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An energy storage system transfers power and energy in both time and space dimensions
and is considered as critical technique support to realize high permeability of renewable
energy in future power systems. It contributes to the achievement of China’s long-term
carbon emission abatement targets. However, the promotion and application of energy
storage are severely restricted due to the high construction cost of energy storage systems
and lack of effective compensation mechanisms for peak-regulating ancillary service. In
this study, a source-storage-transmission joint planning method is proposed considering
the comprehensive incomes of energy storage. The comprehensive income of the energy
storage system is divided in detail from the planning level, and the accounting method of
energy storage income is proposed. Based on the load fluctuating trend under the
condition of the connecting wind power grid, the dynamic electricity pricing methods
of power trisection and time trisection are introduced to achieve the dual goals of direct
income from energy storage and improving system flexibility. To comprehensively consider
the direct income of peak-valley arbitrage and indirect income of energy storage
configuration, a coordinated planning model of source-storage-transmission is
constructed and tested in the Garver-6 system using the measured data from one
province grid in China. The results verify the effectiveness of the proposed methods
and show improvements in cost recovery and system flexibility.

Keywords: energy storage, comprehensive incomes, flexibility, dynamic electricity price, source-storage-
transmission

1 INTRODUCTION

Vigorously developing renewable energy power generation is an effective remedy to reduce the
dependence on fossil fuel energy and achieve a sustainable society (Chen et al., 2022). The total
installed capacity of wind and solar power is expected to exceed 1.2 billion kW by 2030, with non-
fossil energy accounting for 80 percent of primary energy by 2060 (Jiang et al., 2018; Aktar et al.,
2021). Due to the volatility and uncertainty of renewable energy output, the high proportion of grid
connection will put forward higher requirements for the supply and demand balance of power
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system flexibility. Energy storage has many technical
characteristics such as energy storage capacity, controllability,
and flexible installation. Its large-scale application can better
solve the problem of system flexibility imbalance after high-
proportion renewable energy access. Energy storage is an
important technical support for future high-proportion
renewable energy power systems (Zhang et al., 2018; Heggarty
et al, 2019; Zhai et al., 2020). However, the high cost of energy
storage and the lack of a comprehensive income accounting
mechanism  seriously restrict the popularization and
application of energy storage. Speeding up the development of
energy storage technology to reduce costs and building a power
market mechanism that fully considers the effectiveness of energy
storage is the key to promoting large-scale investment in energy
storage. Therefore, the establishment of an accounting
mechanism considering the comprehensive incomes of energy
storage is of great significance to the source-storage-transmission
coordination planning in high-proportion renewable energy
power systems.

In order to cope with the lack of flexibility caused by large-
scale renewable energy integration, many scholars have made a
series of valuable studies on the optimal allocation of energy
storage, the joint planning of energy storage and transmission
networks, and the coordinated planning of source-storage-
networks. In terms of optimal allocation of energy storage,
(Liu Y. et al, 2021) proposed an optimization method of
energy storage capacity allocation for wind power cluster
based on the ant lion algorithm, aiming at maximizing the
income of wind power cluster and energy storage. (Sun et al,
2020) considered both planning and operation aspects of energy
storage and proposed a storage configuration scheme that is both
economically and flexibly optimal. (Sadeghian et al, 2020)
proposed an optimal allocation method of energy storage
based on the conditional risk value to improve the economy
of energy storage layout in virtual power plants. (Zhao et al,
2021) constructed the optimal allocation model of microgrid
cluster and took the minimum operation cost of energy storage as
the dynamic optimization strategy of operation cost, so as to
achieve the purpose of minimizing the total cost. (Cai et al., 2019)
proposed an optimal allocation method of battery energy storage
systems considering the comprehensive incomes of energy
storage systems in electric networks. (Cui et al, 2016)
considered the economic incomes of the energy storage system
in terms of peak-valley arbitrage and proposed the energy storage
control strategy based on the feasible region of photovoltaic
acceptance. (Tang et al, 2019) took energy storage as the
upper decision-maker and constructed the comprehensive
income index of energy storage. The comprehensive income
mainly considers the peak and valley price arbitrage and
government subsidies. Finally, a bi-level optimal configuration
model of the distributed energy storage system in the distribution
network with the participation of aggregators is proposed. In
terms of the joint planning of energy storage and transmission
networks, (Jorgenson et al.,, 2018) compared and analyzed the
respective effects of energy storage configuration and
transmission network coordinated planning on reducing wind
curtailment and light curtailment and found that the
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coordination planning of the two was superior to the
mitigation effect of their respective planning. (Bustos et al,
2018) established a transmission expansion planning model to
verify the various functions of energy storage and transmission
networks from the perspective of wind power reduction. It is
concluded that energy storage is not only a supplement to
transmission lines but also an alternative to transmission lines,
and the comprehensive effect of transmission lines and energy
storage is better. (Liu W. et al., 2021) established the relevant
revenue models from the grid side and the power market, power
supply reliability, and power supply side and proposed an optimal
allocation method of energy storage for incremental distribution
systems based on the intelligent generation method of operation
strategy. (Dvorkin et al., 2018) incorporated peak-valley arbitrage
into the three-layer optimization model of energy storage,
transmission networks, and market clearing to realize the joint
planning of electrochemical energy storage capacity, power, and
location with transmission networks. (Sun et al., 2021) analyzed
the multiple incomes of energy storage from the power grid
planning and operation level and constructed a multi-stage joint
planning model of energy storage and transmission, so as to
maximize the resource efficiency in the joint planning of energy
storage and power grids. (Yang L. et al.,, 2020) proposed a robust
chance-constrained programming model with the constraint of
the wind curtailment rate to minimize the investment cost of
energy storage. In terms of source-reservoir-network
coordination planning, (Yang X. et al., 2020; Jiang et al., 2021)
established the source-storage-grid joint planning model with the
goal of minimizing the total investment cost of the system. (Jiang
et al,, 2021) comprehensively considered the renewable energy
planning and the inter-regional interconnection income of
power. (Yang X. et al, 2020) mainly considered the supply
and demand balance of system flexibility and considered the
influence of energy storage configuration on power supply and
power grids. However, the above studies mainly focus on the
planning and operation of energy storage and only optimize the
allocation for the purpose of minimizing the investment or
maximizing the total revenue of energy storage. These studies
do not consider that the role of energy storage in the grid side and
the power side is complex and simultaneous, and the revenue of
energy storage is not calculated from many aspects. At the same
time, due to the inadaptability of fixed time-of-use price caused
by high proportion of wind power integration, the income
accounting of energy storage cannot be scientifically and
accurately carried out (Zhong et al., 2013), which seriously
affects the application of energy storage in power systems.
Therefore, this work studies the source-storage-network joint
planning method considering the comprehensive income of
energy storage. First, considering the low return rate of energy
storage, the income of the energy storage system is divided in
detail from the planning level, and the accounting method of
energy storage income is proposed. Second, considering the
inadaptability of the original time-of-use electricity price after
the renewable energy is connected to the grid, two dynamic
electricity price formulation methods are proposed, named power
trisection and time trisection. Then, a source-storage-
transmission coordination planning model with peak-valley
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arbitrage as the direct income and the indirect income of the
impact of energy storage allocation on the system is constructed.
Finally, the effectiveness and economy of the proposed method
are verified by Garver-6 system example analysis and
comparative analysis with fixed time-of-use electricity price
planning and conventional  source-storage-transmission
planning.
The main contributions of this study are as follows:

(1) From the perspective of comprehensive accounting of energy
storage incomes, the accounting method of direct and
indirect incomes of energy storage is proposed, which
effectively solves the problem of low efficiency of energy
storage cost recovery;

(2) Two dynamic pricing methods of power trisection and time
trisection based on wind power fluctuation are proposed. The
direct income of energy storage and the flexibility of the
power system are improved at the same time.

(3) A source-storage-transmission coordinated planning model
to maximize the comprehensive income of energy storage is
constructed, which can comprehensively calculate the
income of energy storage, promote the investment of
energy storage in planning, improve the flexibility and
supply capacity of the system, and solve the problem of
low income of energy storage enterprises to a certain extent.

The rest of the article is organized as follows:

Section 2 describes, in detail, the accounting method for the
comprehensive revenue of the energy storage system. Section 3
introduces the strategy of dynamic electricity price formulation
and verifies the effectiveness of the method in this work through a
case study. Section 4 constructs a source-storage-transmission
planning model considering the comprehensive revenue of
energy storage. The effectiveness and economy of the source-
storage-transmission coordinated optimization method are
verified by simulation results. Finally, Section 5 concludes the
article.

2 COMPREHENSIVE INCOME ANALYSIS
OF ENERGY STORAGE SYSTEM

Energy storage systems have different applications in all aspects
of power generation, transmission, electric distribution, and
consumption in the power system. Therefore, considering only
the peak-to-valley arbitrage of energy storage will be difficult to
cover the economic incomes generated by energy storage in each
link. This study sorts out the energy storage incomes from the
planning level and divides the comprehensive incomes of energy
storage into direct income and indirect income.

2.1 Direct Income

The direct income of energy storage is mainly the use of time-of-
use electricity prices for peak-to-valley arbitrage. The direct
income of energy storage is mainly peak-to-valley arbitrage
using time-sharing electricity price. In the planning stage,
peak-to-valley arbitrage is the simplest and most direct
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FIGURE 1 | Schematic diagram of peak-valley arbitrage of energy
storage.

method of revenue accounting for energy storage companies.
Energy storage is charged when the load is low (low electricity
price) and discharged when the load is peak (high electricity
price). Usually, the peak-to-valley price difference is used for
profit; the schematic diagram is shown in Figure 1.

2.2 Indirect Income
The indirect income of energy storage is the income generated by
the beneficial impact on the power system with the configuration
of energy storage. To accurately account for the indirect income
of energy storage, the difference method is used to solve the
problem of accounting for indirect income by comparing the
system costs with and without energy storage. The reduced
system cost is considered as the indirect income of energy storage.
The indirect income is calculated using the difference method,
and the formula is shown in Eq. 1 as follows:

f = Cxigs — Cygs (1)

where Cygs is the cost-effectiveness of technology without an
energy storage system; Cygs is the cost-effectiveness of technology
with an energy storage system.

Based on the above methods, it is possible to calculate the
reduced investment of conventional units ACy, the reduced
investment of transmission lines ACy, the reduced cost of
wind abandonment ACq, and the reduced cost of network loss
AC;. The specific calculation processes of ACy, ACr, ACq, and
AC; are shown in (Eqs 7-23).

3 DEVELOPMENT OF DYNAMIC
TIME-OF-USE ELECTRICITY PRICES

3.1 Analysis of Peak and Valley Fluctuation
Characteristics of Netload

The volatility of netload will significantly change in the power
system that has a high penetration of wind power, which is mainly
reflected in the weakening of the waveform law and the diffusion
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FIGURE 2 | Distribution of peak and valley occurrence time.
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of peak-valley distribution during the period. Figure 2 shows the
peak and valley distribution of netload with different
permeabilities. In the graph, the blue line segment represents
the moment when the netload valley occurs and the red line
segment represents the moment when the netload peak occurs. It
can be seen that with the increase in wind power permeability, the
peak-valley distribution will become more and more diffused.
Therefore, peak and valley electricity prices based on load
fluctuations are becoming less and less applicable as wind
power penetration rises.

3.2 Dynamic Peak-Valley Pricing Method
With the access of large-scale renewable energy to the power
system, the trend of netload fluctuations is changeable and the
regularity is weakened. There is a need to formulate dynamic
time-of-use electricity prices based on the features of netload
fluctuation. The following are the two methods named the power
trisection method and the time trisection method.

3.2 1 Power Trisection Method

The power trisection method is to divide the peak-to-valley value
of the netload into three equal parts using the day as a time scale,
and the three parts are from high to low, corresponding to the
peak, flat, and valley power values. The power trisection method
calculation formula is shown in Eq. 2 as follows:

AP = (Pmax _Pmin)/3
L = Pret-min + AP (2)
L, = Puet—min + 2AP

where P, and P, are the maximum and minimum netload,

respectively. AP is the average power value after the trisection. L; and

L, are the three bisectrix lines in the netload fluctuation range.
The formula for power at ¢ time judgment is as follows:

T) =sgn(L, <P(t) < Ppax)
T2 = sgn (Ll < P(t) < Lz) (3)
T3 = sgn (Pn <P (t) <L)

where T;, T, and T; are the electricity price time at the peak, at
the flat, and at the valley. sgn is the symbol function, namely, the
bracket judgment established returns 1; otherwise, it returns 0.
This principle of this formulation is shown in Figure 3. The
netload curve for 1 day is shown in Figure 3A, with the power values
ordered from the largest to the smallest. The range of power value is
divided into three equal parts, from the largest to the smallest to the
peak (Ppay-Ly), flat (L,-L,), and valley (L;-Ppy,). The curve is shown
in Figure 3B. According to the above, the period corresponding to
the netload portion of the Pp,,-L, scale is defined as the peak
electricity price. Similarly, the period corresponding to the L,-L,
scale is referred to as the flat electricity price, and the period
corresponding to the period within the L;-P,,;, scale is defined as
the valley electricity price. The results are shown in Figure 3C. The
sorted netload curve and electricity price curve are reordered
according to time, and the final results are shown in Figure 3D.

3.2.2 Time Trisection Method

The time trisection method is for sorting the netload power values
from the largest to the smallest, generating a continuous power curve
and dividing the entire time of the day into three equal parts. The
corresponding power segments are defined as the peak, valley, and
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FIGURE 4 | Dynamic electricity price-setting method of time trisection.

flat. The corresponding power segments are defined as the peak, flat,
and valley. The formula for power at t time judgment is as follows:

{ Tl = Sgn(PTl <P(t) <Pmax)

T, = sgn(Pr, <P(t) < Pry)
Ts = Sgn(pmin < P(t) < PTZ)

where Pr; and Pr, are the points of intersection of the time
trisection line and the continuous power netload curve. Ty, T,
and T; are the electricity price at peak time, at flat time, and at
valley time, severally.

The principle of the time trisection method is shown in
Figure 4. Figure 4A shows the netload curve for 1 day. The

4)

power values are sorted from the largest to the smallest. The
range of the whole time is divided into three equal parts, from
the largest to the smallest, peak (Py.x-Pr1), flat (Pri- Pr,), and
valley (Py-Pmin). The curves are shown in Figure 4B.
According to the above, the netload portion of Py,..-Pr;
corresponds to the time of peak electricity price. Similarly,
the time corresponding to the netload portion of Pr;- Pr, is the
flat electricity price, and the time corresponding to the netload
portion of Pr,-Py,;, is the valley electricity price. The results
are shown in Figure 4C. The sorted netload curve and
electricity price curve are reordered according to time, and
the final results are shown in Figure 4D.
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TABLE 1 | Statistics of netload characteristics under different permeability and different time-of-use electricity prices.

(%) Indicators Original netload
0 The wind abandonment rate 0%

The peak valley difference/MW 175.5

The maximum/MW 470.7
40 The wind abandonment rate 17.4%

The peak valley difference/MW 549.6

The maximum/MW 451.2

3.2.3 Validity Check of Dynamic Time-of-Use
Electricity Price
In verifying the effectiveness of dynamic electricity price based on
power trisection and time trisection, it is necessary to compare and
analyze the impact of energy storage peak valley arbitrage on the
netload curve under different electricity price strategies. Under the
same capacity and power, the storage energy is discharged at the
peak price and charged at the valley price, to make a profit. First, the
netload curve under different wind power permeability is arbitraged
with different electricity price formulation strategies. Then, the
changes of the abandoned wind rate, peak-to-valley difference,
and maximum value of netload curve after peak valley arbitrage
are analyzed. The effect of dynamic time-of-use price on reducing
wind abandonment, peak shaving, and valley filling is verified
through quantitative calculation. The specific calculation
conditions are described as follows: typical daily electricity
consumption is 9067 MWh and the maximum power is
470 MW. For example, when the energy storage power is
200 MW and the storage capacity is 400 MW h, the calculation
results are shown in Table 1, Supplementary Table S1, and
Supplementary Figure S1. Table 1 shows the effects of different
electricity price strategies on the wind abandonment rate, peak valley
difference, and maximum value when the wind power permeability
is 0.40%. Supplementary Figure S1 and Supplementary Table S1
show the time-of-use electricity price, netload curves, and statistical
results before and after energy storage arbitrage in four scenarios
with daily wind power penetration rates of 0, 20, 40, and 60%.
With the increase in permeability, the peak-valley difference of
fixed price will continue to increase. After the peak-valley arbitrage of
energy storage, the abandonment rate will increase with the increase
in permeability. This also shows that with the increase in permeability,
the inadaptability of fixed time-of-use electricity price will further
deteriorate. However, methods the article proposed for the dynamic
electricity price can significantly reduce the wind abandonment rate,
the peak valley difference, and the maximum netload.

4 PLANNING MODEL OF
SOURCE-STORAGE-TRANSMISSION
CONSIDERING THE COMPREHENSIVE
INCOME OF ENERGY STORAGE

4.1 Objective Function
The coordinated source-storage-transmission optimization
model that considers the comprehensive income s of energy

Fixed time-of-use Power trisection Time trisection

electricity price method method
0% 0% 0%
176.6 68.8 68.8
443.6 410.4 410.4
20.7% 6.14% 8%
568.5 324.5 377.2
456.9 396.7 406.9

storage is to maximize the total income s (direct income and
indirect income) of the power grid with the storage system. The
objective function is shown in Eq. 5.

F= max{ (ACY + ACT + ACQ + ACL) + vaa - 1555} (5)

where C,., is the peak-to-valley arbitrage income of the dynamic
time-of-use electricity price. ACy is the indirect income of the
energy storage system in the power supply planning, namely, the
difference between the investment cost of the new power source
before and after the energy storage used on the power supply side.
ACry in the plan is the difference between the investment cost of
the new transmission line before and after the energy storage
applied on the grid side. ACq, is the difference between the cost of
wind abandonment before and after using the energy storage.
AC; is the difference between the cost of network loss before and
after using the energy storage. I is the investment cost of the
energy storage system.

4.1.1 Direct Income
Direct income (peak-valley arbitrage) C,v, is calculated in Eq. 6 as
follows:

365
Cpa =Y (Wyi x Bx Cy =W, x C,) (6)

i

where W, ; is the charged power of energy storage during the load
valley on the ith day. W, ; is the charged power of energy storage
during the load peak on the ith day. f is the energy storage
efficiency. C, is the electricity price at the peak load. C, is the
electricity price at the load valley.

4.1.2 Reducing Investment in Conventional Units
The ACy is calculated by reducing the investment of conventional
units:

ACY = CY - CYN (7)

The formulas for calculating the cost of power planning before
and after the application of energy storage are shown as follows:

Cy = z GiP g C gk (8)
keQyg

Cyn = ) GiPaunCox ©)
keQyg

Pyov = max{Pgss (£) + Pr (1)} (10)
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where Cy is the investment cost of the original boundary power
supply planning. Cyy is the investment cost of the power supply
planning after the energy storage used. Gy is the investment 0,1
variable of the thermal power unit k. Py is the installed capacity
of the unit k. Cy is the project cost of installing this capacity of the
unit k. Wy is the selected unit set. Py is the installed capacity of
the unit k after the application of energy storage. Pgss(t) is the
power at time t of energy storage, and Py (t) is the load at time t.

4.1.3 Reducing Investment in Transmission Lines
The ACr is calculated by reducing the investment in transmission
lines as shown in Eq. 11.

ACr =Cr - Cry (11)

The planning boundary before configuring energy storage is
the maximum load, and the calculation formula is shown in Eq.
12 as follows:

Py, = max{Py; (t)} (12)

Pi(t) is the load of node i at time t, and Py is the planning
boundary.

The planning boundary after energy storage configured is the
maximum value of the corrected netload, and the calculation
formulas are shown as follows:

Py = max{Ppy; (t)} (13)
Prni(t) = kiPggs (t) + P (t) (14)

Py is the planning boundary after energy storage configured,
Prni(t) is the corrected load of node i at time t, Pgss(t) is the power
of storage energy at time t, and k; is the proportion of overall
energy storage configuration at node i.

The planning and construction cost of the transmission grid
before and after the energy storage invested is consistent with the
formula in Eq. 15:

Cr=Y m KiPijLi;Zi; (15)

i€Q;

where Cr is the investment cost of the transmission line under the
original boundary. Cry is the investment cost of the transmission
line after the energy storage is applied. n; is the number of
construction times of the ith candidate line. C; is the per unit
length price of the ith candidate line. Ky, is the power cost per unit
length line. L; is the length of the ith candidate line. Z; is the 0-1
decision variable for the investment of the ith candidate line. P; _;
is the transmission capacity of the ith candidate line. W) is the
collection of the candidate lines.

4.1.4 Reducing Wind Curtailment Costs
The reduced wind curtailment cost is set as ACq, which is
calculated in Eq. 16:

ACQ = CQ - CQN (16)

where Cg, is the cost of system wind abandonment before energy
storage is used. Cqy is the cost of system wind abandonment after
energy storage is used.

Source-Storage-Transmission Planning

The cost of wind curtailment is calculated in Eq. 17:
CQ = WQKQTS (17)

where Kq is the unit penalty cost of abandoned wind power. Ty is
the cost recovery period. W, is the abandoned wind power before
energy storage is used, and Wqy is the abandoned wind power
after energy storage is used.

The equation of the annual wind power curtailment before the
energy storage is put into use is constructed in Eq. 18:

Z“,(P;m‘l’net(t))df] Pt (1) < P s

0 s Pt (1) 2 PG

Wq =

The calculation of the annual wind power curtailment after
the energy storage is put into operation is shown in Eq. 19 as
follows:

' Pmm_Pess(t) min
g dtt P (t)<P
Wan = z{jt<_Pwt(t) ) } 8 719
0 >Pnet(t)2Pl;m

where P, (t) is the netload at time t. P.(t) is the output power of
energy storage at time t. Pmin g is the minimum technical output
of conventional units.

4.1.5 Reducing Network Loss Costs

After configuring the energy storage system, peak-shaving and
valley-filling are used to improve the power flow distribution in
the power grid and reduce the cost caused by power grid losses.
This cost of grid loss is calculated as follows:

ACL = CL - CLN (20)

The power loss of the power grid is calculated by using the
node equivalent power method shown in Eq. 21:

I*(t) = Pz(t)/(U cos a) (21)

According to Equation 21, the calculation for line loss cost
before applying energy storage is shown in Eqs. 22 and 23:

n 8760 n 8760 P (t)
= I’ (R,
ZZ ()Rie(t) = ZZU(t)

n 8760

Cin =Y Y [Li(t) + Lesws (D] Rie (1)

i

Pl (22

(23)

_ = [Pt (t) + Pessfi (t)]2

B z z U? (t)cos® a Re(®

1

where n is the number of system nodes. I;(t) is the electric

current at the ith node at time ¢. P;(t) is the active load power at

the ith node at time ¢. U,(t) is the voltage at the ith node at time

t. cos a is the power factor. R; is the ith node. I ,(t) is the

electric current of the energy storage system on the ith node at

time f. P, (t) is the active output power of the energy storage

system on the ith node at time ¢. e(t) is the grid electricity price
at the time ¢ in the system.
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FIGURE 5 | Schematic block diagram of the source-storage-transmission coordinated planning method considering comprehensive incomes of energy storage.

4.2 Restrictions
4.2.1 Power Balance Constraint

The power balance constraints are shown in Eq. 24:

D Pye(£) + Py (£) + Pess (1) + APq (1) + APiogs () = PL(£)  (24)
k

where )’ Py (t) is the output of all thermal power units at time £.
P, (t) i the output power of wind power generation at time ¢ .
P.(2) is the output power of energy storage at time t. APq(t) is the
abandonment power at time . APj,(#) is the power loss at time t.
Py (¢) is the total system load power at time ¢.

4.2.2 The Upper and Lower Limits of the Output of
Thermal Power Units
The output limits of thermal power units are shown in Eq. 25:

Pg;j" <Py (1) <P (25)

4.2.3 The State of Charge (SOC) of Full Charge and
Discharge Constraints for Using the Energy Storage
System

The SOC limits of using the energy storage system are shown in

Eq. 26:

where dsocmin and dsocmax are the lower limit and upper limit of
the SOC of the energy storage device, respectively. dsoc(0) and
8s0c(24) are the states of charge of the energy storage device at
times 0 and 24, respectively, and both are equal.

Os0cmin < Osoc (1) < 0s0¢ max

é\SOC (0) = (Ssoc (24) (26)
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TABLE 2 | Planning scheme of the power grid side without energy storage input.

Power side thermal
power installed capacity

(Mw)

The installed cost (yuan)

690 3.45billion

Source-Storage-Transmission Planning

Cost of the new
line (yuan)

New lines on the
grid side

1-5(2), 2-3(4), 3-5(3), 2-6(2), 4-6(2) 0.262 billion

TABLE 3 | Source-storage-transmission planning scheme under power trisection strategy.

Project

Peak and valley arbitrage
Reduced wind abandonment

4.39 billion yuan

105,634.4 MW h/year
0.677 billion yuan
40 million yuan

Reduced investment in thermal power
Reduced transmission investment
Reduced network loss

414 MW h/year

Energy storage configuration Energy storage capacity

760 MW h
Energy storage investment cost 2.385 billion yuan
Energy storage layout Node 1

16% 9%

Power network planning scheme

Comprehensive incomes of energy storage 4.511 billion yuan

4.2.4 Line Flow Constraint
The limits of line flow are shown in (27):

Pi—j < ai—jpi—j, max (27)

where a;; is the load rate on the transmission line from node i to
node j, and its value range is a, ;€ (0,1]. P;; is the transmitting
power in the transmission line from node i to node j, and Pi_; yax
is the maximum value of the line transmission capacity.

4.3 Solution Process of the
Source-Storage-Transmission Planning
Model Considering Comprehensive Income
of Energy Storage

Based on the given annually planned target load, there are two
categories generated due to the indirect income of energy storage
calculated using different methods. The specific solution process
is shown in Figure 5.

One is that the original boundary is applied in planning
conditions without energy storage. In this case, the
construction costs on source side Cy and grid side Cp are
calculated directly. The wind abandonment cost Cq and the
grid loss cost Cp are obtained through the production
sequence simulation.

Another one is that the source-storage-grid planning is
coordinated with energy storage processed in the following
steps. The first step is to formulate the dynamic time-of-use
electricity price for each typical daily scenario based on wind
power and load data. The second step is to provide the initial
values of the energy storage configuration and the dynamic time-
sharing electricity price strategy. The direct income of the energy

Energy storage reduces wind curtailment

Reduced power loss on the network

Node 2

Cost and allocation

Reduced the penalty for abandoning wind
1.75 billion yuan

Reduce the loss of the network
32 million yuan
Converter power

210 MW
Node 3 Node 4 Node 5 Node 6
28% 20% 8% 20%

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

------- Planning line
4%

— Existing line

20% 20%

FIGURE 6 | Power grid planning scheme under power trisection.

storage system is obtained after the time series simulation, and a
new planning boundary is generated. The third step is to conduct
power planning within the new planning boundary to calculate
the power planning construction cost Cyy and to carry out the
site and capacity selection of the energy storage system used in
grid planning. In this way, the power grid planning and
construction cost Cry are obtained. Finally, a production
simulation is performed to obtain the abandonment cost Cqyn
and network loss cost Cpx. The indirect income of energy storage
is calculated using the difference method, and the comprehensive
income accounting of energy storage is completed. If the
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FIGURE 8 | Power grid planning scheme under time trisection.

Source-Storage-Transmission Planning

comprehensive income is the maximum value, it is the optimal
solution and outputs the final planning scheme; if the integrated
return is not the maximum value, the energy storage
configuration is corrected and returned to the second step for
recalculation until the optimal scheme of source-storage-
transmission planning considering the integrated return of
energy storage is derived.

5 CASE STUDY
5.1 Basic Data

To verify the effectiveness of the proposed source-storage-
transmission coordination optimization method that considers
the comprehensive incomes of energy storage, the planning
model is performed in the Garver-6 system that matches the
measured data of a certain power grid in Northeast China. In this
data system, the total real load power is 710MW, and the installed
capacity of wind power at Node 6 is 2000 MW, which reaches
30% wind power penetration. The total system load, typical
scenarios, and corresponding probabilities of wind power are
shown in Supplementary Figure S2 and Supplementary Table
S2. The topology and parameters of the Garver-6 system are
shown in Supplementary Table S3 and Supplementary Figure
S3. The typical load scenarios of five nodes are shown in
Supplementary Figure S4.

The specific calculation conditions are described as follows:

(1) The construction cost of thermal power unit: 5 million

yuan/MW;
(2) The penalty cost of abandoning wind power is
830 yuan/MW.h;

(3) The unit capacity cost of energy storage is 1.5 million yuan/
MW. The converter cost per megawatt is 250,000 yuan, and
the life span of energy storage is 10 years;

(4) The capacity and length cost of the 220-kV transmission line
is 10,000 yuan/(MWkm);

(5) The planning cycle is 20 years

(6) The setting categories of time-of-use electricity prices are as
follows: the peak hour electricity price is 1.42 yuan/kW.h.

TABLE 4 | Source-storage-transmission planning under the time trisection strategy.

Project

Peak and valley arbitrage
Reduced wind abandonment

Reduced investment in thermal power
Reduced transmission investment
Reduced network loss

Energy storage configuration

Energy storage investment cost
Energy storage layout

Power network planning scheme
Comprehensive incomes of energy storage

Cost and allocation

5.117 billion yuan

Energy storage reduces wind curtailment
109,778 MW h/year

0.794 billion yuan

20 million yuan

Reduced power loss on the network
432 MW h/year

Energy storage capacity

820 MW h

2.558 billion yuan

Node 1 Node 2 Node 3
20% 14% 24%

1-5(3). 2-3(4). 2-4(1). 3-5(3). 3-6(1)
5.231 billion yuan

Reduced the penalty for abandoning wind
1.822 billion yuan

Reduce the loss of the network
34 million yuan
Converter power

195 MW
Node 4 Node 5 Node 6
15% 4% 23%
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TABLE 5 | Planning scheme under fixed time-of-use electricity price strategy.
Project

Peak and valley arbitrage
Reduced wind abandonment

3.26 billion yuan

20061 MW h/year
0 billion yuan
0 million yuan

Reduced investment in thermal power
Reduced transmission investment
Reduced network loss

375.86 MW h/year

Energy storage configuration Energy storage capacity

Energy storage reduces wind curtailment

Reduced power loss on the network

570 MW h

Energy storage investment cost 1.793 billion yuan

Energy storage layout Node 1 Node 2
19% 28%

Power network planning scheme

Comprehensive incomes of energy storage 1.827 billion yuan

Source-Storage-Transmission Planning

Cost and allocation

Reduced the penalty for abandoning wind
0.333 billion yuan

Reduce the loss of the network
0.302 million yuan
Converter power

165 MW
Node 3 Node 4 Node 5 Node 6
3% 20% 4% 27%

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

27% 20%

FIGURE 9 | Power grid planning scheme under fixed time-of use-
electricity price.

The valley hour electricity price is 0.47 yuan/kW.h, and the
normal electricity price is 0.945 yuan/kW.h.

5.2 Source-Storage-Transmission Planning

Scheme Under Different Pricing Strategies
In this study, the fixed time-sharing electricity price strategy and
the two dynamic electricity price strategies are used for source-
storage transmission coordination planning, respectively. The
dynamic electricity price proposed in this study only changes
the time of peak-valley leveling, the electricity price is fixed, and
the change of electricity price will be added in the
subsequent study.

To calculate the comprehensive incomes of energy storage
based on the different price methods, it is necessary to know the
planning condition and costs of the power supply and grid before
and after energy storage is applied.

6 Peak and valley arbitrage

[ Reduced wind abandonment

[ Reduced investment in thermal power
sion investment

nergy storage investment cost
‘'omprehensive benefits of energy storage

Cost / billion yuan

Time tripartite
method

Fixed time of use
electricity price

Power tripartite
method

FIGURE 10 | Economic comparison of the three methods.

When there is no usage of energy storage, the installed capacity of
thermal power on the supply side, the newly built lines on the power
grid side, and the corresponding costs are shown in Table 2.

5.2.1 Source-Storage-Transmission Planning Scheme
Under Dynamic Time-of-Use Electricity Price

After wind power is accessed, the fluctuation law of netload is
greatly weakened, which is extremely different from the
fluctuation law of the original load. The purpose of this study
is to verify the dynamic electricity price method proposed in this
study. The coordinated planning of the source-storage
transmission is conducted under the dynamic time-sharing
electricity price strategy generated using the power trisection
method and the time trisection method, respectively.

(1) Power Trisection Method

Dynamic electricity price is established using the power trisection
method. The dynamic electricity price of each typical scene is
shown in Supplementary Figure S5.
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Based on the dynamic time-of-use electricity price, the
coordinated  planning  of  source-storage-transmission
considering the comprehensive incomes of energy storage is
carried out.

Under the power trisection dynamic time-of-use electricity
price strategy, the coordinated planning of sources-storage-
transmission considering the comprehensive income of energy
storage is carried out. The energy storage investment cost is
2.385billion yuan, and the peak-valley arbitrage income is
4.39 billion yuan. The thermal power installation investment is
reduced by 677 million yuan, and the transmission line
investment is decreased by 40 million yuan. Finally, the
comprehensive income of energy storage is 4.511 billion yuan.
It is shown in Table 3 and Figure 6 for the optimal planning
scheme of the time-of-use electricity price strategy written using
power trisection. The relationship between energy storage
configuration and total comprehensive incomes is shown in
Figure 7.

It can be seen from Figure 7 that plotting of energy storage
configuration and comprehensive income is presented as an up-
convex surface. When there is no energy storage configuration,
the comprehensive income is 0. With the increasing energy
storage power and capacity configuration, the comprehensive
incomes will also increase. The central point in the figure is the
optimal configuration of energy storage.

(2) Time Trisection Method
Under the time trisection dynamic time-of-use electricity price
strategy, the coordinated planning of sources-storage-
transmission considering the comprehensive income of energy
storage is carried out. The energy storage investment cost is
2.558 billion yuan, and the peak-valley arbitrage income is
5.417 billion yuan. The thermal power installation investment
is reduced by 784 million yuan and the transmission line
investment is decreased by 20 million yuan. Finally, the
comprehensive income of energy storage is 5.231 billion yuan.
The detailed planning scheme is shown in Table 4 and
Figure 8. By comprehensively comparing the data in Table 4
and Table 5, it shows that the time trisection method is better
than the power trisection method on the whole. In terms of
reducing investment in thermal power and the power grid, the
time trisection method increasing the comprehensive income by
720 million yuan is compared with the power trisection method.
In terms of energy storage and wind abandoning quantity
reduction, the time three equal method increasing the income by
72 million yuan is compared with the power three equal methods.
The reason for such a result is that the dynamic time-sharing
electricity price established using the time trisection method can
eliminate the problem of the mismatching of charging and
discharging time of energy storage caused by the power
trisection method. In other words, the dynamic time-sharing
electricity value established using the power trisection method
may result in unequal charging time and discharging time of
energy storage and no space for charging and discharging.
Typically, scenario 1 in Supplementary Figure S5 is the time-
of-use electricity price established using the trisection method
of power.

Source-Storage-Transmission Planning

5.2.2 Planning Scheme Under Fixed Time-of-Use
Electricity Price Strategy

The fixed electricity price strategy adopts the electricity price of
the power grid in Northeast China. The peak hours are 8:00-11:
00 in the morning and 18:00-23:00.23:00-7:00 valley time;
usually 7:00-8:00 in the morning, 11:00-18:00 afternoon. Peak
valley arbitrage is carried out for valley charging and peak
discharging of the energy storage system. The planning model
proposed in this study is used to carry out the coordinated source-
storage-transmission planning. The planning scheme is shown in
Table 5 and Figure 9.

The fixed time-of-use electricity price cannot adapt to the
netload fluctuations after wind power access, so the role energy
storage played in peak reduction and valley filling in the arbitrage
process is not effective. In this planning scheme, the reduction
value of thermal power investment and transmission line
investment after energy storage input is 0.

Compared with the investment in energy storage
configuration under the fixed tariff strategy, the power
trisection and time trisection dynamic time-sharing tariff
strategies increase by 592 million yuan and 765 billion,
respectively. In addition, the peak-valley arbitrage, the
reduction of abandoned wind power before and after using
energy storage, thermal power investment, and transmission
investment are also better than the planning scheme under the
fixed tariff strategy, and the final comprehensive incomes of
energy storage increase by 2.684 billion yuan and 3.404 billion
yuan, respectively. The comparison of source-storage-
transmission planning schemes conducted by the fixed price,
power trisection, and time trisection are shown in Figure 10,
which intuitively show that fixed price is not suitable for wind
power access with high permeability.

6 CONCLUSION

This study addresses the problems of the single role of energy
storage and incomplete consideration of incomes in previous
planning, proposes two dynamic electricity price formulation
methods, namely, power trisection and time trisection, explores
the impact of fixed time-sharing electricity price and dynamic
time-sharing electricity price on flexibility supply, constructs a
coordinated source-storage-transmission planning method that
takes into account the comprehensive incomes of energy storage,
and verifies the effectiveness of the proposed method through
example analysis. The main conclusions are as follows.

(1) This study proposes two dynamic electricity price methods
based on netload fluctuation power trisection and time
trisection, realizing that energy storage can maximize
filling system flexibility in peak-valley arbitrage.

This study proposes a method of accounting for the return on
energy storage that takes into account direct and indirect
income and demonstrates through examples that the return
on investment in energy storage can be significantly
increased in this accounting method, in which the cost of

)
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wind abandonment can be reduced by 4.255 times and
4.471 times for the power trisection method and the time
trisection method, respectively, compared to the investment
in wind abandonment at a fixed time-sharing electricity
price, and the final comprehensive return on energy
storage is increased by 146.9 and 186.3%, respectively.

A coordinated source-storage-transmission planning method
that takes into account the comprehensive incomes of energy
storage can comprehensively account for the incomes of
energy storage and promote the input of energy storage in
planning, thereby enhancing the system’s flexibility supply
capacity, reducing the cost of abandoned wind, and, to a
certain extent, overcoming the difficulties of energy storage
enterprises.

(©)

In the formulation of dynamic electricity price rules, this study
only considers the effect of the change of electricity price
occurrence time on net load but does not consider the impact
of the change of electricity price on it. Considering the mutual
influence between demand-side response and electricity price
(Zhong et al., 2013), we will plan to add the incentive coupon
mechanism to induce demand-side response on the basis of the
method in this study to explore the impact on the source-storage-
transmission planning.
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NOMENCLATURE

Cgk the project cost of installing this capacity of the unit k

Py_; the transmission capacity of the ith candidate line

C; the per unit length price of the ith candidate line
Py the planning boundary

Cy the grid loss cost before energy storage is used

PN the planning boundary after energy storage configured

Cyn the grid loss cost after energy storage is used

Py ni(t) the corrected load of node i at time t

CnEs the cost-effectiveness of technology without an energy storage system
P,,,.x the maximum netload

COS o the power factor

Pin the minimum netload

Cp the electricity price at the peak load
Pin g the minimum technical output of conventional units

vaa the peak-to-valley arbitrage income of the dynamic time-of-use
electricity price

P, ;(t) the netload at time ¢

C the cost of system wind abandonment before energy storage is used

P the lower point of intersection of time trisection line and continuous
power netload curve

Cqn the cost of system wind abandonment after energy storage is used.
P, the upper point of intersection of time trisection line and continuous
power netload curve

Cr the investment cost of the transmission line under the original boundary
P, (#) the output power of wind power generation at time ¢

Crn the investment cost of the transmission line after the energy storage is
applied

R; the ith node

C, the electricity price at the load valley

sgn the symbol function

Cy the investment cost of the original boundary power supply planning
T the cost recovery period

Cygs the cost-effectiveness of technology with an energy storage system
T the electricity price time at the peak

Cyn the investment cost of the power supply planning after the energy
storage used

T, the electricity price time at the flat
e(t) the grid electricity price at the time ¢ in the system
T3 the electricity price time at the valley

Gy the investment 0-1 variable of the thermal power unit k

U;(t) the voltage at the ith node at time ¢

Is the investment cost of energy storage system
W, the selected unit set

I_i(t) the electric current of the energy storage system on the ith node at
time ¢

Wi the charged power of energy storage during the load peak on the i-
th day

Source-Storage-Transmission Planning

I;(t) the electric current at the ith node at time ¢

W the abandoned wind power before energy storage is used

k; the proportion of overall energy storage configuration at node i
Wn the abandoned wind power after energy storage is used

K the power cost per unit length line

W,,_; the charged power of energy storage during the load valley on the
ith day

K the unit penalty cost of abandoned wind power

W) the collection of the candidate lines

L; the length of the ith candidate line

Z; the 0-1 decision variable for the investment of the ith candidate line
L, the three bisectrix lines in the netload fluctuation range

a;.j the load rate on the transmission line from node i to node j
L, the three bisectrix lines in the netload fluctuation range

P the energy storage efficiency

N the number of system nodes

850Cmax the upper limit of the SOC of the energy storage device
n; the number of construction times of the ith candidate line
850Cmin the lower limit of the SOC of the energy storage device

P, i(t) the active output power of the energy storage system on the ith node
at time ¢

850c(0) the states of charge of the energy storage device at time 0
Pggs(t) the power at time ¢ of energy storage

8s0c(24) the states of charge of the energy storage device at time 24
Pg; the installed capacity of the unit k

AP the average power value after the trisection

ngN the installed capacity of the unit k after the application of energy storage

ACy the indirect income of the energy storage system in the power supply
planning, namely, the difference between the investment cost of the new
power source before and after the energy storage used on the power
supply side

P;(t) the active load power at the ith node at time ¢

ACr the difference between the investment cost of the new transmission line
before and after the energy storage applied on the grid side

P,-_j the transmitting power in the transmission line from node i to node j

ACQ the difference between the cost of wind abandonment before and after
using the energy storage

p

ACy, the difference between the cost of network loss before and after using the
energy storage

ij,max the maximum value of the line transmission capacity

P (1) the total system load power at time tthe load at time ¢
APQ(t) the abandonment power at time ¢

Py (t) the total system load power at time fthe load at time ¢
APyos6(8) the power loss at time ¢

Py;(t) the load of node i at time t

z ng (t) the output of all thermal power units at time ¢
k
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