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The insufficient power system flexibility and transmission congestion are two fundamental
reasons for wind power curtailment. As the scale of the wind power in the power system is
growing rapidly, the two factors of wind power curtailment events coexist and have a
certain coupling relationship. The configuration of the energy storage system can not only
increase the flexibility of the system but also alleviate transmission congestion. Therefore,
the joint planning of energy storage and transmission grid that takes into account the
flexibility of the system and the transmission congestion is of great significance to solve the
wind curtailment. Hence, this paper first decouples the insufficient flexibility and
transmission congestion wind power curtailment, and quantitatively analyzes the
impact of transmission capacity on the coupling relationship between the two; second,
reveals the principle of joint planning of energy storage system and transmission
congestion, and constructs an optimization model, and proposes to set up the
capacity of the wind power which connects the power network. The solution
procedure, which deals with grid planning and the energy storage system optimization
in turn, not only ensures the accuracy of the model, but also significantly reduces the
calculation cost. Finally, a case study of a wind power base in Northeast China and an
improved Garver-6 system are carried out to verify the effectiveness of the proposed
method.
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INTRODUCTION

Vigorously developing wind power is an important measure to promote the low-carbon
transformation of energy and respond to the energy crisis and climate change. The development
of wind power has increased rapidly in the past 10 years, from the installed capacity of
159.21 million kW in 2009 to 651 million kW in 2019, an increase of more than five times
(GWEC, 2019). And countries all over the world have formulated a vision for the development
of renewable energy in 2050 (Han et al., 2014; Price water house Coopers LLP et al., 2014). However,
in the rapid development of wind power, the issue of wind power curtailment has not been effectively
solved. For example, in China, the installed wind power capacity which was 210.05 million kW in
2019 is 8.1 times that of 25.805 million kW in 2009. During this period, the wind curtailment rate
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remained high, and the curtailment rate in 2015 and 2016 was as
high as 15% and 17% respectively (NEA, 2016). Although the
curtailment rate in 2019 reached 4%, there are still some areas
with the curtailment rate as high as 14% (National Energy
Administration, 2020). Therefore, analyzing the causes of wind
curtailment and taking measures scientifically to alleviate or
eliminate wind power curtailment is of vital importance to the
healthy development of wind power in the future.

The main challenges for solving the wind power curtailment
in the power system mainly includes two aspects: one is that the
thermal power system lacks sufficiently available downward
capacity due to its limitation of minimum technological
output, which cannot guarantee effective wind power
accommodation (Li et al., 2020; Wang et al., 2020). Another
one is the wind power transmission congestion which is due to
insufficient available transmission capacity. This normally results
from that the construction of the power grid lags behind the
development of wind power or the transmission capacity of the
planned construction is inadequate (Jorgenson et al., 2017). In
addition, in the system where the wind power base is far away
from the load center and the proportion of thermal power units is
large, the lack of flexibility and transmission congestion exist at
the same time. If only considering the power supply side, the
flexibility transformation of thermal power units (Zhou and
Wang, 2017; Wang et al., 2019) and configuration of energy
storage can increase the flexibility of the system. Although the
problem of wind abandonment has been alleviated to a certain
extent, there will still be wind curtailment caused by transmission
congestion. Similarly, if only the transmission network
expansion planning has carried out (Correa et al., 2016; Gan
et al., 2016; Zhang et al., 2019), although the transmission
congestion problem is solved, the wind curtailment caused by
the lack of system flexibility still exists. Moreover, the downward
regulation capacity of the system can be increased through the
configuration of energy storage or flexible transformation of
thermal power units at the power supply side. Simultaneously,
the problem of transmission congestion can be solved by
constructing more transmission lines from the power grid
side. Although the above solutions can effectively overcome
the wind power curtailment, they will result in the investment
overlap, following the huge cost investment and low asset
utilization rate.

The energy storage system is a high-quality and flexible
resource with time migration ability of power and energy and
flexible installation location. Large-scale energy storage system
technology is considered as one of the key technical supports for
the popularization of renewable energy (Li et al., 2019). The
configuration of the energy storage system can not only increase
the flexibility of the power supply side but also reduce the peak
wind power to alleviate transmission congestion. Therefore, in
the context of large-scale wind power grid integration, research
on joint planning of energy storage and transmission grids to deal
with insufficient flexibility and transmission congestion is of great
significance to the overall economy of the system and reducing
wind curtailment.

In recent years, many scholars have carried out a series of
fruitful work to alleviate the wind curtailment problem, such as

energy storage optimization configuration (Dicorato et al., 2012;
Del Rosso and Eckroad, 2014; Zheng et al., 2015b; Lu et al., 2018;
Masoumzadeh et al., 2018; Al Ahmad and Sirjani, 2020; Padhee
et al., 2020), and joint planning of energy storage and
transmission grids (Zheng et al., 2015a; Qiu et al., 2017;
Bustos et al., 2018; Dvorkin et al., 2018; Jorgenson et al.,
2018; Yacar et al., 2018; Zhang and Conejo, 2018;
Nikoobakht and Aghaei, 2019; Sima et al., 2019; Wu and
Jiang, 2019). In terms of energy storage optimization
configuration, Padhee et al., (2020) proposed a hybrid energy
storage optimization configuration method for the
intermittency and uncertainty of renewable energy, while Al
Ahmad and Sirjani (2020) combined the discretization method,
multi-objective hybrid particle swarm algorithm and non-
dominated sorting genetic algorithm. Zheng et al., (2015a)
proposed a two-level planning model that considers the
layout and operation of the energy storage system, and it has
reached the goal of increasing the penetration rate of wind
power. The poor predictability of wind power results in a large
change in the actual power generation and the forecasted power
in the power market. Dicorato et al., (2012) to meet the hourly
electricity curve required by the day-ahead market, a joint
planning and operation method for wind power and energy
storage system is proposed. The fluctuation of renewable energy
output brings about the problem of fluctuations in electricity
prices. Masoumzadeh et al., (2018) using energy storage makes
the electricity market price fluctuate at a certain level. Energy
storage configuration can not only increase the flexibility of the
system (Lu et al., 2018), but also delay the construction of
transmission lines (Del Rosso and Eckroad, 2014), so the joint
planning of energy storage and transmission grids has attracted
extensive research interest. Yacar et al., (2018) explores the
impact of transmission congestion, loss and different
intermittent degree of wind power on energy storage layout
and investment (Jorgenson et al., 2018). Comparatively
analyzed the respective effects of the deployment of the
energy storage system and the expansion plan of the
transmission grid in reducing wind power curtailment and
solar curtailment and gave the effect of mitigating wind
power curtailment that the coordinated planning of the two
is superior to their respective plans. Bustos et al., (2018) use of
hourly energy requirements for coordinated planning of energy
storage and transmission grid verified that the energy storage
system is both a supplement to and a substitute for transmission
lines. Alleviating transmission congestion can benefit the
Energy storage situation. If the expansion of transmission
lines will reduce or eliminate such benefits (Dvorkin et al.,
2018), fully considered the benefits and return rates of the entire
life cycle of the energy storage system, and constructed joint
planning of energy storage system layout and transmission grid
frame. The capacity of energy storage will decrease over time
(Qiu et al., 2017), constructed a joint optimization plan for
transmission grid and energy storage system that considers
changes in energy storage capacity. Because of the
uncertainty of renewable energy (Zhang and Conejo, 2018),
from the perspective of system planners proposed an
optimization model for the coordinated expansion planning
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of transmission and energy storage system that considers long-
term and short-term uncertainties. Nikoobakht and Aghaei
(2019) proposed a continuous-time model based on
stochastic robust optimization technology to coordinate the
planning model of transmission expansion and energy
storage system. Zheng et al., (2015a), Sima et al., (2019), Wu
and Jiang (2019) incorporated system operating and wind
power curtailment costs into the joint planning of the energy
storage system and transmission grid. Although it can improve
the planning economy and reduce wind power curtailment,
there is a problem of the excessive computational burden based
on timing simulation.

The above references have carried out fruitful research on the
optimal configuration of energy storage and the joint planning of
energy storage and transmission network from different
perspectives. However, there are few studies on the coupling
relationship between wind curtailment caused by different
reasons. During the joint planning of energy storage and
transmission network, only the wind curtailment cost and
energy storage operation cost are added into the planning
model, and planning boundaries of wind power grid
connection points are still calculated based on installed
capacity. The joint planning does not make full use of
analyzing the coupling relationship between energy storage
efficiency and wind abandonment for different reasons and
the principle of joint planning of transmission grid to reduce
wind abandonment, and there is a problem that the calculation
amount of the existing model solvingmethod based on time series
simulation is too large. To this end, this paper considers both
system flexibility and transmission congestion. It constructs a
joint planning method for the energy storage system and
transmission grid to deal with insufficient system flexibility
and transmission congestion. Firstly, decoupled the insufficient
flexibility and the transmission congestion wind power
curtailment, and analyzed the time-series coupling relationship
between the two under different planning boundaries of the wind
farm grid connection point; secondly, build a joint planning
model of the energy storage system and transmission grid to
deal with insufficient flexibility and transmission congestion on
this basis; Finally, designed an iterative solution algorithm to
optimize the configuration of energy storage after grid planning,
that is, first set the grid-connected point capacity of the dynamic
wind power to obtain the grid planning scheme, and obtain the
total abandonment of the system under the grid planning
topology, and then optimize between the energy storage
system and the total system wind power curtailment, in the
end, iterate the process repeatedly to arrive at an optimal plan
for energy storage and transmission grid.

The main contributions of this paper are as follows:

(1) By assuming sufficient power transmission capacity, the wind
power curtailment caused by insufficient flexibility can be
obtained, while assuming sufficient system flexibility, the
wind power curtailment by transmission congestion can
be obtained, and the decoupling is realized;

(2) This article plans the boundary by changing the wind power
grid connection point and the obstructed wind power

curtailment is obtained at grid points under different
planned boundary capacities and established the
relationship between total curtailed wind power
curtailment and grid-connected point capacity. Optimizing
the configuration of energy storage system based on the total
wind power curtailment can vastly reduce the difficulty of
solving the joint planning model of the energy storage system
and transmission grid, and also solve the double dilemma of
the excessive shortage of capacity settings at wind power grid
connection point;

(3) The joint planning method of energy storage and
transmission network is constructed to deal with the lack
of flexibility and transmission congestion, which can
fundamentally alleviate and solve the problem of wind
power curtailment, and improve the utilization rate of
energy storage and transmission network.

ANALYSIS OF THE COUPLING
RELATIONSHIP BETWEEN INSUFFICIENT
FLEXIBILITY AND TRANSMISSION
CONGESTION

Large-scale grid integration of wind power puts higher
requirements on the system’s flexibility capacity and power
transmission capacity. The occurrence of wind power
curtailment is the main result of the combined effect of
insufficient system flexibility and power transmission capacity.
However, there is a certain coupling relationship between the
abandonment wind of transmission congestion and the lack of
flexibility in the unified system.

Quantitative Analysis of Wind Power
Curtailment Caused by Insufficient
System Flexibility
Assuming that the transmission capacity of the system is fully
sufficient, analyze the relationship between the system
flexibility and the wind power curtailment. Wind power
consumption of the system is determined by flexibility (peak
regulation depth) provided by conventional thermal power
units. The "wind power feasible region" is defined as the
daily dispatch time scale, and the difference between the load
and the minimum technical output of the conventional units is
the maximum wind power allowed by the system, and the
formula is expressed as (1)

PFR−i(t) � PD−i(t) − PG.min−i (1)

In formula (1), PFR-i(t) is the maximum wind power that the
system can accept on dispatching day i; PD-i(t) is the load value at
time t on dispatching day i; PG. min-i is the minimum technology
for conventional units on dispatching day i contribute.

However, Windpower integration reduces the start-up
capacity of conventional units. To ensure the reliability of
power supply and consider the uncertainty of wind power
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output, the start-up capacity of conventional units after wind
power is connected is (2)

PG−i � (PD.max−i − PW.min−i)(1 + k) (2)

In formula (2), PG-i, PD. max-i, PW. min-i, and k are the starting
capacity, maximum load, minimum wind power, and standby
coefficient of conventional units on dispatch day i, respectively.

After knowing the available wind power on the dispatch day i,
the wind power beyond the feasible range of wind power will not

be absorbed. The expression of wind power curtailment caused by
insufficient flexibility system is (3)

PLG−i(t) � { 0, PW−i(t)< PFR−i(t)
PW−i(t) − PFR−i(t), PW−i(t)≥ PFR−i(t) (3)

In formula (3), PLG-i(t) is the wind power curtailment caused by
insufficient flexibility at time t within the scheduling day i.
Figure 1 shows the feasible region and wind power
curtailment in seven dispatch days.

FIGURE 1 | Wind power consumption space and wind power curtailment.

Pline

FIGURE 2 | Transmission capacity and blocked wind power curtailment.
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Quantitative Analysis of Blockage and
Abandonment Caused by Insufficient
Transmission Capacity
Assuming that the system is sufficiently flexible, the relationship
between transmission capacity and wind power curtailment is
analyzed, that is the relationship between the planning of
boundary wind power grid connection point and the
abandoned wind congestion power. When the wind power
PW-i is greater than the transmission capacity Pline of the
transmission grid, the phenomenon of wind-blocking and
curtailment power occurs. The expression of blocked wind
power is (4)

PLT−i(t) � { 0, PW−i(t)<Pline

PW−i(t) − PL, PW−i(t)≥Pline
(4)

In formula (4), PLT-i(t) is the blocked wind power curtailment
power generated at time t within the scheduling day i. Figure 2
shows the blocked abandonment power during seven
dispatch days.

Coupling Relationship Between Two
Factors Causing by Wind Power
Curtailment
The total abandonment power is obtained by coupling the
abandonment power caused by the above two factors. The
formula is as (5).

PLW−i(t) � PLG−i(t)∪PLT−i(t) (5)

In formula (5), PLW-i(t) is the total abandonment power at time t
within the dispatch day i. Figure 3 shows the total abandonment,
which is a result of the coupling of insufficientflexibility abandonment
and blocking wind power curtailment in seven dispatch days.

Because the load is relatively stable with conventional units,
the system’s wind power absorption space is relatively stable, and
the wind power curtailment caused by insufficient flexibility is
relatively stable. However, when planning for the expansion of
the transmission grid, the transmission capacity of wind power is
different, and the generated wind power is also different. If the
power transmission capacity of wind power curtailment power is

sufficient, no obstruction or wind power curtailment will occur; if
the transmission capacity of wind power is insufficient, wind
power obstruction and curtailment will occur.

Taking the networking system of a wind power base in
Northeast China as the analysis object, the installed capacity
of wind power is 1900 MW, the maximum output per unit value
is 0.77, and the system load is 3769 MW. Set up different
transmission capacity Pline, then analyze the relationship
between blocked wind power curtailment, insufficient
flexibility curtailment, total wind power curtailment, and
curtailment duration. Among them, ΔE1 and T1 are the power
and duration caused by the transmission congestion throughout
the year; ΔE2 and T2 are the power and duration of wind power
curtailment guided by insufficient flexibility; ΔE and T are the
total power and duration of wind power curtailment throughout
the year, respectively.

It can be seen from Table 1:

(1) When the transmission capacity is greater than the maximum
wind power, the system wind power curtailment is determined
by the power flexibility capacity, and the transmission capacity
which is greater than the maximum wind power will not be
used, resulting in excessive transmission investment;

(2) When the transmission capacity is less than the maximum
wind power, the blocked wind will be curtailed; when the
transmission capacity decreases in steps of 0.1, the blocked
wind power ΔE1 and T1 will increase accordingly, and the total
power and duration of the system will be less than the sum of
flexibility and insufficient wind power curtailment. Obstruction
wind power curtailment shows that there is a certain overlap
between the twowind power curtailment, as shown in Figure 3.

PRINCIPLES OF COORDINATED
PLANNING BETWEEN THE ENERGY
STORAGE SYSTEM AND TRANSMISSION
In the power system with a rapidly growing scale of wind power,
insufficient flexibility wind power curtailment coexists. To
completely solve or improve wind power curtailment, ensure

FIGURE 3 | The coupling of insufficient flexibility and blocked wind power curtailment.
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that the system has sufficient flexibility and transmission capacity
is necessary.

Based on the above analysis, there is a certain overlap between
the twowind power curtailment events, and wind power generation
has low energy density characteristics. The configuration of the
energy storage system can increase the flexibility of the system, and
it can also reduce the transmission demand for wind power at the
same time. Therefore, in planning, the coordination and
optimization of the energy storage system and transmission
lines can significantly reduce wind power curtailment and
increase the utilization rate of energy storage and transmission
grid. On the one hand, it can increase system flexibility. On the
other hand, it can reduce the nature of the storage-transmission
joint planning to cope with insufficient flexibility and transmission
congestion. The essence of the joint planning is to reduce wind
power curtailment while achieving coordinated configuration
between the energy storage system and transmission lines, and
to minimize the comprehensive cost including transmission
investment, energy storage system investment, power generation
cost and wind power curtailment cost.

The specific planning principle is: the first step is to input wind
power data and load data for the planning target year and give the
initial grid topology and conventional power supply structure. In
the second step, assuming sufficient power transmission capacity,
a time-series simulation is performed to calculate the flexibility
and wind power curtailment through the feasible region of wind
power. The third step assumes that the flexibility capacity is
sufficient, and the power flow is calculated based on a given power
topology to get the blocking wind power curtailment. The fourth
step is to couple the insufficient flexibility and the blocking wind
power curtailment to obtain the system wind power curtailment.
The fifth step is to configure energy storage system, and calculate
the comprehensive costs including transmission investment,
energy storage system investment, power generation cost, and
wind power curtailment cost, and then modify the energy storage
system configuration to repeatedly calculate the optimal
configuration of energy storage system under the current grid
topology. Revise the capacity of the wind power grid-connected
point (that is, modify the planning boundary of the wind power
grid-connected point), obtain a new grid topology through grid
planning, and repeat the first step to the fifth step until the
optimal plan for the coordinated planning of energy storage
system and transmission lines is obtained. The specific
principles are shown in Figure 4.

THE STORAGE-TRANSMISSION JOINT
OPTIMIZATION PLANNING MODEL

Planning Model
To achieve the goal of minimizing comprehensive costs such as
transmission investment, energy storage investment and wind
curtailment cost, this article comprehensively considers the
coupling relationship between insufficient flexibility system
and wind power curtailment and transmission congestion, and
builds a storage-transmission joint optimization model to deal
with insufficient flexibility and transmission congestion, and
realizes coordination and optimization between energy storage
system configuration and expansion of transmission lines. The
objective function formula is as (6) (Wang et al., 2019):

F � min[I(Pline) + I(Pess, Eess) + L(Pline, Eess)] (6)

TABLE 1 | ΔP, ΔE and duration T under different Pline.

Transmission capacity
Pline/p.u

Blocking wind power
curtailment

Insufficient peak shaving and
wind power curtailment

Total wind power curtailment

ΔE1/p.u. T1/h ΔE2/p.u. T2/h ΔE/p.u. T/h

1.0 0 0 0.079 1,138.50 0.079 1,138.50
0.8 0 0 0.079 1,138.50 0.079 1,138.50
0.7 0.001 80 0.079 1,138.50 0.0794 1,174.75
0.6 0.01 312.75 0.079 1,138.50 0.086 1,312
0.5 0.038 780 0.079 1,138.50 0.105 1,620.25
0.4 0.097 1,537.75 0.079 1,138.50 0.149 2,126.25

FIGURE 4 | Principles of storage-transmission joint planning.
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In formula (6), I (Pline) is the cost of transmission lines
expansion; I (Pess, Eess) is the investment cost of configuring
energy storage system; L (Pline, Eess) is the cost of wind power
curtailment.

(1) Expansion cost of transmission lines: Transmission line
expansion cost is the sum of all expansion line costs.

I(Pline) � ∑
i ∈ Ω

niCiLiZi, Ci � KlPl−i (7)

In formula (7), ni is the number of construction times of the ith
candidate line; Ci is the unit price per unit length of the ith
candidate line, Kl is the unit power cost per unit length of the line,
Li is the length of the ith candidate line, and Zi is the ith of the 0–1
decision variable for the investment of the line to be selected, Pl-i
is the transmission capacity of the ith line to be selected; Ω is the
set of lines to be selected.

(2) Energy storage system investment cost: Energy storage
investment cost is the sum of energy storage power cost
and energy storage capacity cost (Al Ahmad and Sirjani,
2020).

I(Pess, Eess) � Pess × KPess + Eess × KE (8)

In formula (8), Kpess is the purchase cost per unit power
converter; KE is the purchase cost per unit capacity of the
energy storage system.

(3) Loss cost of abandoned wind power

L(Pline, Eess) � KW × TS ×∑365
i�1
(∫24

0
PLW−i(t)dt − ΔWess−i) (9)

In formula (9), Kw is the penalty value of wind power curtailment
per unit, Ts is the planning period, and ΔWess-i is the wind power
curtailment absorbed by the energy storage on the ith dispatch day.

Constraints
(1) Transmission limit constraint of transmission lines: The

power flow of the ith transmission line shall be less than
its maximum power flow (Qiu et al., 2017).

Pmax
i < niPl−iZi (10)

Pimax is the maximum flow of the i transmission line.

(2) Power balance constraint: The sum of thermal power units,
wind power, energy storage and abandon wind power needs
to keep balance with the load (Qiu et al., 2017; Zhang and
Conejo, 2018).

∑
k

Pgk(t) + Pw(t) + Pess(t) + ΔPw(t) � Pl(t) (11)

Where is the output power of all thermal power units at time t;
Pw(t) is the output power of the wind farm group at time t; Pess(t)
is the output power at time t of the energy storage system; ΔPw(t)
is the abandoned wind power at time t; Pl(t) is the total system
load at time t.

(3) The state of charge of the energy storage system and Nissin
constraints: The soc of the energy storage system is limited
between the minimum SOC and the maximum SOC, and the
SOC at the beginning and end of each day is the same
(Nikoobakht and Aghaei, 2019; Wu and Jiang, 2019).

FIGURE 5 | Wind farm cluster centralized grid.

TABLE 2 | Coordination and optimization results of energy storage and
transmission channels (continuous value).

Name Configuration Cost

Transmission capacity 1253 MW 2,305 million RMB
Energy storage capacity 358 MW h 1,070 million RMB
Converter power 178 MW 178 million RMB
Annual wind power curtailment 224,000 MW h 3,712 million RMB
Total costs 7,265 million RMB
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{ SOCmin ≤ SOC(t)≤ SOCmax

SOC(0) � SOC(24) (12)

(4) The upper and lower limits of the output of thermal power units:
The output limit of the thermal power unit is limited to the
minimum output limit and rated capacity (Zheng et al., 2015a).

Pmin
gk ≤ Pgk(t)≤ Pmax

gk (13)

(5) System and branch flow constraint (Zheng et al., 2015a)

Bθ � PG + Pw + Pess − PL (14)

In formula(13), B is the node admittance matrix; θ is the node
voltage phase angle vector; PG is the output power vector of the
thermal power unit; Pw is the output power vector of the wind
farm; Pess is the output power vector of the energy storage system
device; PL is the load power vector.

(6) Electricity balance constraint: The sum of thermal power
generation and wind power generation is not less than the
sumof abandonedwind power and load power (Sima et al., 2019).

Wg +Ww − ΔWw ≥WL (15)

In formula (12), Wg, Ww, ΔWw, WL are the power of thermal
power units, wind power generation, wind power generation, and
load power respectively.

CASE STUDIES

In order to verify the feasibility and effectivity of the proposed
method, this paper analyzes a case of a wind power base in Northeast
China and amodifiedGarver-6 node system, the relevant parameters
of wind turbines are shown in Appendix Table A1. At the same
time, themethod in this paper and the traditional energy storage and
transmission in literature (Sima et al., 2019), grid planning method

without energy storage are contracted. Convenient for expression,
the above method is named, and abbreviations:

(1) STJP, the method in this paper named: Storage-transmission
joint planning method to deal with insufficient flexibility and
transmission congestion, abbreviation: STJP

(2) STP, the traditional storage and coordinate grid planning
method in literature (Sima et al., 2019), namely boundary
according to the installed capacity for wind power grid
planning, abbreviation: STP

(3) NSTP, without energy storage in the transmission planning
method, abbreviation: NSTP

The given basic calculation conditions are:

(1) Unit comprehensive cost of 220 kV transmission project Kl �
10 thousand yuan/(kmMW);

(2) Unit capacity cost of energy storage system KE � 1.5 million
yuan/MW h;

(3) The unit cost of converter KPess � 500,000 yuan/MW;
(4) Unit wind power curtailment penaltyKw� 0.083million/MWh;
(5) Energy storage system life of 10 years;
(6) Planning period Ts � 20 years;

Testing System 1-Centralized Outward
Transmission and Transmission Project of
the Wind Power Base
The installed capacity of wind power in the centralized
transmission system of a wind power base in Northeast China is
1900MW, themaximumwind power is 1463MW, the grid side load
is 3769MW, the total length of the transmission channel is 184 km,
and the wind power base network topology is shown in Figure 5.

To deeply analyze the interaction among transmission
capacity, wind abandonment and energy storage in the
planning process, based on the transmission capacity of the
single-circuit transmission line, the outgoing transmission
capacity of the wind power base is set as a continuous value,
that is, the transmission capacity can change in 1 MW steps.
Therefore, two examples of transmission capacity with
continuous value and engineering value are shown.

FIGURE 6 | Wind farm cluster centralized grid.
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(1) The transmission capacity as a continuous value

Use the storage-transmission joint optimization model
proposed in this paper to deal with insufficient flexibility and
transmission congestion. The optimization scheme obtained is
shown in Table 2. When the wind power transmission channel
capacity is 1253 MW, the energy storage system charge/discharge
power is 178 MW, and the capacity is 358 MW h, the optimal
total cost is 7.265 billion yuan.

The centralized transmission capacity of wind power is
reduced in steps of 100 MW. The relationship between the
wind power congestion and the total wind power curtailment
of the system is analyzed, as shown in Figure 6. It can be seen
from the figure that when the transmission capacity is
1500 MW, the wind power curtailment of the system is
insufficient for flexibility; when the transmission capacity

continues to decrease, the blocked wind power curtailment
starts to increase, and the total system wind power
curtailment also increases, but the blocked wind power
curtailment increases more than the total Wind
power curtailment grows at a rapid rate. Eventually, wind
power curtailment includes insufficient flexibility and
wind power curtailment. The total wind power curtailment of
the system coincides with the blocked.

The changing trend of total costs in the process of
coordination and optimization of the energy storage system
and transmission capacity is shown in Figure 7A. The
relationship between transmission capacity and total costs
present a downward concave surface. In the process of
increasing transmission capacity, the initial total costs are
discarded. The total costs of wind are dominated, and the
total costs of power transmission are dominated by the

FIGURE 7 | Windfarm cluster centralized grid.

TABLE 3 | Comparison of planning schemes (engineering value).

STJP STP NSTP

Configuration Cost/million RMB Configuration Cost/million RMB Configuration Cost/million RMB

Transmission capacity 1200 MW 2,208 1800 MW 3,312 1800 MW 3,312
Energy storage capacity 390 MW h 1,170 296 MW h 888 0 MW h 0
Converter power 188 MW 188 148 MW 148 0 MW 0
Annual wind power curtailment 2.25 × 105MW h 3,732 2.27 × 105MW h 3,774 2.82 × 105MW h 48.5
Total costs 7,298 million RMB 8,122 million RMB 8,162 million RMB
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transmission investment cost when the optimal solution is
reached. The optimal solution is marked with a yellow origin,
and the horizontal and vertical directions of the optimal solution
are the relationship between transmission capacity, energy
storage system capacity and total costs, as shown in
Figures 7B,C.

(2) Transmission lines capacity is engineering value

After consulting relevant information, the transmission limit
of a 220 kV transmission line of 184 km is 300 MW. Under these
conditions, this paper compares the various performance of
system parameters amount the proposed method STJP, STP
(Sima et al., 2019) and NSTP. The comparison results of the
above methods are shown in Table 3.

As can be seen from Table 3, the proposed STJP can effectively
reduce the annual wind power curtailment. To be more exact, it is
reduced by 5 × 103 MW h and 57 × 103 MW h compared with the
STJ method and NSTP method, respectively. In addition, the
transmission capacity has dropped from 1800 to 1200 MW when
using the proposed STJP. This improves the percentage of
utilization of transmission assets. Although the energy storage
capacity has increased by 31.7% compared with the STP, the total
costs when using STJPmethod are much lower than the other two
costs with STP and NSTP.

As is shown in Figure 8, the red line demonstrates the
generated wind curtailment due to system’s lack of flexibility,
whereas the blue one refers to the generated wind curtailment due
to transmission congestion. In order the analyze the results of
wind curtailment in different condition, the comparison has been
made as below. Without consideration of transmission
congestion, the summation of wind curtailment in each time
period within one year is nearly 2.78 × 105 MW h. However, the
summation of wind curtailment in each time period within one
year is nearly2.89 × 105 MW h when the consideration is given to
the lack of flexibility and transmission congestion. In addition,
the sub-figure mainly illustrates the coupling relationship
between the lack of flexibility and transmission congestion
that lead to wind curtailment. During the period from 1,470

to 1715, there is an overlap of wind curtailment, which results
from the above two reason. Therefore, when catcalling the
summation of wind curtailment, the overlap part should be
omitted. Further, the summation of wind curtailment should
be less than the wind curtailment caused by lack of flexibility and
transmission congestion respectively.

In summary, the proposed method STJP can make full use of
the coupling relationship between insufficient flexibility and wind
power transmission congestion, which improves the transmission
asset utilization and energy storage efficiency. It also achieves the
most optimally economic planning schemes among the three
methods.

Testing System 2-Garver6 System
In order to identify the universality of the proposed algorithm, the
STJP algorithm is also applied in the cast study 5.2 of Garver6
System.

According to the original calculation example of the Garver-6
node system, the load of each node in the system matches the
measured load and wind power data of a certain regional power
grid in Northeast China. The total load is 763 MW, 6-node wind
power installed capacity is 300 MW, and the maximum wind

FIGURE 8 | Coupling relationship of wind curtailment with an engineering value of transmission capacity.

FIGURE 9 | Windfarm cluster centralized grid.
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power is 261 MW. In the storage-transmission joint optimization
using STJP of this article on this example system, the most
important point here is to change the boundary of the 6-node
wind power grid-connected planning during the optimization
process (the rule is: the installed capacity is the benchmark, and
the 0.1 installed capacity is used as the step size). Then get blocked
wind curtailment, and coupled with insufficient flexibility to
obtain the total wind curtailment of the system, and finally
optimize the energy storage configuration and the wind
curtailment loss. Finally, get the plan of the Garver6 system
storage-transmission joint planning, the power grid planning
scheme is shown in Figure 9.

In Figure 9 of the overall optimization process, the yellow dot
is the optimal solution position of the storage-storage joint
planning. As the transmission lines increase or decrease
according to the number of lines, the total cost of the wind
power grid connection plan increases from small to small, and the
total cost first decreases and then increases in a stepwise manner,

and several grid-connected planning boundaries are
corresponding to the same plan. In the process of energy
storage configuration, the total cost is first reduced and then
increased during the process of energy storage capacity reduction.
The overall optimization process can reflect that the storage-
transmission joint planning is effective to deal with insufficient
flexibility and transmission congestion and abandonment of
wind, which promotes wind power consumption and reduces
transmission line investment.

At the same time, STP and NSTP are used for optimization
planning. The planning scheme of each planning method is
shown in Table 4, grid planning topology is shown in
Figure 10, (a) Plan is for STJP, (b) Plan is for STP and NSTP.

Figure 11 is similar to Figure 8. In order the analyze the
results of wind curtailment in different condition, the comparison
has been made as below. Without consideration of transmission
congestion, the summation of wind curtailment in each time
period within one year is nearly 7.29 × 104 MW h. However, the

TABLE 4 | Different planning methods of Garver6 system.

Planning method STJP STP NSTP

Configuration Cost/
million RMB

Configuration Cost/
million RMB

Configuration Cost/
million RMB

Wind power grid-connected planning
boundary

0.7 1.0 1.0

Extension line 1-4(2), 1-5(1),
2-3(3),

3-5(3), 2-6(1),
4-6(2)

311 1-2(1), 1-4(3),
1-5(2),

2-3(4), 2-4(1),
3-5(4),

2-6(2), 4-6(2)

338 1-2(1), 1-4(3), 1-5(2), 2-3(4), 2-
4(1),

3-5(4), 2-6(2), 4-6(2)

338

Energy storage capacity 129 MW h 387 105 315 0 0
Converter power 49 MW 49 39 19.5 0 0
Annual wind power curtailment 49,500 MW h 821 55,830 MW h 956.028 77,920 MW h 1,340.2
Total costs 1,568 million RMB 1,629 million RMB 1,649 million RMB

FIGURE 10 | Power grid planning scheme.
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summation of wind curtailment in each time period within one
year is nearly 7.74 × 104 MW h when the consideration is given to
the lack of flexibility and transmission congestion. In addition,
the sub-figure mainly illustrates the coupling relationship
between the lack of flexibility and transmission congestion
that lead to wind curtailment. During the period from 1,470
to 1715, there is an overlap of wind curtailment, which results
from the above two reason. Therefore, when catcalling the
summation of wind curtailment, the overlap part should be
omitted.

As can be seen from Table 4, the proposed STJP can effectively
reduce the annual wind power curtailment. To be more exact, it is
reduced by 6330 MW h and 28,420 MW h compared with the STJ
method and NSTP method, respectively. In addition, compared
with STJ method and NSTP method, STJP reduces six
transmission lines and saves 27 million dollars. In general,
although the cost increase of STJP energy storage
configuration increases by 72 million dollars, it brings about
the decrease of annual wind power curtailment and transmission
line investment, thus minimizing the total cost among the three
methods.

CONCLUSION

To solve the wind curtailment caused by large-scale wind power
grid integration, this paper first analyzes the coupling relationship
between insufficient flexibility and wind abandonment events
with power transmission congestion, then a joint planning model
is constructed for energy storage and transmission grid to deal
with insufficient flexibility and transmission congestion. Finally, a
case study has been performed to identify the effectiveness of the
proposed method by comparison with.

STP and NSTP methods. The main conclusions are as follows:

(1) By applying the planning scheme STJP, the overall system
achieve a much lower annual wind power curtailment
compared with the other two traditional planning
schemes, although it brings a relatively higher energy

storage investment, cost of its total investment can be
optimized to be far lower than any other planning
performance. Taking a wind power base in Northeast
China as an example, compared with the STP and NSTP
methods, the annual curtailment of wind power is reduced by
2000 MW h and 57000 MW h, respectively, and the total
system investment cost has been reduced by 11.3%
and 11.8%.

(2) During the optimization configuration of STJP, it
gradually reduces the planning boundary of the wind
power base grid connection point (rather than the
installed capacity of the wind power base), and makes
full use of the interaction between energy storage and
transmission lines, the problem of low asset utilization of
wind power transmission and transmission has been
better solved. It is also the same case that the
transmission capacity has dropped from 1800 to
1200 MW when applying the STJP with joint
optimization of energy storage configuration and
transmission capacity.

In summary, the method in this paper makes full use of the
coupling relationship between insufficient flexibility and
transmission congestion. The planning boundary of the grid
connection point of the wind power base (below its installed
capacity) was reduced, and the utilization rate of energy
storage and transmission lines was greatly increased.
Meanwhile, the proposed STJP overrides the STP and NSTP
in terms of algorithm efficiency and complexity. With the
continuous improvement of energy storage technology and the
economy, an effective planning method is provided for the
realization of a high proportion of renewable energy power
system planning.
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NOMENCLATURE

B The node admittance matrix

Ci The unit price per unit length of the ith candidate line

F Comprehensive cost

I(Pess, Eess) The investment cost of configuring energy storage system

I(Pline) The cost of transmission lines expansion

K The standby coefficient of conventional units on dispatch day i, respectively

KE The purchase cost per unit capacity of the energy storage system

Kl The unit power cost per unit length of the line

Kpess The purchase cost per unit power converter

Kw The penalty value of wind power curtailment per unit

L(Pline, Eess) The cost of wind power curtailment

Li The length of the ith candidate line

ni The number of construction times of the ith candidate line

NSTP The no-storage transmission planning method

PD.max-i The maximum load of conventional units on dispatch day i,
respectively

PD-i(t) The load value at time t in dispatching day i

Pess The output power vector of the energy storage system device

Pess(t) The output power at time t of the energy storage system

PFR-i(t) The maximum wind power that the system can accept on
dispatching day i

PG The output power vector of the thermal power unit

PG.min-i The minimum technology for conventional units in dispatching
day i contribute

PG-i The starting capacity of conventional units on dispatch day i,
respectively

Pgk(t) The output power of the thermal power unit at t time

Pgk
max

The maximum output of thermal power units

Pgk
min

The minimum output of thermal power units

Pi
max

The maximum flow of the i transmission line

Pline Transmission capacity

PL The load power vector

PL(t) The total system load at time t.

PLG-i(t) The wind power curtailment caused by insufficient flexibility at
time t within the scheduling day i

Pl-i The transmission capacity of the ith line to be selected

PLT-i(t) The blocked wind power curtailment power generated at time t
within the scheduling day i.

PLW-i(t) The total abandonment power at time t within the dispatch day i

Pw The output power vector of the wind farm

Pw(t) The output power of the wind farm group at time t

PW.min-i Theminimumwind power of conventional units on dispatch day i,
respectively

SJP The traditional storage joint planning method

SOC(t) The state of charge of the energy storage system

SOCmax The maximum charge of energy storage system

SOCmin The minimum charge of energy storage system

STJP The method in this passage: Storage-transmission joint planning
method

T The total duration of wind power curtailment throughout the year

T1 The duration caused by the transmission congestion throughout
the year

T2 The duration of wind power curtailment guided by insufficient flexibility

Ts The planning period

Wg The power of thermal power units

WL Load power respectively

Ww Wind power generation

Zi The ith of the 0–1 decision variable for the investment of the line to be
selected

ΔE The total power of wind power curtailment throughout the year

ΔE1 The power caused by the transmission congestion throughout the year

ΔE2 The power of wind power curtailment guided by insufficient flexibility

ΔPw(t) The abandoned wind power at time t

ΔWess-i The wind power curtailment absorbed by the energy storage on the
ith dispatch day

ΔWw Wind power generation

θ The node voltage phase angle vector

Ω The set of lines to be selected
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APPENDIX

TABLE A1 | 3 MW double-fed induction wind generator technical parameter.

Operational parameters Rotor

Nominal power 3000 kW Number of blades 3
Power control method Variable pitch and speed Rotor diameter 100 m
Nominal wind speed 13 m/s The altitude of wheel hub center 84.71 m
Cut-in wind speed 3.5 m/s Rotor speed 9.2–16.4 rpm
Cut-out wind speed 25 m/s Rotor swept area 7854 m2

Operating temperature −30°C ∼ +40°C Rotor angle 2.5°

Longevity 20 years Angle of mainshaft 5°

Unit security grade IEC||A Airfoil section NACA63, DU
Material GFRP
Weight 67400 Kg
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