carbon” targets in China, new energy power
generation technologies, mainly wind and photovoltaic, have been extensively applied. The
large-scale grid integration of high-proportion new energy will become a defining feature
and development form of the new power system [1–3]. According to the National Energy
Administration’s data, by the end of December 2023, China’s national cumulative installed
power generation capacity reached approximately 2.92 billion kilowatts, representing a year-
on-year growth of 13.9%. Of this, solar power capacity was around 610 million kilowatts,
reflecting a 55.2% year-on-year increase, while wind power capacity was approximately
440 million kilowatts, showing a 20.7% year-on-year increase [4].

However, as new energy is integrated into the grid on a large scale, conflicts in new
energy consumption across different provinces and regions in the country have gradually
surfaced, particularly in northwestern provinces rich in new energy resources, where wind
and solar curtailment problems are severe [5]. From a transmission expansion planning
viewpoint, the rapid growth in new energy installations has outpaced the construction of
delivery channels for large-scale new energy plants, resulting in a significant lack of coordi-
nation. Furthermore, the long construction period and high investment required for new
transmission channels lead to insufficient transmission capacity on the grid side, causing
congestion and wind curtailment. Such a phenomenon not only affects the continuous
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promotion of the low-carbon transformation of the energy system, but also has an adverse
impact on resource planning, system operation, and market transactions [6,7].

Traditional transmission grid planning aims to determine the optimal locations for new
transmission lines to ensure that power loads are met safely under given planning objectives.
As the grid evolves and the factors influencing its planning increase, the transmission grid
planning model is also changing. In reference [8], the available transfer capability of the
transmission grid is quantified and used as the objective function of the lower-level model.
This complements traditional economic-optimal transmission network planning models.
These models aim to enhance transmission efficiency by considering investments in wind
power. Reference [9] addresses the impact of unpredictable climate changes on the system.
It develops a robust expansion planning model for transmission networks that adapts to
climate uncertainty. The model employs column generation to solve and demonstrate its
ability to enhance operational safety under changing climate conditions. It also aims to
reduce costs. Reference [10] introduces a scenario-driven expansion planning model for
transmission networks, aiming to minimize costs in configuring the transmission network
within the electricity market environment. However, the rapid rise in renewable energy
proportions has significantly increased uncertainties in the system. This challenge may
affect the effectiveness of these methods in future power system planning scenarios.

With the large-scale integration of renewable energy, the demands on grid planning
have changed. It is necessary to consider the handling of renewable energy uncertainty and
aim to enhance renewable energy acceptance capacity. Consequently, scholars in the field
have conducted extensive research. In reference [11], researchers propose a distributed
robust optimization model, aiming to minimize transmission network expansion costs
under uncertain conditions while maximizing penetration levels of renewable energy gen-
eration. Reference [12] introduces congestion metrics to reflect price signal changes in the
market environment. Based on this, the study explores energy storage deployment, wind
farm integration, and the impact of price signals. It develops a transmission expansion
planning model under market conditions. Reference [13] addresses the transmission ex-
pansion planning problem for wind power integration. It develops a mixed-integer linear
programming model based on price-responsive demand schemes. In reference [14,15], a
multistage robust optimization model is proposed to achieve the optimal expansion plan-
ning of transmission networks under the influence of uncertainty of wind power and load,
and the robustness of the results is ensured by adjusting the uncertainty budget. Although
the above methods consider the increased uncertainty of future power systems, single
transmission grid planning methods ignore the synergistic effects between multiple types
of resources. In particular, the potential of widely configured energy storage resources to
delay line construction is not considered. This deficiency may lead to low utilization rates
of transmission lines and overinvestment, hindering the effective economic sustainability
of future power systems. Energy storage can serve as a non-wires alternative to traditional
transmission line expansion schemes. Therefore the synergistic planning of transmission
grid and energy storage has been widely studied in recent years. Reference [16] analyses
the necessity and principles of energy storage coordination in energy internet development.
Through constructing the energy storage coordination model with the aim of economic
efficiency and energy utilization efficiency, respectively, the study concludes that economic
efficiency plays the more important role in the energy storage coordination process. With
the goal of minimizing the difference between total system cost and flexibility benefit,
Reference [17] combined energy storage systems, wind farm power generation expansion
planning, and bookstore expansion planning models to improve network flexibility. Refer-
ence [18] integrates system optimization with the Markov decision process to determine
the least-cost grid line upgrade strategy under demand growth uncertainty, using this
multi-stage decision process to assess the value of energy storage as a non-line alternative.
Reference [19] proposes a method to quantify the delay in new grid line capacity con-
struction using distributed generation, including energy storage. Reference [20] proposes
a collaborative planning model for transmission networks and compressed air energy
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storage. The study uses an online solution method to conclude that energy storage can
delay the construction of new transmission lines. In reference [21], a stochastic optimiza-
tion model for the coordinated planning of transmission networks and energy storage
is proposed, which considers both long-term and short-term uncertainties. Case study
analysis demonstrates that energy storage can effectively reduce transmission network
investments and increase wind power integration. Considering the intrinsic correlation
between load demand and wind power production, reference [22] establishes a collabo-
rative planning model for transmission networks and energy storage. This model uses
polyhedral uncertainty sets to model the uncertainties in load demand and wind power
generation. Reference [23] proposes a method for energy storage siting and sizing to delay
grid upgrades, quantifying the benefits of energy storage in postponing grid upgrades and
incorporating them into the upper-level objective function. The proposed bi-level model
is solved using an improved differential evolution algorithm. However, most existing
studies on the coordinated planning of energy storage and transmission lines are based on
static planning. They implement a one-time planning process from the current state to the
target year, failing to consider the gradual growth of load demand and renewable energy
capacity. This approach does not align with the actual investment and construction needs
of various resources. Sequentially conducting static planning calculations for each year is
time-consuming and highly sensitive to previous plans, making it less effective compared
to multi-stage dynamic planning.

From the aforementioned studies, it can be concluded that under the conditions of
large-scale new energy grid integration, considering the expansion planning of transmission
networks and the optimal configuration of energy storage in a coordinated manner can
not only enhance the consumption level of new energy but also improve system economic
benefits and the utilization rate of transmission equipment [24,25]. However, most existing
studies on coordinated expansion planning of transmission networks and energy storage
are static planning [26], which only invests in and configures the planned equipment of
transmission lines and energy storage stations once, lacking comprehensive consideration
of the phased growth of new energy installations and load demand. This can easily lead
to redundant configuration, premature investment, and equipment idleness in the early
stages of planning, and insufficient capacity and aging of equipment in the later stages [27].

Therefore, this paper studies the multi-stage coordinated expansion planning of trans-
mission networks and energy storage considering new energy consumption capacity under
large-scale new energy grid integration. The remainder of this paper is organized as fol-
lows: Chapter 2 reviews the non-line substitution effect of energy storage and analyzes
the feasibility of incorporating energy storage into transmission grid planning. Chapter 3
proposes a multi-stage collaborative planning model for transmission networks and energy
storage. Chapter 4 uses two case studies to validate the proposed method and analyzes the
impact of factors such as energy storage costs and line capacity on the planning results.

The main contributions are as follows:

(1) The feasibility of incorporating energy storage into transmission grid planning is
analyzed. The collaborative relationship between energy storage configuration and
transmission grid planning is clarified, and a framework for the coordinated planning
of energy storage and transmission networks is proposed.

(2) A multi-stage collaborative planning model for transmission networks and energy
storage that considers the acceptance capacity of renewable energy is established. The
model aims to minimize the total system cost while considering the mutual influences
between different planning stages.

(3) The differences between various grid planning methods are explored. The impacts
of factors such as energy storage costs and line capacity on the planning results are
summarized.
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2. Feasibility Analysis and Modeling of Energy Storage in Transmission Network
Expansion Planning
2.1. Analysis of the Non-Wires Alternative Effect of Energy Storage

As a crucial regulatory resource in future power systems, energy storage can reduce
the system’s peak-valley difference through charge and discharge behaviors. This can
delay the upgrade and renovation of transmission lines, increase the acceptance capacity
of renewable energy, and improve equipment utilization. In this paper, energy storage
resources that achieve these effects are defined as grid alternative energy storage. Grid
alternative energy storage, as a non-wires alternative (NWA) solution, is coordinated with
transmission network planning to improve transmission line utilization and increase new
energy consumption capacity.

As an important function of alternative energy storage in the grid, the demonstration
of the role of deferred transmission line construction is important for reducing system costs.
Under traditional planning methods, the transmission and distribution network needs
to invest a large amount of power assets to expand or upgrade lines with the purpose of
meeting peak load demand periods. However, peak loads occur for only a short period
each year, leading to low utilization of the newly built parts. Additionally, the expansion or
new construction process is constrained by various factors such as the environment and
transmission corridors. Configuring energy storage devices can reduce the peak load at
this point, thereby delaying the upgrade of grid lines and improving the utilization rate of
existing equipment. The principle is shown in Figure 1.
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Figure 1. Schematic diagram of energy storage delaying transmission line upgrades.

From Figure 1, it can be observed that the system’s peak load is gradually increasing.
Assuming the maximum transmission capacity of this node is l1, expansion planning will
be required in y2. When energy storage is deployed at this node in y2, the peak load of the
node decreases from l1 to l2, ensuring that the peak load is below the maximum transmis-
sion capacity of the line. After ∆n years, the peak load will return to l1. The schematic
diagram of the role of energy storage in delaying transmission line upgrades shows that the
value of grid alternative energy storage in delaying transmission line upgrades is essentially
the time value of delaying the capital needed for equipment construction. The benefits of
grid alternative energy storage devices in delaying transmission line upgrades are one of
the important indicators that need to be quantified in the project planning process.

2.2. Modeling of the Energy Storage

In this section, we establish an optimal configuration model of energy storage embed-
ded in a typical daily operation simulation. The decision variables are the power capacity
and energy capacity of the energy storage system. The objective function minimizes the
sum of the optimization configuration cost and the operation and maintenance cost of the
energy storage system. The constraints include capacity constraints, as well as constraints
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on charging and discharging power and state of charge. The energy storage optimization
configuration model is formulated as follows:

min(cPP + cES) + c0P (1)

et = et−1·(1 − σ) + ηc·Pc,t·∆t −
Pd,t

ηd
·∆t (2)

0 ≤ Pc,t·ηc ≤ P·vc,t (3)

0 ≤ Pd,t/ηd ≤ P·vd,t (4)

SOCmin·S ≤ et ≤ SOCmax·S (5)

e0 = eT (6)

vc,t + vd,t ≤ 1 (7)

where cP, cE and c0 denote the unit power capacity cost, unit energy capacity cost, and unit
operation and maintenance cost of the energy storage, respectively; P and S represent the
rated charge/discharge power and rated capacity of the energy storage, respectively; et
denotes the remaining energy during the time (t) in the energy storage station; σ represents
the self-discharge rate of the energy storage station; Pc,t and Pd,t represent the charging
and discharging of power during the time ( t) in the energy storage station, respectively;
ηc and ηd denote the charging and discharging efficiency of the energy storage station,
respectively; ∆t represents the dispatch time interval, 1 h; vc,t and vd,t denote the charging
and discharging states of the energy storage station, respectively, as binary variables. When
the energy storage station is in a charging state, vc,t = 1 and vd,t = 0; when it is in a
discharging state, vc,t = 0 and vd,t = 1; when both are 0, it indicates that the energy storage
station is idle. SOCmin and SOCmax represent the lower and upper percentage limits of the
state of charge of the energy storage station, respectively; T is the dispatch period, 24 h.

In the aforementioned energy storage optimization configuration model, Equation (1)
represents the objective function for optimizing energy storage configuration, aiming
to minimize the sum of investment and operation and maintenance costs. Equation (2)
addresses the energy constraint of the storage system. Equations (3) and (4) impose
constraints on the charging and discharging power of the storage system, respectively.
Equation (5) sets the capacity constraint, limiting the state of charge within the permissible
range. Equation (6) ensures the daily clearance constraint, guaranteeing the operational
continuity of the storage station. Equation (7) stipulates the charging and discharging state
constraint to ensure that the storage station exhibits only one state at any given time period.

3. Multi-Stage Expansion Planning Model for Transmission Network and Energy
Storage Considering New Energy Acceptance Capacity
3.1. Framework of Multi-Stage Coordinated Expansion Planning Model for Transmission Network
and Energy Storage

The multi-stage coordinated expansion planning model for transmission network and
energy storage established in this paper considers the growth of wind power grid-connected
capacity and load demand within the planning cycle, and according to the growth of wind
power grid-connected capacity and load demand, divides the entire planning cycle into
multiple planning stages. The diagram of multi-stage coordinated expansion planning of
the transmission network and energy storage is shown in Figure 2.

The division of planning stages needs to be combined with the situation of load
demand and the growth of new energy grid-connected capacity. Before planning the
transmission network and energy storage system, according to the prediction of future
load demand and new energy grid-connected level, the coordinated expansion planning of
transmission network and energy storage is divided into N stages. As shown in Figure 2,
the load demand and new energy grid-connected capacity in the to-be-built area increase
in segmented steps [28].



Appl. Sci. 2024, 14, 6486 6 of 24

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 25 
 

3. Multi-Stage Expansion Planning Model for Transmission Network and Energy 
Storage Considering New Energy Acceptance Capacity 
3.1. Framework of Multi-Stage Coordinated Expansion Planning Model for Transmission 
Network and Energy Storage 

The multi-stage coordinated expansion planning model for transmission network 
and energy storage established in this paper considers the growth of wind power grid-
connected capacity and load demand within the planning cycle, and according to the 
growth of wind power grid-connected capacity and load demand, divides the entire plan-
ning cycle into multiple planning stages. The diagram of multi-stage coordinated expan-
sion planning of the transmission network and energy storage is shown in Figure 2. 

The division of planning stages needs to be combined with the situation of load de-
mand and the growth of new energy grid-connected capacity. Before planning the trans-
mission network and energy storage system, according to the prediction of future load 
demand and new energy grid-connected level, the coordinated expansion planning of 
transmission network and energy storage is divided into N stages. As shown in Figure 2, 
the load demand and new energy grid-connected capacity in the to-be-built area increase 
in segmented steps [28]. 

 
Figure 2. Schematic diagram of multi-stage coordinated expansion planning for the transmission 
network and energy storage. 

As shown in Figure 2, the overall idea of multi-stage coordinated expansion planning 
of transmission network and energy storage is as follows: first, in the initial stage of stage 𝑆ଵ planning, expand the relevant transmission lines and configure the corresponding en-
ergy storage device 𝐸௦௘௧ଵ to meet the maximum load and new energy consumption de-
mand of stage 𝑆ଵ planning. Then, in the initial stage of stage 𝑆ଶ  planning, on the basis of 
the power transmission lines expanded in the previous stage and the energy storage de-
vice 𝐸௦௘௧ଵ configured, plan and configure the power transmission lines and energy stor-
age device 𝐸௦௘௧ଶ of this stage to meet the maximum load and new energy consumption 
demand of stage 𝑆ଶ planning. This process continues until the completion of the last plan-
ning stage 𝑆ே, where power transmission lines are expanded and energy storage devices 
are configured. Finally, the configuration of transmission lines and energy storage devices 
in each planning stage and the corresponding optimization operation scheme for each 
stage are obtained. 

Figure 2. Schematic diagram of multi-stage coordinated expansion planning for the transmission
network and energy storage.

As shown in Figure 2, the overall idea of multi-stage coordinated expansion planning
of transmission network and energy storage is as follows: first, in the initial stage of stage S1
planning, expand the relevant transmission lines and configure the corresponding energy
storage device Eset1 to meet the maximum load and new energy consumption demand of
stage S1 planning. Then, in the initial stage of stage S2 planning, on the basis of the power
transmission lines expanded in the previous stage and the energy storage device Eset1
configured, plan and configure the power transmission lines and energy storage device
Eset2 of this stage to meet the maximum load and new energy consumption demand of
stage S2 planning. This process continues until the completion of the last planning stage SN ,
where power transmission lines are expanded and energy storage devices are configured.
Finally, the configuration of transmission lines and energy storage devices in each planning
stage and the corresponding optimization operation scheme for each stage are obtained.

Traditional power grid planning aims to minimize the investment and operating costs
of the grid, where operating costs can include the generation costs of generator units,
load shedding penalty costs, and renewable energy curtailment penalty costs, etc. The
constraints include the investment status constraints of candidate lines and constraints
related to the operation of the power grid [29]. When the optimization of energy storage
is considered in the planning process of the power grid, the output of the power grid
expansion scheme at the power grid planning level, the energy storage optimization
configuration layer determines the location and capacity of the energy storage based on
the new power grid structure, and then returns the configuration strategy of the energy
storage. At this time, the model needs to consider the constraints of the energy storage
power station, including the investment status constraints of the energy storage power
station and the operation constraints of the energy storage power station. At the same
time, it is necessary to add the investment and operation costs of the energy storage power
station to the objective function.

3.2. Objective Function

Money has a time value, and current funds can generate returns through use. There-
fore, in the multi-stage expansion planning process of the transmission network and energy
storage, the total cost cannot be simply added up based on the investment and operating
costs of each stage. Different funds at different times should be converted into the same
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time value for comparison [30]. Introducing the present value factor, when calculating
various cost expenses during the planning period, the costs generated in different years
should be discounted to the equivalent present value at the beginning of the planning
period. The present value factor RY corresponding to the year Y when the planning cost
occurs is.

RY = (1 + λ)−Y (8)

where λ represents the annual discount rate.
The objective function of the multi-stage coordinated expansion planning model for

transmission network and energy storage is to minimize the sum of the transmission
investment cost fline, energy storage investment cost fess, wind curtailment penalty cost
fwind, and solar curtailment penalty cost fsolar over the entire planning period. The objective
function is as follows:

f = fline + fess + fwind + fsolar (9)

(1) Investment cost of transmission line:

fline = ∑
Y∈NY

∑
(i, j) ∈ Np
i ̸= j

RYcijLijx
p
line,ij,Y (10)

where cij is the unit investment cost of the line; Lij is the length of the line; xp
line,ij,Y is the

binary variable for constructing the new line p on branch ij in year Y, where 1 indicates
that the line is to be constructed, and 0 indicates that the line will not be constructed; NY
and NP represent the set of planning years and the set of candidate lines, respectively.

(2) Investment cost of energy storage:

fess = ∑
Y∈NY

∑
i∈Ness

RYxess,i,Yα
(
cpPess,i,Y + ceEess,i,Y

)
(11)

where α is the energy storage cost coefficient, which represents the possible level of energy
storage investment cost under different trends; cp and ce are the unit power capacity and
unit energy capacity investment costs of constructing energy storage at node i; xess,i,Y
is a binary variable indicating whether energy storage is constructed at node i in year
Y, with a value of 1 if energy storage is built and 0 otherwise; Pess,i,Y and Eess,i,Y are the
power capacity and energy capacity of the energy storage constructed at node i in year Y,
respectively; Ness is the set of candidate installation nodes for energy storage.

(3) Penalty Cost for Wind and Solar Curtailment

fwind = ∑
Y∈NY

∑
s∈Ns

ds ∑
j∈Nwind

∑
t∈T

RYcwind

(
P f

wind,j,t,s,Y
−Pwind,j,t,s,Y

)
(12)

fsolar = ∑
Y∈NY

∑
s∈Ns

ds ∑
k∈Nsolar

∑
t∈T

RYcsolar

(
P f

solar,k,t,s,Y
−Psolar,k,t,s,Y

)
(13)

where ds is the total number of days in scenario s; cwind and csolar are the unit penalty
costs for wind and solar curtailment, respectively; P f

wind,j,t,s,Y and Pwind,j,t,s,Y represent the
forecasted and actual output power of wind farm j during period t in scenario s for year Y,
respectively; P f

solar,k,t,s,Y and Psolar,k,t,s,Y represent the forecasted and actual output power of
solar power plant k during period t in scenario s for year Y, respectively; Nwind and Nsolar
are the sets of wind farms and solar plants, respectively; Ns is the set of typical scenarios
for load and new energy output.

3.3. Constraints

(1) Energy storage investment constraints
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The nodes in the grid suitable for installing energy storage stations are limited:

∑ xess,i,Y ≤ xmax
ness (14)

where xmax
ness represents the maximum number of energy storage installations allowed by

the system.
(2) Transmission Expansion Constraints
Throughout the entire planning period, the constraints on the number of transmission

lines must be met:
0 ≤ ∑

Y∈NY

∑
(i, j) ∈ Np
i ̸= j

xp
line,ij,Y ≤ xmax

line,ij (15)

where xmax
line,ij represents the maximum number of new lines between nodes i and j.

(3) Node Power Balance Constraints

AoPo
b,t,s,Y +

Y−1
∑

y=1
AyPy

b,t,s,Y + ApPp
b,t,s,Y + Pgen,t,s,Y+

Pwind,t,s,Y + Psolar,t,s,Y = Pl,t,s,Y +
Y−1
∑

y=1
Py

ess,t,s,Y + Pess,t,s,Y

(16)

where: Ay is the node-branch incidence matrix for new lines in year y. Ao and Ap are the
node-branch incidence matrices for the initial and candidate lines, respectively. Po

b,t,s,Y
and Pp

b,t,s,Y are the active power vectors for initial and candidate lines in scenario s during
period t of year Y. Py

b,t,s,Y is the active power vector for new lines in year y during scenario s
of period t. Pgen,t,s,Y, Pwind,t,s,Y and Psolar,t,s,Y are the active power output vectors of thermal
plants, wind farms, and solar power stations in scenario s during period t of year Y. Pess,t,s,Y
is the charging and discharging power vector for new energy storage in scenario s during
period t of year Y. Pl,t,s,Y is the load vector at each node in scenario s during period t of
year Y.

(4) Branch Power Flow Constraints

Po
ij,t,s,Y − bijno

line,ij
(
θi,t,s,Y − θj,t,s,Y

)
= 0, ∀(i, j) ∈ N0

p (17)

Py
ij,t,s,Y − bijn

y
line,ij

(
θi,t,s,Y − θj,t,s,Y

)
= 0, ∀y ∈ (1, 2, . . . , Y − 1), ∀(i, j) ∈ Np (18)

Pp
ij,t,s,Y − xp

line,ij,Ybij
(
θi,t,s,Y − θj,t,s,Y

)
= 0,

∀(i, j) ∈ Np, ∀p ∈
(

1, 2, . . . , nmax
line,ij −

Y−1
∑

y=1
ny

line,ij

)
(19)

0 ≤ ny
line,ij ≤ nmax

line,ij (20)

θref,t,s,Y = 0 (21)

where: bij is the susceptance of a single line between nodes i and j. no
line,ij and nmax

line,ij are the

number of initial and candidate lines, respectively. ny
line,ij is the number of new transmission

lines in y. Po
ij,t,s,Y is the total active power flow through the initial branch ij in scenario

s during period t of year Y. Py
ij,t,s,Y is the total active power flow through new branches

in the scenario s during period t of year Y. Pp
ij,t,s,Y is the active power flow through the

new transmission line in the scenario ( s) during a period ( t) of year (Y). θi,t,s,Y, θj,t,s,Y and
θre f ,t,s,Y are the voltage phase angles at nodes i, j, and the reference node re f in scenario ( s)
during period ( t) of year (Y).

Equation (17) represents the power flow constraint for the initial branches of the sys-
tem; Equation (18) represents the power flow constraint for the new branches constructed
in y for Y; Equation (19) represents the power flow constraint for the candidate branches to
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be constructed in Y; Equation (20) limits the number of new branches constructed in y to be
less than the maximum number of branches that can be expanded.

(5) Branch Power Limit Constraints
−no

line,ijP
max
ij ≤ Po

ij,t,s,Y ≤ no
line,ijP

max
ij

−ny
line,ijP

max
ij ≤ Py

ij,t,s,Y ≤ ny
line,ijP

max
ij

−xp
line,ij,YPmax

ij ≤ Pp
ij,t,s,Y ≤ xp

line,ij,YPmax
ij

(22)

where Pmax
ij is the maximum transmission power of a single line between nodes i and j.

(6) Conventional Generator and Renewable Energy Output Constraints

−ωd,g∆t ≤ Pgen,g,t,s,Y − Pgen,g,t−1,s,Y ≤ ωu,g∆t (23)

Pmin
gen,g ≤ Pgen,g,t,s,Y ≤ Pmax

gen,g (24)

0 ≤ Pwind,j,t,s,Y ≤ P f
wind,j,t,s,Y (25)

0 ≤ Psolar,k,t,s,Y ≤ P f
solar,k,t,s,Y (26)

where: ωd,g and ωu,g are the ramp-up and ramp-down rates of conventional generator
g. Pgen,g,t,s,Y is the active power output of a conventional generator g in scenario s during
period t of year Y. Pmax

gen,g and Pmin
gen,g are the minimum and maximum output limits of

conventional generator g. ∆t is the time interval.
(7) Energy Storage Operation Constraints

0 ≤ pc,i,t,s,Y ≤ Pess,i,gxc,i,t,s,Y (27)

0 ≤ pd,i,t,s,Y ≤ Pess,i,gxd,i,t,s,Y (28)

vc,i,t,s,Y + vd,i,t,s,Y ≤ vess,i,Y (29)

SOCmin·Eess,i,Y ≤ ei,t,s,Y ≤ SOCmax·Eess,i,Y (30)

ei,t+1,s,Y − ei,t,s,Y = pc,i,t,s,Y∆t·η+
ess − pd,i,t,s,Y∆t/η−

ess (31)

ei,0,s,Y = ei,T24,s,Y (32)

where Pc,i,t,s,Y and Pd,i,t,s,Y represent the charging and discharging power of the energy
storage device at the node ( i) in the scenario (s) during the period (t) of the year (Y);
ei,t,s,Y represents the capacity of the energy storage device at the node i in scenario s during
period t of year Y; vc,i,t,s,Y and vd,i,t,s,Y represent the charging and discharging status of the
energy storage device at the node i in scenario s during period t of year Y, which are binary
variables, where 1 indicates charging/discharging and 0 indicates no action of the energy
storage device; η+

ess and η−
ess represent the charging efficiency and discharging efficiency of

the energy storage device, respectively; the last constraint is the energy balance constraint
of the energy storage the since the technical verification of this planning scheme is for a
typical day, so T24 = 24, which means the energy balance constraint of the energy storage
is a daily balance constraint.

3.4. Model Solving and Linearization
3.4.1. Linearization of Power Flow Constraints

The presence of the product of discrete variables xp
line,ij,Y and continuous variables

θi,t,s,Y and θj,t,s,Y in Equation (19) renders the model a non-convex optimization prob-
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lem, making it challenging to ensure the attainment of an optimal solution. Therefore,
Equation (19) is linearized, resulting in the following form:

−M
(

1 − xp
line,ij,Y

)
≤ Pp

ij,t,s,Y − bij
(
θi,t,s,Y − θj,t,s,Y

)
≤ M

(
1 − xp

line,ij,Y

)
∀(i, j) ∈ Np, ∀p ∈

(
1, 2, . . . , nmax

line,ij

) (33)

where M represents a sufficiently large number.
Equation (33) can be interpreted as follows: when the candidate line p of branch ij in stage

g is not selected, xp
line,ij,Y = 0, Equation (33) simplifies to

∣∣∣Pp
ij,t,s,Y − bij

(
θi,t,s,Y − θj,t,s,Y

)∣∣∣ ≤ M,
where M is an extremely large value, rendering Equation (33) non-binding in this scenario.
Conversely, when xp

line,ij,Y = 1, Equation (33) can be expressed in the form of direct current

power flow constraints Pp
ij,t,s,Y = bij

(
θi,t,s,Y − θj,t,s,Y

)
. In this case, Equation (33) serves the

same function as Equation (19). All variables appearing in this manuscript, together with
their meanings and units are listed in Appendix B.

3.4.2. Model Solving Methods

In this paper, the proposed multi-stage collaborative planning model for transmission
networks and energy storage is solved using the CPLEX 12.8.0 solver, called through the
YALMIP R20230622 toolbox on the MATLAB 2023a platform. Equations (9)–(13) represent
the objective functions of the model, and Equations (14)–(32) define the constraints for
solving the model. Among them, xp

line,ij,Y and xess,i,Y are integer variables that determine
the transmission network expansion plans and energy storage locations at each planning
stage. Besides, Po

ij,t,s,Y, Pp
ij,t,s,Y, Pgen,i,t,s,Y, Pwind,j,t,s,, Psolar,i,t,s,Y, Pc,j,t,s,, Pd,i,t,s,Y, ei,t,s,Y,θi,t,s,Y,

Pess,i,Y and Eess,i,Y are continuous variables, ensuring the system operates normally under
various constraints at each stage, Pess,i,Y and Eess,i,Y specifically, determine the power and
capacity configurations of the energy storage at each stage.

4. Case Study
4.1. Generating Typical Scenarios

The historical data used in this case study are all from wind farms, photovoltaic power
stations, and load centers in the same region, ensuring the time series of new energy output
and load demand while retaining the correlation between new energy output and load
demand. To characterize the uncertainty in renewable energy output and load demand,
the typical day curves used in the model are obtained by clustering by season, with each
typical day curve representing the predicted renewable energy output and load levels for
that season. The wind power output, photovoltaic power output, and load demand curves
used in this case study are shown in Figure 3.
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4.2. IEEE RTS-24 Node Case Study System
4.2.1. System Parameter and Case Setting

This section of the case study uses the IEEE RTS-24 node system. The transmission
line data, generator data, maximum node loads, and parameters of the selected compressed
air type energy storage are based on the data in [31]. A wind power plant is connected
to node 23, and a photovoltaic power station is connected to node 4. The total planning
period is divided into three stages, assuming that the investment behavior of each planning
stage occurs in the first year of that planning stage. The three stages are 2, 3, and 5 years,
corresponding to wind power grid connection capacities of 1000 MW, 1500 MW, and
3000 MW, and photovoltaic power plant grid connection capacities of 1000 MW, 1500 MW,
and 3000 MW. The IEEE RTS-24 node system has a total of 17 load nodes, with the maxi-
mum load demand of each load node increasing at a rate of 20 MW per stage. Considering
the development of energy storage technology, the cost of energy storage will also grad-
ually decrease. The unit power cost of energy storage in each stage is 4000 yuan/kW,
3500 yuan/kW, and 3000 yuan/kW, respectively. The unit energy cost of energy storage
in each stage is 200 yuan/kWh, 180 yuan/kWh, and 150 yuan/kWh, respectively. The
annual discount rate of energy storage devices is 8%, and the annual discount rate of
transmission lines is 10%. The economic service life of transmission lines is 25 years, and
the unit cost of lines is 1 million yuan/km. cwind is set to 0.1 yuan/MWh, and csolar is set
to 0.05 yuan/MWh. The number of newly built transmission lines is a variable, and the
capacity of each new transmission line is the same as the capacity of the original single
transmission line.

To visually compare the differences between the method proposed in this paper and
traditional planning methods, and to analyze the impact of coordinated energy storage
and transmission grid planning on the development of the power system, three research
scenarios are set in this paper:

Scenario 1 employs a single-step static planning method, where static planning is
conducted for the final target year’s load and renewable energy integration requirements,
using the method described in [21].

Scenario 2 utilizes a single transmission grid planning method as described in [14,15],
without considering energy storage planning.

Scenario 3 presents the multi-stage coordinated planning of energy storage and trans-
mission networks proposed in this paper, characterized as dynamic planning.

These three scenarios range from static planning to dynamic planning, extending
from traditional methods to the method proposed in this paper, effectively comparing the
strengths and weaknesses of different approaches.

4.2.2. Planning Results under Different Scenarios

In order to verify the advantages and disadvantages of the proposed method in this
paper, the above example data are substituted into the single-step static transmission grid
planning, single transmission grid planning, and the multi-stage collaborative planning
model of the transmission grid and energy storage proposed in this paper, respectively.
The planning results under different Cases are shown in Table 1, Table 2, and Table 3,
respectively. The multi-stage planning scenarios obtained by the multi-stage collaborative
planning model of transmission grid and energy storage are shown in Figure 4.
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Table 1. Single-step static coordination planning scheme of the transmission network and energy
storage and associated costs.

Stage
Transmission Line Planning

Scheme: Corridor (Number of
New Lines)

Energy Storage
Planning

Scheme: Node
(MW/MWh)

Transmission
Line Investment
Cost (×108 CNY)

Energy Storage
Investment Cost

(×108 CNY))

Wind
Curtailment Cost

(×108 CNY)

Solar
Curtailment Cost

(×108 CNY)

1

2–4(2), 2–6(1),
4–9(2), 7–8(2),

11–13(1), 12–23(2),
20–23(1),

4(119.01/614.92),
12(58.91/248.19),
13(63.76/264.80),
20(112.80/527.72),
23(76.11/361.53)

21.47 5.38 0 0

2 - - - - 0.89 0
3 - - - - 3.41 0.13

Total Cost (Present Value) 21.47 5.38 4.30 0.13

Table 2. Single multi-stage transmission expansion planning and associated costs.

Stage Transmission Line Planning Scheme:
Corridor (Number of New Lines)

Transmission Line
Investment Cost (×108

CNY)

Wind Curtailment Cost
(×108 CNY)

Solar Curtailment Cost
(×108 CNY)

1 2–6(1), 7–8(1), 11–13(1) 1.32 1.64 0.02
2 2–4(1), 4–9(1), 7–8(1), 20–23(1) 0.88 2.57 0.03

3
2–4(1), 4–9(1), 10–12(1), 12–23(1),

13–23(1),
16–19(1), 19–20(1)

2.80 13.69 0.69

Total Cost (Present Value) 4.99 17.89 0.74

Table 3. Multi-stage coordinated expansion planning scheme for transmission network and energy
storage, and associated costs.

Stage
Transmission Line Planning

Scheme: Corridor (Number of
New Lines)

Energy Storage
Planning

Scheme: Node
(MW/MWh)

Transmission
Line Investment
Cost (×108 CNY)

Energy Storage
Investment Cost

(×108 CNY)

Wind
Curtailment Cost

(×108 CNY)

Solar
Curtailment Cost

(×108 CNY)

1 2–6(1), 7–8(1), 11–13(1) 20(16.84/100.0) 1.32 0.88 1.38 0.01

2 2–4(1), 4–9(1), 7–8(1),
20–23(1) 20(40.46/240.20) 0.88 1.60 1.52 0

3 2–4(1), 4–9(1), 9–12(1),
12–23(1), 13–23(1) 4(113.43/808.17)

Total Cost (Present Value) 4.46 7.09 10.09 0.14

From Table 1, it can be seen that in the single-step static collaborative planning scheme
of transmission grid and energy storage, the construction of transmission lines and the
location and capacity determination of energy storage are only carried out in the first
planning stage, but the planning scheme is based on the grid-connected capacity and load
demand of wind farms and photovoltaic power plants in the third stage. The single-step
static collaborative planning scheme of transmission network and energy storage will
result in “over-investment” of transmission lines and energy storage, that is, the amount of
transmission line expansion and energy storage configuration far exceeds the transmission
capacity demand corresponding to the current load. Therefore, the new construction of
power grid lines and the location and capacity of energy storage of this scheme can fully
absorb the wind power of the system when applied in the first stage. The cost of wind
abandonment penalty is reduced to 0, and when applied in the second stage, the wind
abandonment penalty is only 89 million yuan.
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By comparing Tables 2 and 3, it can be found that the planning results of Single
multi-stage transmission expansion planning and the method proposed in this paper are
mainly different in the third stage. In the multi-stage coordinated expansion planning
scheme of transmission network and energy storage, as shown in Table 3, the number of
new lines in the three stages is 3, 4, and 6 respectively, and the number of new lines in
the three stages gradually increases. This is because the grid-connected capacity of new
energy gradually increases, and the construction of energy storage is mainly concentrated
at nodes 4 and 23, which are the grid-connected nodes of new energy stations. In the first
stage, the grid-connected capacity of wind power plants and photovoltaic power stations is
small, and the expansion of lines is mainly to meet the load demand of system load nodes
(6 and 8) and the power output of thermal power plants (nodes 2, 7, and 13); In the second
stage, when the grid-connected capacity of new energy increases, the newly built lines
are mainly around node 4 (grid-connected node of photovoltaic power station) and node
23 (grid-connected node of wind power plant) to achieve low-cost power output of wind
and photovoltaic power generation; In the third stage, the grid-connected capacity of new
energy increases significantly. To alleviate the transmission congestion of the system, the
number of newly built lines increases significantly, and they are still concentrated around
the grid-connected nodes of new energy and related nodes.

4.2.3. Analysis of the Impact of Different Planning Methods

In order to demonstrate the effectiveness of the proposed method in reducing sys-
tem costs and improving renewable energy acceptance capacity, this section analyzes the
planning results in Section 4.2.2. Compared to the planning results of the single-step static
method proposed in the literature [21], the total cost of the multi-stage collaborative plan-
ning scheme of transmission network and energy storage is reduced by 950 million yuan,
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which is about 30.4%. This is because the transmission line construction and energy storage
location determination in the single-step static collaborative planning scheme of transmis-
sion grid and energy storage are only carried out in the first planning stage, so compared
with the multi-stage collaborative planning scheme of transmission grid and energy storage,
it cannot enjoy the benefits of energy storage cost reduction due to technological update,
and it cannot play the time value of funds. From the comparison of Tables 2 and 3, It can be
found that compared to the single grid planning approach described in the literature [14,15],
the multi-stage coordinated expansion planning scheme of the transmission network and
energy storage mainly differs in the number of new lines in the third stage. The total cost
of line construction has been reduced by 54 million, reflecting the role of energy storage in
delaying the upgrade and transformation of transmission lines. The total investment cost
has been reduced by 184 million, saving 7.79%, indicating that the multi-stage coordinated
expansion planning scheme of transmission network and energy storage has better econ-
omy. In terms of the punishment for new energy curtailment, from Tables 1 and 2, it can be
seen that the multi-stage coordinated expansion planning scheme of transmission network
and energy storage greatly reduces the system’s curtailment punishment costs compared
with the single transmission network multi-stage planning scheme. Among them, the
total wind curtailment punishment cost has been reduced from 1.789 billion to 1.009 bil-
lion, and the total solar curtailment punishment cost has been reduced from 74 million to
14 million, indicating that the coordinated expansion planning of transmission network and
energy storage can not only alleviate transmission congestion and delay the upgrade and
transformation of transmission lines, but also reduce the cost of new energy curtailment
and increase the consumption of new energy.

4.2.4. Impact of Energy Storage Costs on Planning Results

Due to the current development of energy storage technology, the cost of energy
storage is relatively high. The high cost of energy storage limits the allocation of more
energy storage in planning models with economic optimality as the objective function. This
section further discusses the impact of energy storage costs on the coordination planning
of transmission network and energy storage.

On the basis of Case 3, the energy storage cost coefficient is gradually changed from
0.2 to 1.2 in intervals of 0.2, and the model is solved to obtain the impact of energy storage
cost on energy storage configuration results and the impact on transmission construction
and wind and solar curtailment, as shown in Figures 5 and 6.

From Figure 5, it can be seen that as the energy storage cost coefficient decreases,
the power capacity and energy capacity of the energy storage increase. When the energy
storage cost coefficient decreases from 1.2 to 1.0, the power capacity and energy capac-
ity of the energy storage increase from 138.98 MW and 1001.90 MWh to 224.34 MW and
1466.71 MWh, respectively, representing increases of 61% and 46%. However, the line
planning scheme remains unchanged during this process, and the cost of wind and solar
curtailment decreases by 272 million, indicating that the configuration of energy storage
increases the flexibility of system down-regulation and up-regulation, thereby increasing
the integration of wind and solar power generation. When the energy storage cost coef-
ficient is less than 1.0, the rate of increase in power capacity and energy capacity of the
energy storage significantly accelerates. From Figure 6, it can be seen that the cost of wind
and solar curtailment and the cost of line expansion decrease as the energy storage cost
coefficient decreases. Especially when the energy storage cost coefficient decreases from
0.8 to 0.6, the cost of line expansion decreases from 443 million to 368 million, a decrease
of 16.9%. This indicates that the increase in energy storage capacity can effectively reduce
redundant lines in the original power transmission line planning, increase system flexibility,
and integrate more wind and solar power generation, while also delaying the upgrade of
power transmission lines.
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4.2.5. Impact of Transmission Line Capacity

To further investigate the role of energy storage in alleviating transmission congestion
and delaying the upgrade of transmission lines, this section extends from the multi-stage
coordinated planning of energy storage and transmission networks to single transmission
grid planning scenarios. Specifically, the planning considers reducing the capacity of
transmission lines to 90% and 80% of the original system capacity. The results are shown in
Table 4.
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Table 4. Comparison of Case 2 and Case 3 planning scenarios and costs for different transmission
capacities.

Transmission Capacity
0.9 0.8

Case 2 Case 3 Case 2 Case 3

Stage 1

Transmission Line Planning Scheme: Corridor
(Number of New Lines)

10(1), 11(1),
17(1), 18(1), 21(1)

5(1), 11(1),
17(1), 18(1),

33(1)

5(1), 11(1),
15(1), 17(1),

18(1), 21(1), 33(1)

5(1), 11(1),
15(1), 17(1),

18(1), 21(1), 33(1)
Energy Storage Planning Scheme: Node

(MW/MWh) - 4(60.44/361.96) - 4(18.25/108.37)

Transmission Line Investment Cost (×108 CNY) 2.82 2.12 3.96 3.96
Energy Storage Investment Cost (×108 CNY)) - 3.17 - 0.96
Wind and Solar Curtailment Cost (×108 CNY) 1.65 0.91 1.67 1.37

Stage 2

Transmission Line Planning Scheme: Corridor
(Number of New Lines)

4(1), 8(1),
33(1)

4(1), 8(1),
21(1)

4(1), 8(1),
10(1), 11(1),

22(1)

4(1), 8(1),
22(1)

Energy Storage Planning Scheme: Node
(MW/MWh) - 0 - 4(43.98/261.15)

6(14.04/100)
Transmission Line Investment Cost (×108 CNY) 0.74 1.60 1.75 1.49
Energy Storage Investment Cost (×108 CNY)) - 0 - 2.32
Wind and Solar Curtailment Cost (×108 CNY) 2.59 1.49 2.60 1.31

Stage 3

Transmission Line Planning Scheme: Corridor
(Number of New Lines)

4(1), 5(1),
8(1), 15(1),
21(1), 22(1)

4(1), 5(1),
15(1), 21(1),

22(1)

4(1), 6(1),
8(1), 9(1),

17(1), 21(1),
22(1)

4(1), 8(1),
17(1), 21(1),

22(1)

Energy Storage Planning Scheme: Node
(MW/MWh) - 2(15.18/108.18)

4(120.0/855.0) -
2(14.04/100.0)
4(120/826.10)
6(14.03/100.0)

Transmission Line Investment Cost (×108 CNY) 2.57 2.26 2.60 2.26
Energy Storage Investment Cost (×108 CNY)) - 3.78 - 4.11
Wind and Solar Curtailment Cost (×108 CNY) 13.82 8.00 13.91 7.85

Total Cost (×108 CNY) 25.38 23.35 28.43 25.63

To further quantify the synergistic effects between transmission grid planning and
optimized energy storage configuration, this section introduces a synergy index, computed
as shown in Equation (34).

Irep = ( fTEP − fTEP−ES)/ fTEP × 100% (34)

where Irep denotes the synergy index between transmission grid planning and optimized
energy storage configuration, f TEP represents the total cost of the multi-stage planning
scheme for a single transmission grid, f TEP−ES represents the total cost of the multi-stage
coordinated planning scheme for transmission grid and energy storage.

From Table 4, it is observed that when the transmission capacity is reduced to 90% of
the original, the total number of new line expansions across the three stages decreases by
only 1 line. In the first stage, even with the same number of new lines (5 lines), the coordi-
nated planning of transmission and storage opts for shorter line expansions, resulting in a
reduction of investment by 70 million yuan in the first stage. As the system’s transmission
capacity decreases, the demand for new transmission line expansions increases, reflected in
an increase in the number of new lines across the three stages.

When the transmission capacity is at the original standard capacity, the total invest-
ment for the multi-stage planning of a single transmission grid is 2.362 billion yuan, while
for the multi-stage coordinated planning of transmission grid and energy storage, it is
2.179 billion yuan, representing a reduction of 183 million yuan, with a synergy index of
7.75%. When the transmission capacity is reduced to 90% of the original, the total invest-
ment decreases by 203 million yuan, resulting in a synergy index of 8.00%. When reduced
to 80% of the original capacity, the total investment decreases by 280 million yuan, with a
synergy index of 9.85%. Comparatively, as the transmission capacity becomes insufficient,
the economic benefits of the multi-stage coordinated planning of transmission grid and



Appl. Sci. 2024, 14, 6486 17 of 24

energy storage improve compared to the multi-stage planning of a single transmission
grid. This enhancement demonstrates better synergy between transmission grid planning
and optimized energy storage configuration, enabling increased integration of renewable
energy and meeting the low-carbon goals of the system, aligning more closely with the
requirements of power system planning under the “dual carbon” targets.

4.3. Actual Power Grid System in a Certain Region
4.3.1. Basic Data

In this section, the actual 23-node power system in a certain region of North China
is selected for simulation and verification. This power system contains 27 transmission
channels, with a maximum of 3 lines per transmission channel. The system connection
diagram is shown in Figure 7, and the data for transmission line capacity, length, etc., as
well as the data for power plants in the actual power system, are shown in the Appendix A.
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4.3.2. Analysis of Planning Scheme

In this actual power grid system, node 23 is the grid connection node for wind power
plants, and node 21 is the grid connection node for photovoltaic power stations. The
grid connection scale for wind power plants and photovoltaic power stations is the same,
with 1000 MW in the first stage, 1500 MW in the second stage, and 2500 MW in the
third stage. Other parameters are the same as those in Section 4.3.1. When considering
the single planning of transmission without considering the coordination between the
transmission network and energy storage, the planning scheme and various costs are
shown in Table 5. The temporal planning scheme for coordinated expansion planning of
the transmission network and energy storage in the actual power system optimized under
the given constraints is shown in Table 6.
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Table 5. Single multi-stage transmission expansion planning and associated costs in the actual power
system.

Stage Transmission Line Planning Scheme:
Corridor (Number of New Lines)

Transmission Line
Investment Cost

(×108 CNY)

Wind Curtailment Cost
(×108 CNY)

Solar Curtailment Cost
(×108 CNY)

1 4–5(1), 21–22(1) 0.26 2.58 0
2 4–5(1) 0.09 3.54 0.02
3 13–14(1), 13–20(1), 14–16(1) 0.30 16.21 0.07

Total Cost (Present Value) 0.65 22.32 0.09

Table 6. Multi-stage coordinated expansion planning scheme for transmission network and energy
storage, and associated costs in the actual power system.

Stage

Transmission Line
Planning Scheme:

Corridor (Number of
New Lines)

Energy Storage
Planning

Scheme: Node
(MW/MWh)

Transmission
Line Investment
Cost (×108 CNY)

Energy Storage
Investment Cost

(×108 CNY)

Wind
Curtailment Cost

(×108 CNY)

Solar
Curtailment Cost

(×108 CNY)

1 4–5(1), 21–22(1) 13(67.71/482.44) 0.26 3.71 1.63 0

2 14–15(1) 4(20.70/108.95)
13(40.84/291.01) 0.01 2.49 1.50 0

3 13–14(1), 13–20(1),
14–16(1) 13(33.57/239.20) 0.30 0.94 10.92 0

Total Cost (Present Value) 0.57 7.14 14.04 0

From the data in Table 6, it can be seen that the nodes where energy storage is
configured are mainly nodes 4 and 13. The addition of lines 14–15 is to meet the power
plant dispatching needs at node 15, and the addition of lines 21–22 is to meet the new
energy dispatching needs at node 22. The cost of solar curtailment in the three stages is 0,
because the uncertainty of output of photovoltaic power stations is small, while due to the
fluctuation and uncertainty of wind power output, the cost of wind curtailment is not zero.
Furthermore, when the wind power plant grid-connected capacity reaches 3000 MW in the
third stage, the cost of wind curtailment also reaches its maximum of 1.092 billion yuan.

The comparison of data between Tables 5 and 6 shows that in this actual power system,
the multi-stage coordinated expansion planning of the transmission network and energy
storage greatly reduces the cost of wind curtailment and light compared to the single-
stage multi-stage planning of the transmission alone. However, due to the fluctuation and
uncertainty of wind power output, the cost of wind curtailment is still high. The cost of the
transmission planning in the second stage in Table 6 is 0.08 billion less than that in Table 6,
which is due to the replacement of the longer plan of lines 4–5 with the shorter plan of lines
14–15, demonstrating the synergistic effect between transmission expansion planning and
energy storage configuration.

5. Conclusions

Considering that the installation of new energy and the demand for load are phased
growths, and money has time value, in order to improve the absorption capacity of new
energy, this paper arranges multiple points of energy storage devices on the side of the
transmission network, focusing on solving the problems of forced curtailment caused by
the volatility and randomness of new energy, as well as the problem of excessive investment
caused by single-stage planning. Based on the theory of multiple scenarios, the cost of
wind and solar curtailment is quantified directly, and a multi-stage coordinated expansion
planning model for transmission network and energy storage considering the cost of wind
and solar curtailment is established. The case study results show:

(1) Compared with the single-stage planning of the transmission network, the multi-stage
coordinated expansion planning of the transmission network and energy storage has
better economy, saving about 7.79% of the total investment cost, and can accept more
new energy. With the maturity of energy storage technology, its unit configuration
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cost will decrease, and the economic benefits of the multi-stage coordinated expansion
planning of the transmission network and energy storage will be further enhanced.

(2) The dynamic planning scheme has better economic benefits than the static planning
scheme, with a total investment cost reduction of about 30%. The planning scheme
of the transmission network and energy storage is also more reasonable, reducing
the excessive investment of the power grid assets; the optimal configuration capacity
of energy storage is sensitive to its unit cost; the less the transmission capacity of
the system, the better the economic improvement effect of the multi-stage expansion
coordinated expansion planning of the transmission network and energy storage
compared with the single-stage planning of the transmission network.

(3) The power capacity and energy capacity of energy storage in the coordinated expan-
sion planning of the transmission network and energy storage are sensitive to its cost
coefficient: the power capacity of energy storage increases with the decrease of its cost
coefficient, and the role of delaying the upgrade of transmission lines and increasing
the absorption of new energy is greater.

(4) When the transmission capacity of the power system is reduced to 80% of its original
level, the coordinated planning of transmission networks and energy storage saves
approximately 9.85% in total investment costs compared to single transmission grid
planning. This highlights that the economic benefits of deploying energy storage
in-crease significantly in systems where grid capacity is more constrained.

However, this study still has some limitations. On the one hand, to simplify computa-
tional complexity, we employed the K-means clustering method to handle the uncertainty
of renewable energy and load demands. Yet, this method of selecting typical days may
overlook some low-probability but high-impact extreme scenarios, potentially limiting
its application in future power systems with high proportions of renewable energy. On
the other hand, the study only considers a single generic model for energy storage re-
sources, whereas future grids may incorporate a variety of storage technologies such as
hybrid storage, electrolytic hydrogen, dispatchable and load-shifting capabilities, and other
generalized energy storage options.

By coordinating and optimizing various types of generalized energy storage resources,
it is possible to further smooth out fluctuations in renewable energy generation, enhance the
system’s capacity to integrate renewable energy, and improve overall economic efficiency.
In the future, we aim to conduct further research addressing these two issues, with the
goal of enhancing the power grid’s ability to accommodate renewable energy through
multi-stage coordinated planning of transmission networks and energy storage resources,
thereby advancing the progress of power systems towards low-carbon solutions.
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Appendix A

Table A1. Transmission line data in the actual power system.

Transmission Line to Be Selected From To Capacity/MW Length/km Existing Number Expansion Capacity

1 1 2 326.9 4.32 2 2
2 2 3 400.4 8.424 2 2
3 2 6 373.1 16.467 2 2
4 3 16 633.5 7.443 2 2
5 4 5 373.1 10.924 2 2
6 5 6 373.1 8.932 2 2
7 5 20 268.1 25.723 2 2
8 6 7 651.7 9 2 2
9 6 16 373.1 0.713 2 2

10 8 9 373.1 6.025 2 2
11 9 10 629.3 8.542 2 2
12 9 16 373.1 6.367 2 2
13 9 17 603.4 7.995 2 2
14 10 11 630.7 6.057 2 2
15 10 12 651.7 14.425 2 2
16 13 14 378.7 8.966 2 2
17 13 20 378.7 15.213 2 2
18 14 15 322 0.504 2 2
19 14 16 373.1 9.022 2 2
20 16 17 427 6.099 2 2
21 16 20 1515.5 34.389 1 3
22 16 23 1515.5 45.048 1 3
23 17 18 373.1 5.957 2 2
24 17 19 427 16.629 2 2
25 17 21 373.1 433.931 2 2
26 20 21 378.7 40.285 2 2
27 21 22 68.6 15.248 2 2

Table A2. Thermal power plant data in the actual power system.

Thermal Power Plant
Location

Minimum Output
(MW)

Maximum Output
(MW)

Ramp Rate Limit
(MW/h)

7 280 650 65
11 500 1222 122.2
12 300 710 71
15 100 210 21
20 2000 4331 433.1
23 300 1205 120.5

Appendix B

Table A3. Definition of main symbols in this paper.

Type Symbol Definition SI Unit

Indices

t Index of time /
Y Index of year /
i Index of node /
j Index of node /
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Table A3. Cont.

Type Symbol Definition SI Unit

Sets

NY Set of planning years /
NP Set of candidate lines /
Ness Set of candidate installation nodes for energy storage /

Nwind Set of wind farms and solar plants /
Nsolar Set of wind farms and solar plants /

Ns Set of typical scenarios for load and variable energy output /
Ay Node-branch incidence matrix for new lines in year y /
Ao Node-branch incidence matrices for the initial lines /
Ap Node-branch incidence matrices for the candidate lines /

Parameters

cP Unit power capacity cost CNY/MW
cE Unit energy capacity cost CNY/MWh
c0 Maintenance cost of the energy storage CNY/MW
σ Self-discharge rate of the energy storage station %
ηc Charging efficiency of the energy storage station %
ηd Discharging efficiency of the energy storage station %
∆t Dispatch time interval h

SOCmin
Lower percentage limits of the state of charge of the energy

storage station %

SOCmax
Upper percentage limits of the state of charge of the energy

storage station %

T Dispatch period h
λ Annual discount rate %

fline Transmission investment cost CNY
fess Energy storage investment cost CNY

fwind Wind curtailment penalty cost CNY
fsolar Solar curtailment penalty cost CNY
cij Unit investment cost of the line CNY/km
Lij Length of the line km
α Energy storage cost coefficient %
ds Total number of days in scenario s days

cwind Unit penalty costs for wind curtailment CNY/MWh
csolar Unit penalty costs for solar curtailment CNY/MWh

xmax
ness

Maximum number of energy storage installations allowed by
the system /

xmax
line,ij Maximum number of new lines between nodes i and j /

no
line,ij Number of initial lines /

nmax
line,ij Number of candidate lines /

Pmax
ij

Maximum transmission power of a single line between nodes i
and j MW

ωu,g Ramp-up rates of conventional generator g MW/h
ωd,g Ramp-down rates of conventional generator g MW/h
Pmax

gen,g Maximum output limits of conventional generator g MW
Pmin

gen,g Minimum output limits of conventional generator g MW
η+

ess Charging efficiency of the energy storage device %
η−

ess Discharging efficiency of the energy storage device %

Variables

P Planned charge/discharge power MW
S Planned capacity of the energy storage MWh
et Remaining energy at time t in the energy storage station MWh

Pc,t Charging power at time t in the energy storage station MW
Pd,t Discharging power at time t in the energy storage station MW
vc,t Charging states of the energy storage station /
vd,t Discharging states of the energy storage station /
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Table A3. Cont.

Type Symbol Definition SI Unit

Variables

RY Present value factor corresponding to the year Y CNY

xp
line,ij,Y

Binary variable for constructing the new line p on branch ij in
year Y /

xess,i,Y
Binary variable indicating whether energy storage is

constructed at node i in year Y /

Pess,i,Y
Power capacity of the energy storage constructed at node i in

year Y MW

Eess,i,Y
Energy capacity of the energy storage constructed at node i in

year Y MWh

P f
wind,j,t,s,Y

Forecasted output power of wind farm j during period t in
scenario s for year Y MW

Pwind,j,t,s,Y
Actual output power of wind farm j during period t in scenario

s or year Y MW

P f
solar,k,t,s,Y

Forecasted output power of solar power plant k during period t
in scenario s for year Y MW

Psolar,k,t,s,Y
Actual output power of solar power plant k during period t in

scenario s for year Y MW

ny
line,ij Number of new transmission lines in year y /

Po
b,t,s,Y

Active power vectors for initial lines in scenario s during period
t of year Y MW

Pp
b,t,s,Y

Active power vectors for candidate lines in scenario s during
period t of year Y MW

Py
b,t,s,Y

Active power vector for new lines in year y during scenario s of
period t MW

Pgen,t,s,Y
Active power output vectors of thermal plants in scenario s

during period t of year Y MW

Pwind,t,s,Y
Active power output vectors of wind farms in scenario s during

period t of year Y MW

Psolar,t,s,Y
Active power output vectors of solar power stations in scenario

s during pe-riod t of year Y MW

Pess,t,s,Y
Charging and discharging power vector for new energy storage

in scenario s during period t of year Y MW

Pl,t,s,Y Load vector at each node in scenario s during period t of year Y MW
bij Susceptance of a single line between nodes i and j s

Po
ij,t,s,Y

Total active power flow through the initial branch ij in scenario
s during period t of year Y MW

Py
ij,t,s,Y

Total active power flow through new branches in scenario s
during period t of year Y MW

Pp
ij,t,s,Y

Active power flow through the new transmission line in
scenario s during period t of year Y MW

θi,t,s,Y Angles at nodes i in scenario s during period t of year Y rad
θj,t,s,Y Angles at nodes j in scenario s during period t of year Y rad

θre f ,t,s,Y
Angles at reference node re f in scenario s during period t of

year Y rad

Pgen,g,t,s,Y
Active power output of conventional generator g in scenario s

during period t of year Y MW

Pc,i,t,s,Y
Charging power of the energy storage device at node i in

scenario s during period t of year Y MW

Pd,i,t,s,Y
Discharging power of the energy storage device at node i in

scenario s during period t of year Y MW

ei,t,s,Y
Capacity of the energy storage device at node i in scenario s

during period t of year Y MWh

vc,i,t,s,Y
Charging status of the energy storage device at node i in

scenario s during period t of year Y /

vd,i,t,s,Y
Discharging status of the energy storage device at node i in

scenario s during period t of year Y /
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