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Recently, a lot of renewable energy sources have been integrated into the distribution
network. In consideration of economy and construction feasibility, some renewable energy
sources are required to be installed in specific areas. In this paper, a bi-layer distribution
network planning optimization model that considers the geographical restrictions of the
installation locations of the substation, pumped storage plant, photovoltaic (PV) and wind
power, as well as the impact of operation on planning, is proposed. In the planning
optimization layer, the optimal distribution network topology with minimal total cost is
obtained. The locations of the renewable energy sources and the substation are
determined by the particle swarm optimization (PSO), and then all the components are
interconnected using the dynamic minimum spanning tree (DMST) method. In the
operation optimization layer, the economic operation strategy of the hybrid energy
system with uncertainty is obtained by the scenario-based stochastic optimal power
flow (OPF). The forecast error of the uncertain variable is represented by the probability
distribution function, and the roulette wheel mechanism (RWM) is used to generate the
stochastic scenarios. A modified 103-bus system is used to test the effectiveness of the
proposed method, and the simulation results show that the proposed method can
effectively reduce the total cost of the distribution network.

Keywords: distribution network planning, renewable energy, particle swarm optimization, dynamic minimum
spanning tree, net present value, geographical constraints

1 INTRODUCTION

With the shortage of fossil energy and the increasingly serious environmental pollution problems,
renewable energy sources such as photovoltaic (PV) and wind power have been developed rapidly in
recent years (Chen et al., 2021; Hu et al., 2021; Mohandes et al., 2021). The installation location of the
renewable energy is affected by geographical conditions. In order to achieve maximum economic
benefits, PV power stations are usually installed in areas with high illumination intensity, and wind
farms are built in places with sufficient wind energy (Hou et al., 2016; Li et al., 2020; Marcochi de
Melo et al., 2021). To easily obtain water sources and build upstream reservoirs, pumped storage
plants are generally built near rivers in mountainous areas. However, there lacks effective methods to
handle such cases at present. It is necessary to find a cost-effective approach for distribution network
planning that takes into account geographical constraints.
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The optimization of distribution network planning and
operation is an intensively studied topic in power engineering
(Baringo et al., 2020; MohammadiFathabad et al., 2020; Ugranlı,
2020). The traditional distribution network contains
transmission, substation, distribution and power equipment
(Khator and Leung, 1997). In reference (Carrano et al., 2006),
there is only traditional power equipment and no distributed
generation devices in the distribution network. The planning of
this distribution system is to optimize the connection of cables
with the highest economic benefits and system reliability. With
the integration of a large number of distributed energy equipment
such as wind power, PV, energy storage equipment, new planning
approaches need to be explored for the modern distribution
network to improve the economic efficiency and determine the
scheduling of newly connected renewable power generation
equipment (Ding et al., 2012; (Wang et al., 2014). With the
knowledge of the pumped storage capacity and wind speed, the
generating/pumping power of the pumped storage and output
power of wind farm are optimized in (Ding et al., 2012) to
minimize the operation cost of distribution network. In the
work of (Wang et al., 2014), a robust optimization problem is
formulated to optimize the location and the size of the
distribution generation to minimize microgrid costs.

Traditionally, the planning optimization and operation
optimization of the distribution network are independently
executed, and the operation optimization is carried out after
the planning optimization. When renewable energy sources or
energy storage equipment are connected to the distribution
network, the operation mode of these equipment will affect
the transmission losses of the grid and operation mode of the
equipment (Ashoornezhad et al., 2021; Koutsoukis and
Georgilakis, 2022; Mejia et al., 2022). Therefore, the traditional
separated planning method cannot guarantee optimal results. It is
imperative to combine the planning optimization and operation
optimization together for better performance (Carpinelli et al.,
2013; Sedghi et al., 2016; Tang and Low, 2017; Celli et al., 2018;
Lazzeroni and Repetto, 2019). In (Lazzeroni and Repetto, 2019),
the size and location of the battery are optimized to reduce the
power loss. A battery planning optimization framework to
improve wind power penetration, in which the optimal
placement and daily scheduling of energy storage strategies are
optimized, is proposed in (Ghofrani et al., 2013). To improve the
voltage profile, reliability and economic benefits of the
distribution network, a comprehensive strategic model is
proposed to plan the location and size of photovoltaic, battery
storage and distributed static compensator (Roy Ghatak et al.,
2018). The authors in (Arasteh et al., 2016) presented a bi-level
optimization model for distribution network. This model
considered the distribution network reconfiguration and the
demand response. However, the location and capacity of
distributed devices are not optimized in this article. In (Zhang
et al., 2013), the optimal pumped storage capacity is found by a
multi-scenario approach aiming to reduce the operation cost of
the distribution network and wind power curtailments. However,
the network loss is not considered. There are also many
researches on the expansion planning of distribution networks
(Ouyang et al., 2010; Ganguly et al., 2013; Ziari et al., 2013;

Koutsoukis et al., 20142014; Muñoz-Delgado et al., 2016),
including the planning of new cables, substations,
distributed generation equipment and energy storage
equipment, etc. In (Tarôco et al., 2016), the allocation of the
substations, distributed generation units, and the topology of
distribution network are formulated as a multi-objective
optimization to reduce the cost and improve the system
reliability. A multi-stage expansion planning problem
considering the load growth is formulated in (Sedghi et al.,
2013), and is solved by a modified particle swarm optimization
(PSO) algorithm. This expansion planning problem is divided
into four stages. At each stage, new substations, main and
reserve feeders, energy storage units and distribution
generators will be installed into the existing distribution
network. However, the geographical constraints of storage
units and distributed generation equipment are not
considered, i.e., those components can be installed on any
existing node. The work in (Xing et al., 2016) presented an
expansion planning model of the distribution network
considering the allocation of the new cable, substation and
distributed generator. The optimization model is formulated as
a mixed integer non-linear programming problem, which is
solve by a second-order cone programming method. However,
the locations of the substation and distributed generation are
limited to a few pre-selected nodes.

This paper proposes a bi-layer integrated planning approach
for the distribution network. Geographical location constraints
are considered in the distribution network optimization model.
The proposed optimization model combines the planning and
operation optimization of distribution network to reduce the total
cost of the distribution network. The uncertainty of the load,
illumination intensity, wind speed and electricity price is modeled
by the probability distribution function, and the roulette wheel
mechanism (RWM) is adopted to generate the stochastic
scenarios. In the planning layer, an effective PSO-based
method is adopted to determine the locations of the
substation, pumped storage plant, PV and WT, then a DMST
method is used to connect all the components with minimal cable
cost. In the operation layer, the optimal operation strategy is
obtained based on the topology determined in the planning layer.

FIGURE 1 | Diagram of distribution network integrated planning
problem.
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The rest of this paper is organized as follows. The problem
formulation is presented in Section 2. The solution approach of
the optimization problem is given in Section 3. The case study
and conclusions are presented in Section 4 and Section 5,
respectively.

2 PROBLEM FORMULATION

A diagram of a modern distribution network with renewable
energy sources, such as wind turbine (WT), PV and pumped
storage plant, is shown in Figure 1. Unlike traditional power
generation equipment, these renewable energy sources are
environmentally friendly, but they have strict requirements on
the location of the construction.

In this study, an integrated optimal planning model of
distribution network with geographical location constraints is
formulated. The objective of distribution network planning
optimization is to find the most cost-effective layout and
dispatch strategy of the distribution network. The optimization
problem is divided into two layers, i.e., integrated planning
optimization and embedded operation optimization layer. In
the integrated planning optimization layer, the locations of
substation, pumped storage plant, PV, WT, pumped storage
plant and the connection layout of all components are
optimized to obtain the optimal distribution network topology.
The embedded operation optimization is to schedule the pumped
storage plant power to minimize the operation cost of the
distribution system under the topology obtained from the
integrated planning optimization layer.

2.1 Integrated planning optimization layer:
minimize the total cost of the distribution
network
The net present value (NPV) (Huang et al., 2020) of the total cost
of distribution network operators in the planning years, that is,
the sum of the cable cost and the distribution network operation
cost, is taken as the objective function:

F(Lxy) � min(NPVCC + NPVOC) (1)
where

Lxy � (Lx, Ly) ∈ A (2)
Here F represents the objective function value.NPVCC is the total
NPV of the cable cost.NPVOC is the total NPV of the distribution
network operation cost. Lxy is a vector which represents the
locations of the substation, pumped storage plant, PV andWT. Lx
and Ly represent the abscissa and ordinate coordinates of Lxy,
respectively. A represents a restriction zone where components
can be installed. In this study, two types of restriction zones are
considered, i.e., rectangle and parallelogram. Based on the actual
situation, the construction locations of the substation, PV and
WT are set as a rectangular area. According to the shape of the
river, the construction location of the pumped storage is set as a
parallelogram area. For rectangular areas, the construction

locations can be expressed as the limitations of x coordinate
and y coordinate, respectively. The geographical constraints for
rectangular areas are presented as

Lmin
x ≤ Lx ≤ Lmax

x (3)
Lmin
y ≤ Ly ≤ Lmax

y (4)
where Lmin

x and Lmax
x indicate the lower and upper limits of the Lx,

respectively. Lmin
y and Lmax

y indicate the lower and upper limits of
the Ly, respectively. For parallelogram areas, the construction
locations can be expressed as the limitations of x coordinate and y
coordinate, respectively, and a limitation between the x
coordinate and the y coordinate. It can be presented as a
combination of Eqs 3, 4, 5.

k1Lx − b1 ≤ Ly ≤ k2Lx − b2 (5)
where k1, b1, k2, b2 are the parameters of the parallelogram areas.

The cost of the cable includes the initial investment cost,
maintenance cost and replacement cost. It depends on the length
and type of the cable, so it is closely related to the connection
layout of the distribution network. Different installation locations
of the components will correspond to different distribution
network connection layouts. The NPV of the cable cost within
the planning years is expressed as

NPVCC � ∑
NPlan

y�1
CCCost,yp(1 + r)−y (6)

where

CCCost,y � ∑
Nl

l�1
(LlpCI,m,y + LlpCR,m,y + LlpCM,m,y) (7)

where CCCost,y is the total cost of the cable at year y. NPlan is the
planning horizon. CI,m,y, CR,m,y and CM,m,y represent the unit
initial investment cost, replacement cost and maintenance cost of
typem cable at year y, respectively. Ll is the length of cable l.Nl is
the total number of cables.

2.2 Embedded operation optimization layer:
minimize the operation cost of the
distribution network.
The locations of the substation, pumped storage plant, PV and
WT will affect the connection layout of cables. Meanwhile, the
locations of these equipment and the connection mode of the
cables will affect the operation mode of the distribution network,
especially the power losses. In order to improve the economic
benefits of distribution network operator, the objective function
of operation optimization is to minimize the NPV of the
distribution network operation cost in the planning years. It is
expressed as

NPVOC(PPS) � min ∑
NPlan

y�1
COC,yp(1 + r)−y (8)

where
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COC,y � ∑
Ty

t�1
PPG(t)pCP(t) (9)

Here COC,y is the operation cost of the distribution network at
year y. r is the interest rate. PPG(t) is the active power purchased
from the power grid at time t. CP(t) is the electricity price at time
t. Ty is the number of simulation hours per year. PPS is the
control variables in the embedded optimization layer, which
represents the operating power of pumped storage plant. The
positive value represents that the pumped storage plant absorbs
electricity from the power grid for water storage, while the
negative value represents that the pumped storage plant
generates electricity and delivers electricity to the distribution
network.

The main constraints of the optimization including the power
flow constraints and pumped storage plant constraints. The
power flow constraints are described as

PPV,i + PWT,i − PLoad,i − PPS,i � Vi ∑
NBus

j�1
Vj(Gi,jcosθi,j + Bi,jsinθi,j)

(10)
QLoad,i � −Vi ∑

NBus

j�1
Vj(Gi,jsinθi,j − Bi,jcosθi,j) (11)

Vmin
i ≤Vi(t)≤Vmax

i (12)
Ii,j(t)≤ Imax

i,j (13)
where PPV.i is active power generated by PV. PLoad.i and QLoad.i

are the active power and reactive power of load, respectively.
Vi andVj are the voltage of node i and j, respectively. Vmin

i and
Vmax

i are the minimum and maximum allowable voltage of the
node i, respectively. Gi,j and Bi,j are the real and imaginary
elements of the admittance matrix. θi,j is the phase angle
difference between node i to node j. NBus is the total
number of buses in the distribution network. Ii,j(t) is the
current from bus i to bus j at time t. Imax

i,j is the upper limit of
current from bus i to bus j.

Pumped storage plants have two operation modes: pumping
and generating electricity (Ma et al., 2015). The generating mode
and pumping mode are described as Eqs 14, 15, respectively.

PPS(t) � eTρghqg(t) (14)
PPS(t) � ρghqp(t)

ep
(15)

where eT and ep are the efficiency of the turbine generator and
pump motor, respectively. ρ is the density of water. g is the
acceleration of gravity. h is the elevating head. qg(t) and qp(t) are
the water volumetric flow rate of the turbine generator and pump
motor at time, respectively.

The amount of water in the upper reservoir is calculated by

QUR(t + 1) � QUR(t) + ∫t+1

t
qp(t)dt − ∫t+1

t
qg(t)dt (16)

whereQUR(t) is the water quantity in the upper reservoir at time t.

In order to represent the storage state of a pumped storage
plant, the state of charge (SOC) is introduced. The SOC of a
pumped storage plant is expressed as

SOCPS(t) � QUR(t)
Qmax

UR

(17)

where Qmax
UR is the maximum limit of upper reservoir water

quantity. SOCPS(t) is the SOC of the pumped storage plant at
time t.

The amount of the water in the upper reservoir should be
between the maximum allowable reservoir capacity and the
minimum allowable reservoir capacity. It also requires that the
amount of water in the upstream reservoir remain unchanged for
1 day. These constraints of the pumped storage plant are
presented as follows.

Qmin
UR ≤QUR(t)≤Qmax

UR (18)
SOCPS(TStart) � SOCPS(TEnd) (19)

where Qmin
UR is the minimum limit of upper reservoir water

quantity. TStart and TEnd are the start and end time of the day,
respectively.

3 Solution Approach
From the previous section, it can be seen that the formulated
distributed network planning optimization model is a non-linear
problem. There are many methods to solve such problem, such as
dynamic programming (Ganguly et al., 2013), differential
algorithm (Zhang et al., 2016), and genetic algorithm
(Ghofrani et al., 2013), (Awad et al., 2014). Considering the
complexity of this optimization model, a method based on the
particle swarm optimization and dynamic minimum spanning
tree (PSO-DMST) is proposed to solve the corresponding bi-layer
planning problem. The details of the problem solving are
given below.

3.1 Particle Swarm Optimization-Dynamic
Minimum Spanning Tree Method in
Planning Optimization Layer
The locations of the PV, WT, substation and pumped storage
plant are determined by the PSOmethod (Kennedy and Eberhart,
1995). Each particle represents a potential coordinate (x, y) of the
component. The update formulas of the particles are as follows.

vk+1id � ωvkid + r1c1(pk
id − xk

id) + r2c2(gk
id − xk

id) (20)
xk+1
id � xk

id + vk+1id (21)
where vkid and xk

id denote the position and velocity of the particle
in the k th iteration, respectively. pk

id and gk
id denote the personal

best and the global best of k th iteration of dimension d,
respectively. ω is the inertia weight. c1 and c2 are learning
coefficients. r1 and r2 are two random numbers in the range
[0,1]. In order to improve the performance of the algorithm, the
linearly decreasing inertia weight is used in this study (Fei andHe,
2015), which is presented as
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ω � ωmax − (ωmax − ωmin) k

kmax
(22)

where ωmax and ωmin are the maximum and minimum inertia
weights, respectively. k and kmax are the iteration number and
maximum number of iterations, respectively.

Once the locations of the PV, WT, substation and pumped
storage plant are determined, it is necessary to find an effective
way to connect all the components in the distribution network.
This problem is similar to the minimum spanning tree (MST)
problem in graph theory (Bondy and Murty, 1976). In MST, each
PV, WT, substation and pumped storage plant and load
corresponds to a vertex in the graph, and these vertices are
connected with minimum total weight. In the traditional MST,
the weight is the distance between two vertices, that is, the cable
length between two components. This method can finally connect
all components with the shortest cable. After the distribution
network topology is determined, the cable type is selected
according to the peak load, and then the total cable cost can
be calculated according to the length and type of the cable.
However, MST can only guarantee that the length of the cable
is the shortest but does not guarantee that the cost of the cable is
the smallest.

Since one of the optimization goals is to minimize the cost
of the cable, on the basis of the MST, the DMST that takes into
account the influence of the load size on the cable selection is
adopted for the cable connection. In DMST, the weight of two
vertices is the cost of the cable that connecting two vertices.
Thus, the minimum cost of cable can be guaranteed over the
planning horizon. Figure 2 is presented as an example to show
the difference between the MST and DMST for cable
connection. Figure 2A is the undirected graph that gives all
possible connecting cables and the corresponding length of
each cable. Figure 2B and Figure 2C show the cable
connection result obtained by MST method. Figure 2D is
the cable connection result obtained by DMST. Here, two types
of cables distinguished by color and the number in parentheses
are adopted. The numbers in parentheses indicate the type of
the cable. When the number of connected loads is less than or
equal to 2, a cable with a smaller capacity (black solid line, type
1) can be selected, and when the number of connected loads
exceeds 2, a cable with a larger capacity (red solid line, type 2)
should be selected. And it assumes that the unit cost of black
cable is 1 and that of red cable is 2. It can be seen that the cable

cost of MST is 7.3, and that the cable cost of DMST is 6.8.
Therefore, it demonstrated that the DMST method can obtain
lower cable cost than the MST method.

3.2 Scenario-Based Stochastic Optimal
Power Flow inOperation Optimization Layer
In the distribution network, there are many uncertain variables,
such as load, renewable energy generation and electricity price.
Taking into account these uncertainties, a scenario-based
stochastic model is adopted to optimize the operation of
distribution network.

The process of the scenario-based stochastic modeling is mainly
divided into three steps: scenario generation, scenario reduction and
scenario aggregation. Firstly, the RWM is used to generate the
original scenarios based on the probability density function of the
forecast error. In this paper, it is considered that the forecast errors of
load, PV output, wind power generation and electricity price obey
normal distribution. Secondly, similar scenarios and the scenarios
with low probability are omitted. Thirdly, the optimization problem
is solved under the remaining scenarios in a deterministic model,
and the expected solution results are obtained by the scenario
aggregation. More details on the modeling of the required
scenarios can be found in reference (Mohammadi et al., 2014).

The final value of the uncertain variable can be calculated by

Ps
n,m,t � Pforecast

n,m,t + ΔPs
n,m,t (23)

where n is the index of the uncertain variables, i.e., PV output,
WT output, load, and electricity price. m is the number of
uncertain variables with index n. Pforecast

n,m,t is the initial forecast
value and ΔPs

n,m,t is the estimated forecast error.
The length of each scenario is equal to the number of uncertain

variables multiplied by the time dimension. The structure of each
scenario can be expressed as follows.

[Ps
PV,1, . . . , P

s
PV,t, . . . , P

s
PV,T, P

s
WT,1, . . . , P

s
WT,t, . . . ,

Ps
WT,T, P

s
L,1, . . . , P

s
L,t, . . . , P

s
L,T, C

s
P,1, . . . , C

s
P,t, . . . , C

s
P,T] (24)

where Ps
PV,t is the PV output at hour t in the s th scenario. Ps

WT,t is
the WT generation at hour t in the s th scenario. Ps

L,t is the value
of the load at hour t in the s th scenario.Cs

P,t is the electricity price
at hour t in the s th scenario.NL is the total number of the loads.
T is the scheduling horizon of 1 day.

FIGURE 2 | Layout by MST and DMST (A) Undirected graph (B) MST before cable selection (C) MST after cable selection (D) DMST.
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Based on the generated scenarios, the optimal power flow
is carried out in MATPOWER 6.0 toolbox (Zimmerman et al.,
2011) to find the optimal operation strategy of the
distribution network, check the power flow
constraints, and calculate the operation cost of the
distribution network.

3.3 Proposed Optimization Framework
Combining the two optimization layers, the whole flow chart of
the optimization problem is shown in Figure 3. The main steps
are presented as follows.

Step 1. : Initialize the position and velocity of PSO particles, that
is, the potential construction location of substation, pumped
storage plant, PV and WT.

Step 2. : Use the DMST to connect the substation, pumped
storage plant, PV, WT and loads.

Step 3. : Calculate the cost of cables based on the topology
obtained in the previous step.

Step 4. : Generate a certain number of scenarios based on the
probability density function of the forecast error using the
roulette wheel mechanism.

Step 5. : Select the proper scenarios and delete the same and
improper scenarios.

Step 6. : According to the cable connection mode obtained in the
previous step, run OPF of the selected scenario to find the optimal

FIGURE 3 | Flowchart of the proposed bi-layer planning model.

Frontiers in Energy Research | www.frontiersin.org April 2022 | Volume 10 | Article 8649146

Qing et al. Network Planning With Geographical Restrictions

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


operation strategy that minimizes the operation cost of the
distribution network.

Step 7. : Calculate the total operating cost of the distribution
network based on the operation mode of the pumped storage
plant obtained in the previous step.

Step 8. : Fitness evaluation, that is, calculate the total cost of the
distribution network (cable cost plus operation cost).

Step 9. : According to fitness value, update the personal best and
the global best of the particles.

Step 10. : Determine whether the maximum number of iterations
has been reached. If it is achieved, terminate the algorithm and

output the result; if not, update the position and velocity of the
particle and go to step 2.

4 CASE STUDY

4.1 System Description
The proposed distribution planning method is tested on a
modified 103-bus distribution system with a base voltage of
34.5 kV. The original coordinates of the loads are referred to
(Carrano et al., 2005), and some modifications were made to
them for this study. In the modified 103-bus distribution
system, there are 99 loads with fixed position coordinates,
as well as one substation, one pumped storage plant, one PV
and one WT whose position coordinates need to be optimized.
It is assumed that the distribution network is connected to the
transmission network at coordinates (10, −5) km.
Geographical constraints are expressed in Table 1. The
modified system with the geographical location limitations
is shown in Figure 4. Seven types of cables are selected to
connect all components. Details of each cable are shown in
Table 2 (Carrano et al., 2005).

The load, photovoltaic power generation, wind power and
electricity price data are obtained from Denmark power grid. The
base load values for each load are obtained from (Carrano et al.,
2005). The rated active power of the photovoltaic is 1 MW. The
maximumwater quantity of the upper reservoir is 50,000 m3. The
total efficiency of pumped storage is 0.75, and the maximum
generating power is 1 MW. In this study, the pumping head is
60 m high. It is assumed that the total planning period is 15 years.
The total number of particle swarm is 25 and the maximum
iteration number is 100. The learning coefficients of PSO are 2.
The minimum and maximum values of inertia weight are 0.4 and
0.9, respectively.

TABLE 1 | Geographical constraints of each component.

Component x-axis (km) y-axis (km) Relationship between x-axis
and y-axis (km)

Substation [−0.5,12] [−2,−1] /
Pumped storage plant [11.25,12.75] [4.5,12] 15 Lx − 179.25≤ Ly ≤15Lx − 164.25
PV [1.5,3.5] [12.5,14.5] /
WT [8.5,11.5] [13.5,16] /

FIGURE 4 | 103-bus distribution network under study.

TABLE 2 | Cable parameters.

Type Resistance (Ω/km) Reactance (Ω/km) Nominal power (kW) Line installation cost ($/km) Maintenance cost ($/km)

1 1.6118 0.4853 2,817 32,126.23 1733.54
2 1.0145 0.4679 3,776 32,321.31 1733.54
3 0.6375 0.4505 5,115 32,653.55 1733.54
4 0.5205 0.4428 5,975 32,780.81 1733.54
5 0.4019 0.4331 6,860 33,378.78 1733.54
6 0.3184 0.4237 7,983 33,752.81 1733.54
7 0.2006 0.4026 10,828 34,100.00 1733.54
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According to the geographical constraints and optimization
procedure, the studies are categorized into 4 cases, as shown in
Table 3. Case 1 is the base case, in which the locations of the
components are random selected in the constrained zone, and the
planning and operation procedure are separated. In case 2, the
locations of the components are determined by experience of the
staff, i.e., the center of the constrained zone. In case 3 and case 4,

the locations of the components are determined by the proposed
method. The difference between case 3 and case 4 is the sequence
of planning optimization and operation optimization.

4.2 Experimental Results
The topologies of the distribution network planning problem in four
cases are shown in Figure 5. In Figures 5A,B,C,D are the topologies

TABLE 3 | Case description.

case Locations of the substation, pumped storage plant, PV and WT Planning procedure and operation procedure

1 At the random locations of the constrained zone Separated
2 At the left of the constrained zone Separated
3 To be optimized by proposed method Separated
4 To be optimized by proposed method Simultaneously

FIGURE 5 | Distribution network topology (A) Case 1 (B) Case 2 (C) Case 3 (D) Case 4.

TABLE 4 | The Coordinates of the 103-bus distribution network in four cases.

case Substation (km) Pumped
storage plant (km)

PV (km) WT (km)

1 0.58, −1.96; 12.38, 6.93; 1.63, 14.35; 8.66, 13.67;
2 5.75,−1.5; 12, 8.25; 2.5,13.5; 10,14.75;
3 8.08,−1; 11.25,4.5; 1.5,13; 11.5,14.16;
4 8.13,−1; 12.75,12; 1.5,14.5; 11.5,16;

TABLE 5 | The results of the 103-bus distribution network in four cases.

case NPV of
cable cost ($)

NPV of
operation cost ($)

NPV of
total cost ($)

1 8.419 × 106 1.7300 × 107 2.5719 × 107

2 8.277 × 106 1.7187 × 107 2.5464 × 107

3 7.847 × 106 1.7178 × 107 2.5025 × 107

4 7.849 × 106 1.7166 × 107 2.5015 × 107
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of the distribution network in case 1, case 2, case 3 and case 4,
respectively. The coordinates of the substation, pumped storage plant,
PV and WT in the four cases are shown in Table 4. In these figures,
the solid line represents one cable, and the dotted line represents two
cables of the same type. Different types of cables are distinguished by
color and the number in parentheses is the type of the cable.

From these topologies, it can be seen that all the loads, substation,
pumped storage plant, PV and WT in the studied distribution
network are connected without crossover. Meanwhile, the
locations of the substation, pumped storage plant, PV and WT
are also in the constrained zones. Details of the optimization results,
including the NPV of cable cost, the NPV of operation cost and the
NPV of total cost, are presented in Table 5.

Comparing the NPV of cable cost in the four cases, it can be seen
that the values of case 3 and case 4 are smaller than those of case 1
and case 2. The results of case 3 and case 4 are similar. It
demonstrated that, compared with experience oriented or
random selected locations, the proposed method helps to reduce
the total cost of the cable. Comparing the NPV of operation cost in
four cases, the lowest operation cost is obtained by case 4. This
indicates that the location and connection mode of the components
have an important influence on the operation of the distribution
network. It can be found that although the cable cost of case 4 is

higher than case 3, the operating cost of case 4 is much smaller than
case 3, so theminimum total cost is obtained from case 4. This shows
that when the topology optimization and operation optimization of
the distribution network are separated, although the distribution
network topology with smaller equipment investment cost can be
obtained, the corresponding operating cost may not be minimal.
Because the operation cost accounts for a large proportion of the
total cost, the result of combining topology optimization and
operation optimization is better than that of separating them. In
order to improve the economic benefits, it is necessary to combine
the planning optimization and operation optimization of the
distribution network.

To prove the effectiveness of the proposed method, the economic
dispatch of pumped storage plant in a selected scenario is presented
in Figure 6. From Figure 6, it can be seen that pumped storage
pumps water when the electricity price is low, and generates
electricity when the electricity price is high, which can increase
the profit of the distribution network operator.

To further verify the effectiveness of the proposed PSO-based
method, the performance of the PSO-based method is compared
with genetic algorithm (GA) and harmony search (HS) in case 4. The
comparison results are shown in Figure 7. It shows that the PSO-
based method converges quickly and its optimization result is better
than two other methods under the same experimental environment.

5 CONCLUSION

In this paper, an integrated planning optimization model for the
distribution network with geographical restrictions is established. The
integrated planning optimization model is divided into two layers. In
the planning optimization layer, the PSO method is used to optimize
the locations of the substation, pumped storage plant, PV and WT,
and then the DMST method is used to connect all the components
without crossover. In the embedded operation optimization layer,
considering the uncertainty of load, illumination intensity, wind speed
and electricity price, a scenario-based stochastic OPF is carried out
and the dispatch of the pumped storage plant is determined. The
dispatch results show that the operating state of the pumped storage is
closely related to the electricity price. It charges when the electricity
price is low and discharges when the electricity price is high. By using
the proposed method, both the total cost of the cable and the
operation cost of the distribution network are reduced. In
addition, the PSO-based optimization method is compared with
the GA and the HS. The comparison results show that the PSO-
basedmethod converges faster and obtains better experimental results
than the other two methods. In summary, the proposed method can
provide cost-effective guidance for the planning and operation of
distribution network with the consideration of geographical
constraints.
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