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To address the planning challenges of integrating energy storage into distribution
networks, this paper proposes an optimal configuration method for energy
storage in distribution networks aimed at enhancing power supply capability.
Firstly, a total supply capability (TSC) curve model for distribution networks with
integrated energy storage is introduced, which effectively represents the
comprehensive power supply capability of distribution networks. Based on the
TSC curve, the critical component is identified. Secondly, an optimal
configuration method for energy storage with three phases is proposed to
enhance the TSC curve: i) Identify the critical component; ii) Develop a
preliminary configuration scheme for energy storage integration into the
distribution network based on the critical component; iii) Determine the
optimal energy storage configuration to improve the TSC curve. Finally, the
effectiveness of the proposed method is verified by the IEEE 33-node case. The
proposedmethod can effectively determine the optimal configuration for energy
storage integration, significantly enhancing the complete power supply capability
of the distribution network. This paper provides guidance on energy storage
configuration in distribution networks, contributing to the efficient and low-
carbon operation of the system.
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1 Introduction

Energy storage is a flexible component in modern distribution systems. Energy
storage integration into smart distribution networks can enhance power supply and
accommodation capabilities (Wang et al., 2021; Sun et al., 2024), facilitate load leveling
(Calero et al., 2023; Wang et al., 2024), and optimize the operation of distribution
networks (Liu et al., 2021; Tur, 2020). Therefore, investigating the optimal
configuration of energy storage contributes to the efficient and low-carbon
operation of distribution networks.

There has been extensive research on the optimal configuration of energy storage in
distribution networks. Zhao et al. (2024) proposed an energy storage planning method
based on the adaptive alternating direction method of multipliers, which improves the
accommodation capability of renewable energy and reduces operational costs. Feng et al.
(2024) introduced energy storage planning that considers demand response, resulting in
lower operating costs and increased system flexibility. Chen et al. (2024) formulated the
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planning decisions for the locations and capacities of energy storage,
ensuring economic operation of the system and enhancing its
resilience to catastrophic weather events. Li et al. (2023)
proposed an energy storage system planning method that
considers multiple uncertainties, enhancing the local
consumption level of renewable energy. Muqbel et al. (2022)
introduced a budget-constrained planning model for distributed
energy storage in unbalanced distribution networks, which
effectively improves system economics. Abdeltawab and
Mohamed (2022) proposed an energy storage planning method
for profitability maximization, effectively reducing system upgrade
costs. Zhu et al. (2023) found that appropriately configuring energy
storage in high-penetration distribution networks can balance the
intermittency of renewable energy power and improve system
economics. Santos et al. (2022) proposed a dynamic distribution
system reconfiguration technique with energy storage integration,
which effectively reduces the system’s energy demand and carbon
emissions. Jiang et al. (2021) introduced an optimal configuration
method for both stationary and mobile energy storage in
distribution networks, ensuring economic operation and power
supply reliability. Sun et al. (2023) presented a two-layer
planning method for energy storage in response to large-scale
distributed photovoltaic integration, significantly enhancing the
total supply capability (TSC) and accommodation capability of
the distribution network. Wu et al. (2018) analyzed the impact of
energy storage integration on power supply capability and found
that properly configuring energy storage within the distribution
network can increase the TSC.

In summary, it is found that the proper integration of energy
storage can effectively enhance the TSC of distribution networks.
However, existing research on energy storage optimization primarily
focuses on increasing the TSC. In reality, the complete power supply
capability of a distribution network under various load and
distributed generation (DG) distributions is not solely defined by
TSC but rather by a TSC curve (Xiao et al., 2018; 2021; 2022), of
which the TSC represents only a small portion. On the other hand,
research on the TSC curve of distribution networks that include
energy storage has not yet been studied, leaving the quantification of
the complete power supply capability in such networks unaddressed.
Additionally, no studies have explored the optimization of energy
storage integration in distribution networks based on the TSC curve,
which means there is currently no effective method to determine the
energy storage configuration that can enhance the complete power
supply capability of the system based on the TSC curve.

To effectively address the aforementioned challenges, this paper
proposes a novel method for optimizing energy storage
configuration in distribution networks with a focus on enhancing
power supply capability. The main contributions are as follows: (1)
Introduced a TSC curve model for distribution networks with
integrated energy storage, which provides a quantitative
assessment of the complete power supply capability in
distribution networks; (2) Proposed an energy storage optimal
configuration method aimed at enhancing the TSC curve, which
identifies critical components and effectively determines the optimal
energy storage configuration, thereby fully enhancing the power
supply capability of the distribution network.

The rest of this paper is organized as follows. Section 2
introduces the TSC curve model of distribution networks with

energy storage. The optimal configuration method of energy
storage for enhancing the TSC curve in distribution networks is
presented in Section 3. The case study is presented in Section 4.
Finally, the conclusion is drawn in Section 5.

2 TSC curve of distribution networks
with integrated energy storage

The TSC curve is defined as a curve composed of the total
load of all secure boundary points in ascending order (Xiao et al.,
2018; 2021; 2022). A secure boundary point is a secure operating
point with criticality. The criticality means that any minor load
increase is bound to insecurity (Xiao et al., 2018; 2021; 2022). The
physical meaning of the TSC curve is the complete power supply
capability range of a distribution network that satisfies security
constraints. It represents the complete load supply capability of
the distribution network under various load and DG
distributions.

The TSC curve model with integrated energy storage is
formulated in Equation 1.

LTSC � i,Val WLB,i( )( )
Val WLB,i( )≤Val WLB,i+1( )
Val WLB,i( ) � ∑n

k�1
SLB,k

i ∈ 1, 2, 3...{ }

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

⎧⎪⎪⎪⎨⎪⎪⎪⎩
⎫⎪⎪⎪⎬⎪⎪⎪⎭

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (1)

where LTSC represents the TSC curve, the power supply capability
Val(WLB,i) of an operating point is defined as the total load, SLB,k is
the apparent power of the load node k, and i is the serial number of
the sampling point.

The security constraints satisfied by the TSC curve are
formulated in Equations 2–5. A secure boundary point lies on
the security boundary of Equation 2.

WB,i � WLB,i

WDGB,i
[ ] � SLB,1, SLB,2, ..., SLB,n[ ]T

SDGB,1, SDGB,2, ..., SDGB,h[ ]T[ ] ∈ B

B � βj
∣∣∣∣∣j � 1, 2, 3...{ }

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (2)

where WB,i is the secure boundary point composed of WLB,i and
WDGB,i, WLB,i represents the apparent power vector of the load
node, WDGB,i represents the apparent power vector of the DG
node, SDGB,h denotes the apparent power of the DG node h, B
represents the set of all security boundaries, and βDG,j is the j-th
security boundary.

The secure boundary point satisfies the criticality constraint of
Equation 3. This constraint means that all load variables are subject
to equality constraints, which are ensured by the summation of
coefficients of load variables in equality constraints being greater
than zero. Equation 3 includes both reverse and forward power flow
constraints. Specifically, the equality constraints indicate that the
forward power flow of a component has reached its capacity, while
the inequality constraints ensure that the power flow does not exceed
this capacity. Equality constraints imply that once the forward
power flow of a component reaches its capacity, any load cannot
be further increased. In this paper, a component that reaches its
forward power flow capacity under equality constraints is defined as
a critical component. Identifying critical components is crucial for
the optimal configuration of energy storage.
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βj � WB,i

1 + s( )(b11SLB,1 + ... + b1nSLB ,n
+b1 n+1( )SDGB,1 + ... + b1 n+h( )SDGB ,h + b1 n+h+1( )SESSB,1 + ... + b1 n+h+k( )SESSB ,k) � c1
. . . . . .
1 + s( )(bl1SLB,1 + ... + blnSLB,n

+bl n+1( )SDGB,1 + ... + bl n+h( )SDGB,h + bl n+h+1( )SESSB,1 + ... + bl n+h+k( )SESSB ,k) � cl
−cl+1 ≤ 1 + s( ) b l+1( )1SLB,1 + ... + b l+1( ) n+h( )SDGB ,h + ... + b l+1( ) n+h+k( )SESSB ,k( )< cl+1
. . . . . .
−cm ≤ 1 + s( ) bm1SLB,1 + ... + bm n+h( )SDGB ,h + ... + bm n+h+k( )SESSB ,k( )< cm
b11 + b21 + ... + bl1 > 0, . . . . . . , b1n + b2n + ... + bln > 0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(3)

where l is the number of equality constraints, m is the total number
of equality and inequality constraints, bln is coefficients with values
of 0 or 1, s is the network loss coefficient, and cl is the capacity of the
l-th component (branch or electrical device).

Equation 4 represents the power constraint of energy storage.
The energy storage power is the minimum of the power control
system (PCS)-constrained power and state of charge (SOC)-
constrained power. Noted that “max” indicates the selection of
the minimum absolute value from the non-positive numbers,
since both quantities on the right-hand side of the SESS,d
expression are non-positive.

SESSB ,i � ϒSESS ,d + 1 − ϒ( )SESS ,cϒ � 0 or 1

SESS ,d � max SPCSESS,d,
TESS,N QSOC

min − QSOC t( )[ ]
ΔtλESS

ηESS,d( )
SESS ,c � min SPCSESS,c,

TESS,N QSOC
max − QSOC t( )[ ]

ΔtλESSηESS,c
( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(4)

where SESSB ,i denotes the power of energy storage connected to
node i, ϒ is a binary variable, SESS ,d is the discharging power of
energy storage, SESS ,c is the charging power of energy storage,
SPCSESS,d is the maximum discharging power limits of the PCS, SPCSESS,c

is the maximum charging power limits of the PCS, TESS,N is the
energy capacity of the energy storage, QSOC

min is the minimum
values of the SOC, QSOC

max is the maximum values of the SOC, Δt is
the charging and discharging time of the energy storage, ηESS,c is
the charging efficiencies of the energy storage, ηESS,d is the
discharging efficiencies of the energy storage, λESS is the power
factor of the energy storage when connected to the
distribution network.

Equation 5 indicates that all secure boundary points satisfy the
voltage constraints.

ΔU− ≤ΔU%≤ΔU+ (5)
where ΔU is the voltage offset vector at nodes, ΔU− is the minimum
voltage offset, and ΔU+ is the maximum voltage offset. In China’s
low-voltage distribution network, the national standard specifies
that the maximum and minimum values of ΔU are +7% and −7%,
respectively.

Note that the proposed TSC curve model is applicable in
scenarios with high DG penetration. The reasons are as follows: A
significant feature of distribution networks with high DG
penetration is the occurrence of reverse power flow, where
power flows from the feeder back to the network. In the
proposed TSC curve model, both forward and reverse power
flow constraints are included in Equation 3. This indicates that
the model allows power flow reversal in distribution networks
with abundant DG resources.

The differences between the proposed TSC curve model and
existing models are as follows: The proposed TSC curve model takes

into account energy storage as a flexible component, incorporating
the power constraints of energy storage. It quantifies the complete
power supply capability range of an active distribution network with
integrated energy storage, which helps guide the optimal
configuration of energy storage in the distribution network to
improve system efficiency. However, the existing models (Xiao
et al., 2018; 2021; 2022) do not consider energy storage and are
not applicable to active distribution networks with integrated
energy storage.

3 Energy storage optimal configuration
for enhancing the TSC curve

The proposed optimal configuration of energy storage aimed at
enhancing the TSC curve is illustrated in Figure 1 and involves three
steps: 1) Identify the critical component; 2) Develop a preliminary
configuration scheme for energy storage integration into the
distribution network based on the critical component; 3) Determine
the optimal configuration of energy storage to enhance the TSC curve.

Step 1: Identify the critical component

As defined in Section 2, critical components are those in the
distribution network where the forward power flow first reaches its
capacity limit, at which point any load cannot be increased. The
critical components are characterized by the fact that they include all
downstream load nodes and the fewest possible DG nodes. This
characteristic allows for the identification of critical components in
any given distribution network.

Step 2: Develop a preliminary configuration scheme for energy
storage integration into the distribution network based on
the critical component

Based on the critical components, the nodes in the distribution
network are divided into downstream and upstreamnodes relative to the
critical components. Downstream nodes are those located downstream
of the critical component, while upstream nodes are those located
upstream. Downstream refers to the direction from the substation
transformer toward the end of the feeder, and upstream refers to the
direction from the feeder end back toward the substation transformer.

NS = {N1, . . . ,Nk} denotes the upstream nodes of the critical
component, and NX = {Nk+1, . . . ,Nq} denotes the downstream nodes
of the critical component. Nk represents the kth node in the
distribution network, and q is the total number of nodes.

To effectively enhance the power supply capability of the
distribution network, the preliminary configuration scheme
involves integrating energy storage at the downstream nodes of
the critical components rather than at the upstream nodes.

Step 3: Determine the optimal configuration of energy storage to
enhance the TSC curve

After determining the preliminary configuration scheme for energy
storage, it is necessary to calculate the TSC curve and its indices for the
network with integrated energy storage. Then, the impact of different
configuration schemes on enhancing power supply capability is
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compared. Finally, the optimal energy storage configuration that
provides the most significant improvement in power supply
capability is selected. The process includes the following steps:

Step 3.1: Calculate the TSC curve and its indices for distribution
networks with integrated energy storage.

(1) Generate Y operating points by uniformly sampling within
the capacity ranges of load nodes ([0, SL,i max), energy storage
nodes ([-SESS,i max,0]), and DG nodes ([SDG,i max, 0]) with a

step size of q. The number of sampled operating points is
formulated in Equation 6.

Y � ∏n
i�1

1 + SL,imax

q
( )∏k

i�1
1 + SESS,imax

q
( )∏h

i�1
1 + SDG,imax

∣∣∣∣ ∣∣∣∣
q

( ) (6)

where SL,imax, SESS,imax, and SDG,imax are the power upper limits of SL,i, SESS,i,
and SDG,i, respectively.

(2) Calculate the secure boundary points

First, identify the secure boundary points from the sampled
operating points that satisfy the criticality constraint of Equation 3.
Then, solve the voltage offset for each secure boundary point with the
power flow solver OpenDSS, thus determining the effective secure
boundary points that satisfy the voltage constraints of Equation 5.

(3) Plot the TSC curve

Calculate the total load Val(WLB,i) for effective secure boundary
points using Equation 1, then plot the TSC curve by arranging
Val(WLB,i) in ascending order.

(4) Calculate the TSC curve indices

The maximum power supply capability is TSC (Xiao et al., 2018;
2021; 2022). The average power supply capability is TSC. The
minimum power supply capability is TSCmin.

Step 3.2: Determine the optimal configuration scheme of energy
storage by comparing the performance of different
schemes in enhancing power supply capability.

Compare the TSC curves and its indices for different energy storage
configuration schemes in the same figure and table. Select the
configuration scheme with the highest TSC curve and the largest
indices as the optimal configuration scheme of energy storage, as
this configuration scheme offers the greatest comprehensive power
supply capability.

4 Case study

In this section, the IEEE 33-node distribution network is used to
verify the effectiveness of the proposed method. First, the TSC curve
of the case is calculated, and then the optimal configuration scheme
of energy storage is determined based on the TSC curve.

4.1 Case overview

As shown in Figure 2, the proposed method is verified by the IEEE
33-node distribution network. Suppose the capacity of the feeder is
1.00 MVA and each branch length is 0.25 km. The network loss
coefficient s is 5%. The capacity of a planned energy storage system
(ESS) is 4.00 MWh. The PCS power range of the ESS is [−1.00, 1.00]

FIGURE 1
The optimal configuration flowchart of energy storage for
enhancing the TSC curve.

Frontiers in Energy Research frontiersin.org04

You et al. 10.3389/fenrg.2024.1484676

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1484676


MVA, the QSOC range is [20%, 100%], the charging and discharging
time is 1 h, the grid-connected power factor is 0.90, and the charging
and discharging efficiency is 0.95. Load nodes (L1, L2, and L3) and DG
nodes (DG1 and DG2) are formed by merging the adjacent nodes. The
power range of the load nodes is [0, 1.50]MVA, and the power range of
the DG nodes is [−1.00, 0] MVA. The simplified IEEE 33-node
distribution network after equivalent merging is shown in Figure 3.

4.2 TSC curve calculation results

Using the ESS connected to node N4 in Figure 3 as an example,
the TSC curve of the simplified IEEE 33-node distribution network
shown in Figure 4 is formulated in Equation 7.

LTSC � i,Val WLB,i( )( )
Val WLB,i( )≤Val WLB,i+1( )
Val WLB,i( ) � ∑2

k�1
SLB,k

i ∈ 1, 2, 3...{ }

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

⎧⎪⎪⎪⎨⎪⎪⎪⎩
⎫⎪⎪⎪⎬⎪⎪⎪⎭

WB,i � WLB,i

WDGB,i
[ ] � SLB,1, SLB,2, ..., SLB,n[ ]T

SDGB,1, SDGB,2, ..., SDGB,h[ ]T[ ] ∈ B

B � β1{ }
β1 � WB,i

1 + s( ) SLB,1 + SLB,2 + SDGB,2 + SESSB( ) � 1
−1≤ 1 + s( ) SLB,1 + SLB,2 + SDGB,1 + SDGB,2 + SESSB( )< 1
−1≤ 1 + s( ) SLB,2 + SDGB,2 + SESSB( )< 1
−1≤ 1 + s( ) SLB,2 + SESSB( )< 1

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
⎧⎪⎪⎪⎨⎪⎪⎪⎩

⎫⎪⎪⎪⎬⎪⎪⎪⎭
−1≤ SESSB ≤ 0
−7%≤ΔU%≤ 7%

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

The equality constraint (1 + s)(SLB,1 + SLB,2 + SDGB,2 + SESSB) �
1 in Equation 7 covers all load variables (SLB,1 and SLB,2), ensuring
that the secure boundary points forming the TSC curve have
criticality. At this point, the forward power flow reaches the
feeder’s capacity constraint limit of 1.00 MVA, so any minor
load increase will inevitably result in an overload. For instance, if
SLB,1 increases by 0.01, the equality constraint becomes
(1 + s)(SLB,1 + SLB,2 + SDGB,2 + SESSB) � 1.01> 1.00, thereby
violating the capacity constraint.

4.3 Energy storage configuration scheme
calculation results

According to the method discussed in Section 3, the optimal
configuration scheme of ESS for the distribution network is
calculated. The detailed process is as follows.

Step 1: The only critical component identified in Figure 4 is
branch B2, while the other branches (B1, B3, and B4)
are not critical components. The reason is that only the
downstream of branch B2 includes all load nodes (L1 and
L2) as well as the minimum number of DG nodes (DG2).
On the other hand, the equality constraint (1 + s)(SLB,1 +
SLB,2 + SDGB,2 + SESSB) � 1 in Equation 7 covers all load
variables (SLB,1 and SLB,2), corresponding to the forward
power flow in branch B2 first reaching its capacity limit,
which also confirms that branch B2 is the only
critical component.

Step 2: Based on the critical component B2, the upstream node of
the critical component in the distribution network shown
in Figure 4 is NS = {N1}, and the downstream nodes are
NX = {N2,N3,N4}. Therefore, the preliminary
configuration scheme is to connect the ESS to nodes
{N2,N3,N4} rather than node {N1}.

To compare and select the optimal configuration scheme of
energy storage, this paper considers connecting the planned ESS to
nodes N2, N3, and N4, respectively.

Step 3: Calculate and compare TSC curves to determine the
optimal configuration scheme of ESS. Generate 8,899,821
operating points with a step size of q = 0.05 MVA. For each
operating point, filter out effective secure boundary points
that satisfy criticality and voltage constraints based on
the TSC curve expressions under different configuration
schemes. The results are shown in Tables 1–4.

Based on Tables 1–4, plot the TSC curves for different
configuration schemes of ESS and calculate the TSC curve
indices. The results are shown in Figure 5 and Table 5.

According to Figure 5, it is concluded as follows:

(1) The complete power supply capability of the IEEE 33-node
distribution network with ESS is represented by a TSC curve
rather than a single value of maximum power supply capability.

(2) The TSC curves for configurations of ESS at the downstream
nodes {N2,N3,N4} of critical component B2 are overall higher

FIGURE 2
IEEE 33-node distribution network.

FIGURE 3
Simplified IEEE 33-node distribution network.

FIGURE 4
Simplified IEEE 33-node distribution networkwith integrated ESS.
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than those at the upstream node N1, indicating that
configuring energy storage downstream of the critical
component can effectively and comprehensively enhance
the power supply capability of the distribution network.

(3) Compare the configuration schemes of ESS at the
downstream nodes {N2,N3,N4} of the critical component B2

to determine the optimal configuration scheme. It can be
observed that the TSC curve is highest when the ESS is
configured at node N4, indicating that configuring ESS at
node N4 provides greater power supply capability compared
to nodes N2 and N3. Therefore, the optimal configuration
scheme of ESS is to connect the ESS to the downstream node

TABLE 1 The secure boundary points with the ESS connected to the downstream node N2.

WB,i SL,1/MVA SL,2/MVA SESS/MVA SDG,1/MVA SDG,2/MVA Val(WL,i)/MVA

W1 0.20 0.75 0.00 −1.00 0.00 0.95

W2 0.20 0.75 0.00 −0.95 0.00 0.95

W3 0.20 0.75 0.00 −0.90 0.00 0.95

W4 0.20 0.75 0.00 −0.85 0.00 0.95

W5 0.20 0.75 0.00 −0.80 0.00 0.95

W6 0.20 0.75 0.00 −0.75 0.00 0.95

. . .

W5600 1.25 0.45 −0.50 −0.05 −0.25 1.70

. . .

W11195 1.50 0.90 −0.45 −0.30 −1.00 2.40

W11196 1.50 0.90 −0.45 −0.25 −1.00 2.40

W11197 1.50 0.90 −0.45 −0.20 −1.00 2.40

W11198 1.50 0.90 −0.45 −0.15 −1.00 2.40

W11199 1.50 0.90 −0.45 −0.10 −1.00 2.40

W11200 1.50 0.90 −0.45 −0.05 −1.00 2.40

TABLE 2 The secure boundary points with the ESS connected to the downstream node N3.

WB,i SL,1/MVA SL,2/MVA SESS/MVA SDG,1/MVA SDG,2/MVA Val(WL,i)/MVA

W1 0.20 0.75 0.00 −1.00 0.00 0.95

W2 0.20 0.75 0.00 −0.95 0.00 0.95

W3 0.20 0.75 0.00 −0.90 0.00 0.95

W4 0.20 0.75 0.00 −0.85 0.00 0.95

W5 0.20 0.75 0.00 −0.80 0.00 0.95

W6 0.20 0.75 0.00 −0.75 0.00 0.95

. . .

W5600 1.25 0.45 −0.50 −0.05 −0.25 1.70

. . .

W11195 1.50 0.90 −0.45 −0.30 −1.00 2.40

W11196 1.50 0.90 −0.45 −0.25 −1.00 2.40

W11197 1.50 0.90 −0.45 −0.20 −1.00 2.40

W11198 1.50 0.90 −0.45 −0.15 −1.00 2.40

W11199 1.50 0.90 −0.45 −0.10 −1.00 2.40

W11200 1.50 0.90 −0.45 −0.05 −1.00 2.40
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N4 of the critical component B2 in the distribution network,
which most effectively enhances power supply capability.

Table 5 quantifies that the complete power supply capability of
the distribution network with integrated ESS is represented as a
range of values rather than a single TSC. For example, the complete

power supply capability when the ESS is connected to the
downstream node N4 of the critical component B2 in the
distribution network ranges between [0.95, 2.80] MVA.

On the other hand, as shown in Table 5, although the minimum
power supply capability TSCmin is the same, the maximum and
average power supply capabilities when ESS is configured at the

TABLE 3 The secure boundary points with the ESS connected to the downstream node N4.

WB,i SL,1/MVA SL,2/MVA SESS/MVA SDG,1/MVA SDG,2/MVA Val(WL,i)/MVA

W1 0.15 1.00 −0.20 −1.00 0.00 1.15

W2 0.15 1.00 −0.20 −0.95 0.00 1.15

W3 0.15 1.00 −0.20 −0.90 0.00 1.15

W4 0.15 1.00 −0.20 −0.85 0.00 1.15

W5 0.15 1.00 −0.20 −0.80 0.00 1.15

W6 0.15 1.00 −0.20 −0.75 0.00 1.15

. . .

W10450 1.05 1.20 −0.75 −0.55 −0.55 2.25

. . .

W20895 1.50 1.30 −0.90 −0.30 −0.95 2.80

W20896 1.50 1.30 −0.90 −0.25 −0.95 2.80

W20897 1.50 1.30 −0.90 −0.20 −0.95 2.80

W20898 1.50 1.30 −0.90 −0.15 −0.95 2.80

W208999 1.50 1.30 −0.90 −0.10 −0.95 2.80

W20900 1.50 1.30 −0.90 −0.05 −0.95 2.80

TABLE 4 The secure boundary points with the ESS connected to the upstream node N1.

WB,i SL,1/MVA SL,2/MVA SESS/MVA SDG,1/MVA SDG,2/MVA Val(WL,i)/MVA

W1 0.2 0.75 −1 −0.85 0 0.95

W2 0.2 0.75 −1 −0.8 0 0.95

W3 0.2 0.75 −1 −0.75 0 0.95

W4 0.2 0.75 −1 −0.7 0 0.95

W5 0.2 0.75 −1 −0.65 0 0.95

W6 0.2 0.75 −1 −0.6 0 0.95

. . .

W12615 0.95 0.8 0 −0.05 −0.8 1.75

. . .

W25225 1.5 0.45 0 −0.3 −1 1.95

W25226 1.5 0.45 0 −0.25 −1 1.95

W25227 1.5 0.45 0 −0.2 −1 1.95

W25228 1.5 0.45 0 −0.15 −1 1.95

W25229 1.5 0.45 0 −0.1 −1 1.95

W25230 1.5 0.45 0 −0.05 −1 1.95
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downstream node N4 are higher compared to configurations at
downstream nodes {N2,N3} and the upstream node N1. It indicates
that configuring ESS at the downstream node N4 offers a greater
overall power supply capability for the distribution network.
Therefore, the optimal configuration scheme of ESS connected to
the downstream node N4 of the critical component B2 in the
distribution network is effective.

Noted that the selection of the sampling step size influences both
the accuracy of the TSC curve and the computational time. A smaller
step size enhances the curve’s precision but increases the
computational cost. In contrast, a larger step size improves
computational efficiency at the expense of reduced accuracy. In
practice applications, it is crucial to carefully choose an appropriate
step size to achieve an optimal balance between accuracy and
computational efficiency.

In summary, the proposed method can effectively determine the
optimal configuration scheme for energy storage integration into the
distribution network, maximizing both the maximum and average
power supply capability of the network. Therefore, the proposed
method is applicable to scenarios involving the integration of new
energy storage into the distribution network.

5 Conclusion

To address the planning of energy storage in the distribution
network, this paper introduces a TSC curve model for the
distribution network with integrated energy storage and proposes
an optimal configuration method for energy storage aimed at

enhancing power supply capability. The main conclusions are
summarized as follows:

(1) The proposed TSC curve model quantifies the complete
power supply capability of the distribution network with
integrated energy storage as a TSC curve rather than a
single TSC value.

(2) The proposed method differentiates upstream and
downstream nodes by identifying critical components.
Compared to upstream nodes, energy storage configured at
downstream nodes better enhances the overall power supply
capability of the distribution network.

(3) The proposed method can determine the optimal
configuration scheme for integrating energy storage into
the distribution network, thereby comprehensively
improving the power supply capability.

To determine effectively the configuration scheme for
integrating energy storage into the distribution network is of
significant value for enhancing the system’s power supply
capability and flexibility. The proposed method contributes to
the secure, efficient, and clean low-carbon operation of the
distribution network. As the computation of the TSC curve
encompasses all possible load and DG distributions, it can
effectively cover all the load and DG variations. The
limitations of the proposed method in practical applications
are as follows: The applicability of the proposed method to
large-scale distribution networks is limited because the
method requires a time-consuming sampling process when
calculating the TSC curve. In the future, the energy storage
planning of distribution networks, considering electric
vehicles, the N-1 security constraints, and weather conditions
on DG output power will be studied.
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Nomenclature
LTSC TSC curve

Val(WLB,i) Power supply capability of the operating point

WB,i Secure boundary point

WLB,i Apparent power vector of the load node

WDGB,i Apparent power vector of the DG node

SLB,k Apparent power of the load node k

SDGB,h Apparent power of the DG node h

B All security boundaries

βj j-th security boundary

cl The l-th component capacity

l Number of equality constraints

m Total number of equality and inequality constraints

s Network loss coefficient

SESSB,k Energy storage power connected to node k

SESS,d Energy storage discharging power

SESS,c Energy storage charging power

SPCSESS,d Maximum discharging power of the PCS

SPCSESS,c Maximum charging power of the PCS

TESS,N Energy storage energy capacity

QSOC
max Maximum values of the SOC

QSOC
min Minimum values of the SOC

Δt Charging and discharging time

ηESS,c Charging efficiencies of the energy storage

ηESS,d Discharging efficiencies of the energy storage

λESS Energy storage power factor

ΔU Voltage offset vector

ΔU+ Maximum voltage offset

ΔU− Minimum voltage offset.
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