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Abstract

Existing methods plan the distribution network and sub-transmission network separately.
This paper proposes a collaborative renewable energy resource siting and sizing planning
method for distribution and sub-transmission networks to increase the renewable energy
ratio in high-load density industrial parks and promote the hosting capacity of the power
grid. First, to accurately measure planning effectiveness, a renewable energy ratio calcu-
lation method is proposed, which comprehensively considers the contributions of green
electricity from the power grid and renewable energy generation inside and outside the
industrial park. Second, a collaborative planning model is proposed, which optimizes
access points and access capacity in the distribution and sub-transmission networks for
renewable energy around the park. The net load is better matched with the output of
renewable energy outside the park through demand response, thereby maximizing the
utilization of the park load to host more renewable energy. Finally, the proposed method is
verified in a real industrial park. The method outperforms traditional planning methods in
terms of renewable energy ratio in the park and renewable energy hosting capacity outside
the park.

Keywords: distribution network; sub-transmission network; renewable energy; hosting
capacity; renewable energy ratio

1. Introduction
Developing renewable energy (RE) is an important means to combat global warming

and fossil fuel depletion and to achieve climate goals and energy transition. In 1990,
the percentage of global electricity generated by photovoltaic (PV) energy was less than
0.0007%; in 2020, that number was 3.4% [1]. The “Fit for 55” (“FF55”) package provides
for a European target of a reduction in net emissions of at least 55% by 2030 [2]. In the
United States, wind energy is expected to provide 20 percent of the U.S. energy production
portfolio by 2030 [3], while China plans to achieve an annual renewable energy penetration
of more than 60% by 2050 [4].

Massive renewable energy interconnections in the grid solve the energy supply prob-
lem; at the same time, they bring challenges, including overvoltage, power harmonic
distortion, and static and dynamic stability issues [5]. The hosting capacity (HC) of a
system identifies the acceptable degree of renewable energy penetration under given
circumstances, including operational and security constraints [6,7].
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Existing research on how to improve the HC mainly focuses on the distribution
network. Much research has been conducted on maximizing the HC of the distribution
network. Network reconfiguration can significantly improve the HC of the distribution
network through switching operations [8]. However, frequent reconfigurations can cause
problems such as transient instability and increased operational costs [9]. A formulation
that avoids frequent reconfigurations is adopted to improve the HC of the distribution
network in Ref. [10]. Ref. [11] proposes a network reconfiguration scheme that minimizes
power loss as the objective function, with ampacity violation and total harmonic distortion
as major constraints; this scheme results in a 166% increase in HC. Ref. [12] aims to
minimize carbon emissions through the operation of capacitor banks and voltage regulator
devices, while simultaneously increasing HC. Besides on-load tap changers [13], capacitor
banks [14], and static var compensators [15], customer flexibility resources are also an
important means to address voltage violations. Ref. [16] proposes a demand-response (DR)-
based load-shifting scheme to resolve voltage violations and improve HC. Ref. [17] applies
battery energy storage systems to improve the HC of unbalanced three-phase distribution
networks. Ref. [18] improves HC by modifying electric vehicle charging demand and
reducing renewable energy curtailment.

Some scholars have carried out studies to improve HC from the perspective of the
sub-transmission network. The sub-transmission network, as an intermediate grid between
the distribution and transmission systems, receives electric energy from the transmission
network and delivers it to the distribution network [19]. By connecting renewable energy to
the sub-transmission network [20,21], redistribution of renewable energy among multiple
distribution networks connected to it can be realized [22]. Ref. [20] suggests that renewable
energy power plants with a rated power of less than 100 MW should connect to the sub-
transmission network, stepping up from 36 kV. This leads to better hosting of renewable
energy. Voltage issues are among the main factors that limit HC in the sub-transmission
network. Ref. [21] proposes a two-stage coordinated control framework to address the
negative voltage impacts caused by wind power fluctuations, thereby improving the HC
of wind power. Ref. [23] proposes a reactive power planning method to mitigate voltage
violations and fluctuations caused by high PV penetration with a minimum investment
cost, which increases the HC of the sub-transmission network.

Despite the extensive literature on improving the HC of distribution networks or
sub-transmission networks, studies on HC considering both distribution networks and
sub-transmission networks are rather limited. Ref. [24] presents a sub-transmission and
distribution network expansion planning method to minimize investment and reliability
costs but does not involve HC. Ref. [25] proposes an optimal planning scheme for integrated
transmission and distribution networks with distributed generation, but the study does
not mention how to improve HC. Ref. [26] proposes a method to coordinate operations
between transmission system operators and distribution system operators to increase the
penetration of PV and electric vehicles; however, the resulting HC improvement is confined
to the distribution network. In China, large urban power grids are typically composed of
sub-transmission networks and distribution networks that are closely interconnected. If
the sub-transmission networks and distribution networks are planned collaboratively to
optimize the siting and sizing of distributed energy resources, it is likely to enhance the
system’s HC. A summary of relevant literature on HC improvement is shown in Table 1.
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Table 1. Summary of relevant literature on HC improvement.

Perspective Refs. Methodology Objective Function Test System Opportunities for Improvement

Distribution network

[8,10] Network reconfiguration Maximize DG outputs IEEE 123-bus system Frequent reconfigurations, high
cost, and safety risks.

[9,11] Network reconfiguration Maximize DER HC, minimize
power losses IEEE 33-bus system Neglects practical and economic

constraints.

[15] Coordinate Secondary VAr
Controllers and smart inverters Maximize PV HC Keolu substation Highly dependent on user

behavior.

[16] Residential DR Minimize customer costs IEEE 15-bus system Sensitive to user participation
uncertainty.

[17] Optimal battery energy storage
systems allocation

Minimize active power
unbalance IEEE 34-bus test system Excludes energy storage

investment.

[18] Electric vehicle-based energy loss
and economic loss mitigation

Maximize charging point
operator profits Jeju Island distribution network Relies on accurate prediction of

user behavior.

Sub-transmission network

[20] New 36 kV standard voltage level for
precise power-plant scale matching

Maximum RES generation
capacity Southern Italy power grid Limited scalability, dependent on

local grid conditions.

[21] On-load tap changers and virtual
power plants Minimize voltage deviation IEEE 14-bus/IEEE 30-bus system Relies on accurate wind power

forecasting.

[23] Reactive power planning to mitigate
voltage violations Minimum investment cost Duke Energy Carolina

sub-transmission
Dependent on precise reactive
power support

Integrated
[24] Simultaneous planning of

distribution and sub-transmission
Minimize investment, operation
costs 230/138/13.8 kV test network Preset candidate sites for RE, limits

solution flexibility.

[25] Optimal planning of distribution &
sub-transmission Minimize the operation costs T24D9/IEEE 33-bus

system/IEEE 118-bus system
High computational burden,
idealized DG controllability
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In addition, according to existing studies and relevant grid codes, renewable energy
power plants access the grid at a single voltage level. In Ref. [27], a distributed renewable
energy power plant connects to the 10 kV distribution network. In Germany, it is required
that renewable energy power plants with a rated power greater than 80 MW connect
to the network at 110 kV [22]. According to Chinese national grid codes, distributed
renewable energy power plants with rated power of 0.4 MW~6 MW should connect to the
10 kV distribution network [28]; renewable energy power plants with a rated power of
6~30 MW connect to the 35 kV distribution network [29], and those with a rated power
of 30 MW~50 MW connect to the 110 kV distribution network [30]. For renewable energy
power plants with a rated capacity exceeding 50 MW can only connect to the 220 kV
sub-transmission network. However, since renewable energy power plants access the
network at a single voltage level, large-capacity renewable energy power plants located
near high-load industrial parks must connect to a transmission network. Consequently,
electricity must be transmitted through networks at multiple voltage levels, and then back
to the adjacent industrial parks, leading to several inefficiencies: (1) it prevents the direct
and local utilization of renewable energy; (2) it introduces additional energy losses due to
multi-voltage-level transmission; (3) it is not conducive to increasing the renewable energy
ratio in high-load industrial parks.

In summary, existing studies have conducted collaborative planning between the
distribution and sub-transmission networks or transmission networks, but no research has
been conducted on how to improve the overall HC. Moreover, in current planning codes,
renewable energy power plants can only connect to a single voltage level, resulting in a
lower renewable energy ratio and higher loss. To address the above two issues, this paper
proposes a collaborative planning method to host distributed energy resources. The main
contributions of the paper are as follows:

(1) This paper proposes a collaborative renewable energy resource siting and sizing
planning method for the distribution and sub-transmission networks. Both access
points and access capacities in the distribution and sub-transmission networks are
optimized to host more renewable energy.

(2) A renewable energy ratio calculation method is proposed, which comprehensively
considers the contributions of green electricity from the power grid and renewable
energy generation inside and outside of the industrial park.

(3) Contrary to traditional planning methods, renewable energy power plants can be
connected to different voltage levels of the power grid.

(4) By matching the net load of the park with the output of renewable energy power
plants, the park load is better used to host more renewable energy.

The rest of the paper is organized as follows: Section 2 introduces the renewable energy
hosting indicators. Section 3 proposes the collaborative planning method. Section 4 verifies
the proposed method in a real industrial park in China. Section 5 concludes this paper.

2. Renewable Energy Hosting Indicators
2.1. Power Penetration Rate

The power penetration rate (λPP) represents the percentage of annual maximum output
power of all distributed renewable energy (DRE) sources relative to annual maximum
load [31,32], and is given as:

λPP = Pmax
DRE/Pmax

load × 100% (1)

where Pmax
DRE is the annual maximum output power of all DRE in the industrial park; Pmax

load is
the annual maximum load in the park.
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2.2. Capacity Penetration Rate

The capacity penetration rate (λCP) represents the percentage of annual maximum
hourly electricity generation of DRE relative to annual maximum hourly electricity con-
sumption of the load [31], and is given as:

λCP = Smax
DRE/Smax

load × 100% (2)

where Smax
DRE is the annual maximum hourly electricity generation of DRE, and Smax

load is the
annual maximum hourly electricity consumption of the load.

2.3. Energy Penetration Rate

The energy penetration rate (λEP) represents the percentage of annual electrical energy
provided by DRE relative to the annual electricity consumption of the load [31] and is
given as:

λEP = EDRE/Eload × 100% (3)

where EDRE is the annual electrical energy provided by DRE, and Eload is the annual
electricity consumption of the load.

2.4. Renewable Energy Ratio
2.4.1. Definition

The renewable energy ratio (λRER) represents the percentage of annual green electricity
consumption to annual electricity consumption [33,34] and is given as:

λRER = ERE/Eload × 100% (4)

ERE = EDRE + EGRE + EPRE (5)

where ERE is the annual green electricity consumption, EGRE is green electricity from the
power grid, and EPRE is the electricity generated by renewable energy power plants outside
the industrial park and consumed by the park’s load.

2.4.2. Calculation Method

The renewable energy ratio is a key metric for evaluating the performance of the
proposed planning method. Ref. [32] considers both green electricity from the upper
power grid and renewable energy generated locally within the park, whereas Ref. [33]
only considers renewable energy power plant that connect to the local network where
the park is located, disregarding green electricity from the power grid. That is, existing
planning methods [33,34] lack a comprehensive framework that simultaneously considers
grid-supplied green electricity, nearby renewable power plants, and distributed renewable
energy within the park.

The renewable energy ratio is a key indicator for evaluating the effectiveness of
planning methods. Using existing methods to calculate the renewable energy ratio fails to
accurately reflect all the green electricity hosted by the park, leading to an underestimation
of the renewable energy ratio. To address this issue, this paper proposes a renewable energy
ratio calculation method shown in Figure 1.

The method is as follows.
Step 1: Data preparation.
Obtain power grid data around the park. Then forecast 8760 h load PL,t, output of

distributed renewable energy PDRE,t, and output of renewable energy power plants PPRE,t

for the planning year.
Step 2: Power flow calculation.
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Calculate the power flow of the sub-transmission network around the park for 8760 h
with a step size of 1 h.

End

Step 2: power flow calculation

Calculate the power flow of 110 kV sub−transmission network 
surrounding the park  in the t−th period.

t < 24
Y

N

Step3:renewable energy 
ratio calculation 

The power flow flows 
from inside the park to

 outside the park.

Y N

Initialize  power flow calculation time t and calculation period Tcp. 
t=1, Tcp=1.

Get power grid data around the park and forecast 8760 hours of 
load PL,t in the planning year.

Tcp < 365
Y

N

Tcp= Tcp+ 1

Start
 Step 1: data preparation.

C a l c u l a t e  green 
electricity ERE,t .  ERE,t=PL,t .

Calculate green electricity ERE, t . 
ERE,t=PDRE,t  +kPGRE,t + PPRE,t.

Calculate renewable energy ratio  λRER.  

t=t+1


365 24

,t
T =1 t=1

E = EcpRE RECalculate the annual green electricity  ERE.

Forecast the output of DGs PDRE,t for 8760 hours and the output of 
renewable energy power plant PPRE,t.

t=1

365 24RER RE L,1 1cp

t
T t

E Pλ
= =

= 

Figure 1. Renewable energy ratio calculation process.

Green electricity hosted by the park during time t is denoted as ERE,t. ERE,t can be
calculated based on the direction of the power flow:

(a) When the direction is from inside to outside the park, ERE,t is equal to the load PL,t,
as follows:

ERE,t = PL,t (6)

(b) When the direction is from outside to inside the park, ERE,t is the sum of PDRE,t, kPGRE,t,
and PPRE,t, as follows:

ERE,t = PDRE,t + kPGRE,t + PPRE,t (7)
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where k is a known parameter denoting the renewable energy ratio of the power grid,
PGRE,t is the power supplied from the power grid to the park (obtained by power flow
calculation), and PPRE,t is the power from renewable energy power plants flowing from
outside to inside the park.

Equation (9) shows that the green electricity from the power grid, the renewable
energy power plants around the park, and the DRE within the park are all considered.

PPRE,t is obtained through power flow tracing; the calculation formula for power flow
tracing is as follows [34]:

PPRE,t = PL,t

/
∑

i∈M
PPRE∈PG,i

PG,t,i (8)

where PG,t,i is the power of the i-th power source at time t and M is the number of power
sources.

The power flow tracing is illustrated in Figure 2. The output power of the renewable
energy power plant outside the park and that of the power grid are 200 MW and 50 MW,
respectively. The loads outside the park and within the park are 100 MW and 150 MW,
respectively. The portion of renewable energy flowing into the park is: 150 × (200/250) =
120 MW.

200MW

50MW

100MW

150MW

R e n e w a b l e  e n e r g y 
power plant 

E l e c t r i c i t y  from 
power grid

Load of  the 
industrial park

Load out of  the 
industrial park

Figure 2. Demonstration of power flow tracing.

Step 3: Renewable energy ratio calculation.
ERE is calculated as follows:

ERE =
365

∑
Tcp=1

24

∑
t=1

ERE,t (9)

The renewable energy ratio is calculated as follows:

λRER = ERE

/
8760

∑
t=1

PL,t (10)

3. Planning Method
3.1. Collaborative Planning Model

In practical planning, the selection of access points is strictly constrained by real-
world factors such as geographical boundaries, administrative jurisdictions, community
acceptance, and substation space resources. The number of truly feasible access points
is typically very limited, often narrowed down to a few candidate options. In response
to these common real-world constraints, this paper focuses on the optimization of access
points and access capacity allocation for a single renewable energy power plant with a
predetermined location.

Currently, renewable energy power plants access the network at a single voltage level.
The voltage level of renewable energy access to the network is determined based on the
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installed capacity of the power plants [21,25,26]. For instance, in China, power plants with
a rated power of 50 MW are required to access the distribution network at 110 kV. This
paper proposes a planning approach for renewable energy power plants connecting to the
network at two voltage levels. For large-capacity renewable energy power plants located
near industrial parks with heavy loads, a portion of their capacity is proposed to connect to
the sub-transmission network at one voltage level, and the remaining capacity is proposed
to connect to the distribution network at another voltage level.

The collaborative planning method aims at jointly optimizing RE access locations and
capacity at the sub-transmission and distribution networks. In this paper, the distribution
network is located inside an industrial park, and the sub-transmission network is located
around the park. The collaborative planning includes the following two steps.

The first step is distribution network planning. Usually, the distribution network
planning model takes HC maximization [8–10,15] as the objective function, and voltage,
current, and thermal limits as constraints. The model in Ref. [8] is shown in Appendix A.
After aggregating the load of the industrial park, the net load is obtained as an input
variable for the next step.

The second step is sub-transmission network planning.
The proposed sub-transmission network planning model is as follows:

max
Zdis,acc

∑
t

PS
RE,t (11)

Subject to:
Zdis,n = Vn/In n = 1, 2, 3 · · · N (12)

Zdis,acc = min[Zdis,1, Zdis,2, Zdis,3 · · · Zdis,N ] (13)

PG,t + PS
RE,t − P′

net,t = VS
i ∑

j∈i
VS

j

(
GS

ij cos θS
ij + BS

ij sin θS
ij

)
i, j ∈ NS (14)

QG,t + QS
RE,t − Q′

net,t = VS
i ∑

j∈i
VS

j

(
GS

ij cos θS
ij + BS

ij sin θS
ij

)
i, j ∈ NS (15)

VS
min ≤ VS

i ≤ VS
max i ∈ NS (16)∣∣∣IS

ij

∣∣∣ ≤ IS
ij,max i, j ∈ NS (17)

PS,min
RE ≤ PS

RE ≤ PS,max
RE (18)

λMD =
∥
(

P′
Net,t−ηPS

RE,t

)
∥2

∥
(

PNet,t−ηPS
RE,t

)
∥2

t = 1, 2 . . . . T (19)

λMD =
∥
(

P′
Net,t−ηPS

RE,t

)
∥2

∥
(

PNet,t−ηPS
RE,t

)
∥2

t = 1, 2 . . . . T (20)

η =max(PNet,t)
/

max
(

PS
RE,t

)
∀t (21)

∑
t∈T

P′
Net,t = ∑

t/∈T
PNet,t (22)

Equation (11) is the objective function to maximize the sub-transmission network HC,
where Ps

RE,t is the power of RE connected to the sub-transmission network at time t. Zdis,ass

is the electrical distance between the access point and the industrial park.
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There are two key measures to maximize the sub-transmission network HC. First,
choose the access point with the shortest electrical distance, as shown in Equation (13);
second, match the net load with RE output, as shown in Equations (20) and (21).

The constraints of the model consist of two parts. Equations (12) and (13) calculate
the electrical distance of every feasible access point and choose the one with the shortest
electrical distance as the candidate access point. The remaining constraints maximize the
RE capacity connected to the candidate access point, with (14)–(18) being conventional
electrical constraints and (19)–(22) being matching-degree constraints.

Equation (12) is the electrical-distance calculation formula, where Zdis,n is the electrical
distance from feasible access point n to the industrial park. N is the total number of feasible
access points. Vn and In denote the voltage and current between feasible access point n and
the industrial park, respectively.

Equation (13) denotes that feasible access points with the shortest electrical distance
are chosen as candidate access points.

Equations (14) and (15) are the active and reactive power balance constraints at each
node in the sub-transmission network, where PG,t and QG,t are the active and reactive
power from the power grid. P′

net,t and Q′
net,t are active and reactive net loads after users in

the park respond to DR instructions by shifting the electricity consumption period; Vs
i is the

voltage of node i; Gs
ij and Bs

ij represent the branch conductance and susceptance between
nodes i and j; and θs

ij is the voltage-angle difference between nodes i and j.
Equation (16) indicates that the voltage at each node must be within the minimum

voltage limit (Vs
min) and maximum voltage (Vs

max) limit.
Equation (17) is the thermal capacity constraint; Is

ij,max is the max thermal capacity
between nodes i and j.

Equation (18) indicates that the power from RE connected to the sub-transmission
network must be within the minimum (P,s,min

RE ) and maximum (P,s,max
RE ) limits specified by

grid codes.
Equation (19) is the matching-degree constraint, where λMD is the matching degree

and λmin is the minimum value of λMD.
Equation (20) is the λMD calculation formula. The value range of λMD is [0,1]. The

smaller the λMD, the better PL,T is matched with PNet,t.
Equation (21) is the η calculation formula and η is a coefficient that makes PNet,t and

PRE,t of the same order of magnitude.
Equation (22) is the DR constraint: user load within a scheduling cycle remains the

same before and after participating in DR.

3.2. Collaborative Planning Method

The method proposed in Section 3.1 is a discrete–continuous optimization problem.
Conventional heuristic algorithms, such as the genetic algorithm and particle swarm
optimization, can be employed to obtain optimal solutions; however, as introduced in
Section 3.1, the scale of the solution space is significantly reduced after real-world con-
straints are taken into account, and the contribution of this work is not intended as a
comparative study of optimization techniques. The deterministic approach ensures the fea-
sibility of the solution while avoiding the computational overhead of heuristic algorithms.

In practical planning, the number of feasible locations for renewable energy access
is limited. An appropriate access location can be selected through techno-economic com-
parisons based on economic efficiency and operational rationality [35]. Regarding access
capacity, it can be incrementally increased within a certain range by setting a step size
and verified via power-flow calculations to ensure compliance with voltage and capacity
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constraints. The computational procedure of the deterministic method is elaborated in
detail below.

The HC model for the distribution network, as defined in Appendix A, is solved
through an iterative process. This process involves adjusting the RE access capacity and
verifying constraints via power-flow calculations until the optimal solution is reached.

There are three steps to solve the sub-transmission network HC model, and the
flowchart is shown in Figure 3.

i=i+1

Access      at access point Si 

Constraints 
(15)–(19) satisfy

i<N

N

Y

Sub-transmission network 
power flow calculation

Sa=Sa+Si

Sa=[Sa,1,Sa,2,Sa,3…...Sa,n]

minS S,P = PRE REInitial                     , i=0, Sa =[],

Net load match with 
Output of RE with 

Sub-transmission network 
power flow calculation

Output：
-Access point Sacc

Calculate electrical distance 
Zdis,acc=min(Zdis,1,Zdis,2,Zdis,3…...Zdis,n)

Access      at access point Sacc

Output： 

Start

End

-Access capacity

Network data,RE and load forecast data，
C al c ul at e  n e t  lo a d o f  di s t r i b u t io n 
network.

feasible access points S=[S1,S2,S3…...SN]

Constraints 
(15)–(21) satisfy

Y

N

Set distribution network 
as PQ node

P = P + PD
net L RE

Y

N

Step 1: data preparation

Step 2:  access location 

Step 3: access capacity 

S S SP = P +ΔPRE RE RE

λMD

Zdis,n

SPRE

SPRE

SPRE

Figure 3. Solution process of the sub-transmission network HC model.

Step 1: Data preparation.
Data preparation is implemented in Step 1, including network data, RE, and load

forecast data.
Step 2: Determine RE access location in the sub-transmission network.
All buses in the sub-transmission network that can be accessed by RE constitute a

feasible set, S = [S1, S2, S3, . . ., SN]. Perform the power-flow calculation by letting the RE
resource access each bus in S sequentially. Those access points that satisfy all constraints
form a candidate set Sa = [Sa,1, Sa,2, Sa,3, . . ., Sa,n], Sa ∈ S. The RE access capacity in
the power-flow calculation is set to P,s,min

RE , which is the minimum capacity specified by
grid codes. Calculate the electrical distances from Sa to the industrial park, denoted
as Zdis,1, Zdis,2, Zdis,3, . . ., Zdis,n. The access point with the shortest electrical distance,
Zdis,acc=min(Zdis,1, Zdis,2, Zdis,3, . . ., Zdis,n) is selected and denoted as Sacc.

Step 3: Determine RE access capacity in the sub-transmission network.
The net load of the park can be calculated by combining the amount of RE capacity

connected to the distribution network with the park’s load. Users in the park participate in
DR. By responding to DR instructions and shifting their electricity consumption periods,
they align their load profiles with the RE output [36]. First, perform the power flow-
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calculation using the minimum allowable RE access capacity at the given voltage; then,
increase the RE access capacity incrementally until any of the constraints (15)–(21) is
violated. The capacity of renewable energy resources that connect to the power grid
typically ranges from several kilowatts to several hundred megawatts. To balance solution
accuracy with computational efficiency, a step size of 1 kW is adopted. For renewable
energy power plants with capacities of several hundred megawatts, the step size can
initially be set to 1 MW to narrow the solution space and then refined to 1 kW to ensure
precise results.

4. Case Study
4.1. Case Information

In the following analysis, consider the example of an industrial park in Tianjin, China,
with an area of 18.8 km2. The load is mainly industrial and commercial, with an annual
electricity consumption of 353.77 million kWh in 2023. There are two 110 kV substations in
the park. The current power grid structure of the park and its surrounding area is shown
in Figure 4. All conductor types from substations S1 and S2 to substations A and B are
LGJ-300. There is a 40 MW wind farm (WF) C, located 5 km away from the park. WF C
connects to the 110 kV high-voltage distribution network outside the park.

110kV high−voltage
distribution network

EV

10kV distribution 
network

220kV sub−
transmission network

40MW

Substation A

Substation B

T1

T2

T3

T4

T5

WF D

Substation S1

Substation S2

Substation S

Tie line 1

Tie line 2 − −

Figure 4. Current power grid structure of the industrial park and surrounding area.

In China, distribution networks are categorized into high-voltage distribution net-
works (110 kV), medium-voltage distribution networks (10 kV), and low-voltage distribu-
tion networks (0.4 kV) [27]. Sub-transmission networks operate at voltages such as 220 kV.

4.1.1. Current Year Data

There are two 50 MVA transformers in substation A, three 50 MVA transformers in
substation B, and 27 10 kV feeders in the industrial park. All conductor types of the main
feeder are JKLYJ-240. The structure of the 10 kV distribution network in the park is shown
in Figure 5.

Substation A
T1 T2

F3 F8F1 F2 F5F4 F7 F9 F10F6 F11

F24F21 F22 F23 F25 F26 F27 F28 F29 F30 F31 F32 F33

T3 T4
Substation B

contact switch
photovoltaic

F34 F35 F36

T5

F13F12

PV

PV

PV

Breaker

Figure 5. Current structure of 10 kV distribution network.
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The total installed capacity of DRE in the park is 1.87 MWp, and the total load is
64.41 MW.

In the current 10 kV distribution network of the industrial park, feeder 21 hosts
distributed PV systems with a total capacity of 1.87 kWp. Of this, 0.4 kWp is accessed at
0.4 kV, and 1.47 kWp is accessed at 10 kV. Installed capacity of PVs in the park is shown in
Table 2, and the output of the PVs on a typical day is shown in Appendix B, Figure A1.

Table 2. Current PV parameters of the park.

Feeder Number
PV Installed Capacity/kWp

Total
0.4 kV 10 kV

F21 0.4 1.47 1.87

Parameters of the load of each 10 kV feeder are shown in Table 3.

Table 3. Current 10 kV load of the park.

Feeder Load/MW Feeder Load/MW Feeder Load/MW Feeder Load/MW Feeder Load/MW

T1 T2 T3 T4 T5

F1 1.09 F7 0.88 F21 1.43 F28 0.84 F35 1.4
F2 2.33 F8 2.93 F22 2.72 F29 2.56 F36 1.14
F3 0.11 F9 4.29 F23 0.82 F30 3.86
F4 2.46 F10 1.94 F24 3.19 F31 3.68
F5 3.01 F11 2.35 F25 0.67 F32 0.74
F6 3.61 F12 5.56 F26 2.12 F33 4.4

F13 1.85 F27 2.85 F34 3.05

Total 64.41

The renewable energy ratio of the power grid is 16.07% in the current year and is
expected to reach 33% in the planning year.

4.1.2. Planning Year Data

By 2030, a new 200 MVA wind farm, WF D, will be built outside the park. The typical
daily output curve of WF D is shown in Appendix B, Figure A2.

The load of the park will increase to 115.89 MW in 2030, and the total load will be
180.3 MW, as shown in Table 4.

Table 4. 10 kV load of the park in the planning year.

Feeder Load/MW Feeder Load/MW Feeder Load/MW Feeder Load/MW Feeder Load/MW

T1 T2 T3 T4 T5

F1 2.53 F6 7.42 F21 8.55 F31 6.93 F35 1.4
F2 7.12 F7 7.93 F22 7.31 F32 7.25 F36 1.14
F3 8.63 F8 6.74 F23 7.64 F33 6.83 F37 4.1
F4 7.95 F9 6.31 F24 8.23 F34 7.85 F38 3.7
F5 8.01 F10 5.43 F25 7.12 F35 2.94 F39 6.6

F11 8.75 F26 7.84 F36 8.05

Total 180.3

Flexible load of the park includes air conditioners, electric vehicles, and other non-
continuous production loads. The power-consuming time of the flexible load can be
advanced or delayed by up to 3 h.
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The total installed capacity of distributed PVs will reach 74.1 MWp, as shown in
Table 5. Distributed PVs connected to the 0.4 kV network total 5 MWp, and those connected
to the 10 kV network total 69.1 MWp.

Table 5. Distributed PV of the park in the planning year.

Feeder Number
PV Installed Capacity/kWp

Total
0.4 kV 10 kV

F3 1.2 6.8 8
F6 0 1.9 1.9

F11 0.4 6 6.4
F22 0.3 16 16.3
F24 1.6 5 6.6
F27 0.4 6 6.4
F31 1.1 1.7 2.8
F34 0 9 9
F37 0 6.3 6.3
F39 0 10.4 10.4

Total 5 69.1 74.1

4.2. Planning Process

The 10 kV distribution network of the industrial park is planned according to the
load and PV of the park, and the result is shown in Appendix C, Figure A3. The 110 kV
high-voltage distribution network is planned according to the optimal method in Ref. [10],
with the 40 MW wind farm connected to SD, as shown in Figure 6.

110kV high−voltage
distribution network

EV

10kV distribution 
network

220kV sub−
transmission network

40MW

Substation A

Substation B

T1

T2

T3

T4

T5

WF C

Substation S1

Substation S2

Substation S

160MW 40MW

WF D

S
3S DS

− −

Figure 6. Power grid structure of the park and surrounding area in the planning year.

Collaborative planning of sub-transmission network is as follows:
Step 1: Data preparation.
The grid structure is shown in Figure 4. The park load in the planning year is shown

in Table 4. The annual output of WF D for 8760 h is predicted using Meteodyn WT 5.0 with
longitude, latitude, and installed capacity as inputs, and the output curve of WF is shown
in Figure A2.

Step 2: Determine RE access location in the the sub-transmission network.
The feasible set that RE can connect to is S = [SS

1 ,SS
2 ,SS

3 ,SS
4 ,SS

5 ], as the black dots in
Figure 7.

Substation S1

Substation S2

Substation S

S
1S

S
2S S

3S

S
4S

S
5S

Figure 7. Feasible access locations.
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The minimum RE access capacity is 100 MW, specified by Ref. [30]. All five feasible
access locations meet constraints (15)–(19) after power-flow calculation, so the candidate
access location set is Sa = [SS

1 ,SS
2 ,SS

3 ,SS
4 ,SS

5 ]. SS
3 is chosen as the optimal access location as it

has the shortest electrical distance, 3.09 Ω.
Step 3: Determine RE access capacity in the sub-transmission network.
Net load calculation for a typical day is in Appendix D.2, and the net load after

matching with RE is shown in Appendix D.2, Figure A4, with λMD = 0.93. Due to page
limitations, data for 8760 h are not listed. PS,min

RE starts from 100 MW and gradually increases
with ∆PS

RE = 1 MW; perform power-flow calculations and check constraints (15)–(19).
The remaining capacity of WF D is 160 MW, which satisfies all constraints and is the
optimal capacity.

With RE access locations and capacity obtained above, the power grid structure of the
park and the surrounding area in the planning year is shown in Figure 6.

4.3. Hosting Indicators Calculation

According to Section 2 and the renewable energy ratio calculation process in Figure 2,
hosting indicators are calculated. The calculation process is given in Appendix D.1, and the
results are shown in Table 6.

Table 6. Renewable energy hosting indicators of the current year and the planning year.

Hosting Indicators Current Year Planning Year

λPP 2.61% 42.13%
λCP 2.59% 41.7%
λEP 0.63% 9.25%
λRER 16.60% 52.85%

It can be seen from Table 6 that all four hosting indicators are significantly improved
in the planning year compared with the current year.

The changes in the first four indicators are due to the PV capacity in the park increasing
far more than the load. For example, consider λPP. The maximum annual output of all PVs
is 1.68 MW in the current year and increases by over 45 times, reaching 75.97 MW in the
planning year, whereas the maximum annual load in the park is 64.41 MW in the current
year, and increases by less than three times to 180.3 MW. So λPP increases by over 15 times,
from 2.61% to 42.13%.

The increase in λRER is due to three reasons. First, the growth in PV capacity signifi-
cantly outpaces the increase in load demand. Second, the renewable energy ratio of the
power grid increases from 16.07% in the current year to 33% in the planning year. Third,
WF D connects to the distribution network and sub-transmission network simultaneously,
which provides additional green electricity. Taking these three reasons into consideration,
λRER increases by 36.25%.

4.4. Comparison with Existing Method

The traditional method refers to renewable energy power plants connecting to the grid
at a single voltage level [22,28,30,35]. The choice of voltage level is based on the installed
capacity of the renewable energy plant. For example, the capacity of WF D is 200 MW;
according to Ref. [30], it should be connected to the grid at the 220 kV voltage level, as
shown in Figure 8. The method proposed in this paper involves connection to both the
high-voltage distribution network at 110 kV and the sub-transmission network at 220 kV,
as illustrated in Figure 9. The following provides a comparison of the two approaches.
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Substation 

Substation S1
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3×50
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wind power plant

110kV transmission line
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% ratio of renewable energy

220kV transmission line

Power grid out of the park
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Industrial park

Figure 8. Green electricity power flow at 14:00 on a typical day using the traditional planning
method [30].
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22.63+j7.44
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160

220kV substation

wind power plant
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% ratio of renewable energy
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Figure 9. Green electricity power flow at 14:00 on a typical day using the proposed planning method.

4.4.1. Comparison of Renewable Energy Hosting Indicators

The power grid structure of the park and surrounding area in the planning year using
the traditional method is shown in Appendix D.3, Figure A5. The planning scheme of the
traditional planning method and hosting-indicator calculation process are in Appendix D.3.
The hosting-indicator calculation process of the planning method in this paper is given in
Appendix D.2. The results are shown in Table 7.
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Table 7. Renewable energy hosting indicators in the traditional planning method and this method.

Indicators
Planning Year

Traditional Planning Method Planning Method in This Paper

λPP 42.13% 42.13%
λCP 42.27% 41.7%
λEP 9.25% 9.25%

λRER 47.60% 52.85%

The first four indicators are the same because they are all about DRE in the park.
However, the renewable energy ratio in this method is 5.25% higher than in the traditional
planning method; the reasons are as follows:

(1) Shorten the distance between the renewable energy power plant and the park. Part
of WF D connects to the distribution network, with the length of the transmission
line reducing from 12 km to 4 km. The electrical distance of the transmission line [37]
decreases from 2.24 Ω to 0.75 Ω.

(2) Shift the load of the park through the matching method to the time when the output
of renewable energy is at its peak. At 15:00, when WF D is at its peak, the load is
increased from 82.3 MW to 100.8 MW to match the peak output of WF D, as shown in
points A and B in Figure A4.

After adopting the above planning measures, more green electricity flows towards
the park.

4.4.2. Comparison of Green Electricity Power Flow

The green electricity power flows on a typical day at 14:00, as determined by the
traditional planning method and the proposed method, are presented in Figures 8 and 9,
respectively.

The difference produced by this method is shown in blue font in Figure 9. Partial
power of WF D flows directly into substation A, and the rest flows into S1, while in the
traditional method, all the power of WF D flows into S1. This difference leads to different
λRER values for the two methods at 14:00. The calculation process for λRER is given in
Appendix E. The planning method described in this paper is detailed in Appendix E.1,
while the traditional planning method is in Appendix E.2. The corresponding results are
shown in Table 8.

Table 8. Comparison of green electricity.

Planning Method Traditional Method [30] Proposed Method

Green
electricity/MW

WF C 22.63 22.63

WF D 11.15 15.55

Power Grid 36.38 34.93

Total renewable energy/MW 70.16 73.11

Load/MW 144.07 144.07

λRER at 14:00 48.69% 50.73%

As can be seen from Table 8, the planning method of this paper increases the total
power of green electricity at 14:00 by 2.95 MW compared to the traditional planning method.
The improvement comes from the power of green electricity provided by WF D and the
power grid.
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The planning method of this paper provides an additional 4.4 MW of green electricity
from WF D. In the traditional planning method, WF D is connected to substation S1 and
provides 11.15 MW of green electricity for the park through S1. With the planning method
of this paper, part of WF D is directly connected to substation A and provides 10.14 MW
green electricity; part of WF D is connected to to S1 and provides 5.41 MW of green
electricity through S1. These two parts result in an additional 4.4 MW of green electricity
compared to the traditional method.

The power of green electricity from the power grid is reduced by 1.45 MW with the
planning method of this paper. The park load minus the power provided by WF C and
WF D equals the power supplied by the power grid, which is 110.29 MW in the traditional
method and 105.89 in this method, respectively. The renewable energy ratio is 33%. Thus,
the power of green electricity from the power grid is 36.38 in the traditional method and
34.93 in the planning method of this paper.

In this method, WF D contributes an additional 4.4 MW of green electricity compared
with the traditional planning method, while the power grid supplies 1.45 MW less than the
traditional method, resulting in a net increase of 2.95 MW of green electricity.

4.4.3. Comparison of Power Grid Side Fluctuations

To analyze the impact of the two planning methods on the upper power grid, the
power of the tie-line between the park and the upper power grid is observed. There are
multiple tie-lines in the power grid, and the difference between the two planning methods
is whether WF D is partially connected to S1 or fully connected to S1. Therefore, tie-line L
between S1 and substation A is selected as the observation object. The power of the tie-line
L for the traditional planning method and the planning method in this paper is shown in
Figure 10.
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Figure 10. Comparison of tie-line power on a typical day.

It can be seen from Figure 10 that the planning method in this paper significantly
reduces the power fluctuation of the tie-line.

For example, at 9:00, the output of WF D is at its peak.
By shifting the higher load from 8:00 to 9:00, the wave trough caused by the heavy

load is flattened, and the fluctuation caused by the output of WF D is stabilized at the same
time. From 11:00 to 14:00, the load is at its peak. By shifting the load of 15:00–18:00 to 11:00
to 14:00, the load better matches the small-wind-farm output, and the peak on the tie-line
becomes smooth.
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Not all fluctuations are significantly suppressed. For example, there is no significant
improvement in the peak from 18:00 to 22:00, because the output of WF D is relatively small
compared to the load. Moreover, the time span of load peaks is greater than the output of
WF D, and load shifting cannot offset the fluctuation.

The planning method of this paper reduces the power fluctuation of the tie-line, which
helps to suppress large fluctuations propagating to the upper power grid. However, in the
traditional planning method, wind farms are all connected to the transmission network,
inevitably leading to fluctuations in the transmission network.

5. Conclusions
To increase the renewable energy ratio in high-load-density industrial parks and

promote the hosting capacity of the power grid, a collaborative distributed energy resource
siting and sizing planning method for the distribution and sub-transmission networks is
proposed. The primary conclusions of this paper can be summarized as follows:

(1) Compared with traditional planning methods, the proposed method improves renew-
able energy hosting capacity because the wind farm is connected at two voltage levels.

(2) By matching the net load of the park with the output of the renewable energy power
plant, the park’s load is better used to host more renewable energy.

(3) A renewable energy ratio calculation method is also proposed, which comprehensively
considers the contributions of green electricity from the power grid and renewable
energy generation inside and outside the industrial park.

The proposed planning method is verified through the real-world planning of an indus-
trial park in Baodi, Tianjin, China. The renewable energy ratio of the park reaches 52.85%
in the planning year, which is 5.25% higher than with the traditional planning method.

The proposed method is applicable to an industrial park that has both the distribution
and sub-transmission networks and features heavy load with a large renewable energy
power plant in the surrounding areas. The proposed method can also bring benefits to the
utilization of renewable energy outside the area, reduce power fluctuation of the tie-line,
and suppress large fluctuations propagating to the upper power grid.

The proposed method presented in this paper is not suitable for planning involving nu-
merous renewable energy plants. It is designed for a high-load industrial park surrounded
by renewable energy power plants. In the future, its application could be validated in
different types of areas, such as towns or commercial districts, to assess its universality and
identify any required adaptations.
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Abbreviations
The following abbreviations are used in this manuscript:

RE Renewable energy
PV Photovoltaic
HC Hosting capacity
DR Demand response
DRE Distributed renewable energy
WF Wind farm
RER Renewable energy ratio

Nomenclature

Variables
λPR Power penetration rate. PG,t Active power of power plant.
λCP Capacity penetration rate. QG,t Reactive power of power plant.
λEP Energy penetration rate. PD

RE,t Power of DRE access to distribution network at time t.
λRER Renewable energy ratio. PS

RE,t Power of RE plant access to sub-transmission network at time t.
Pmax

DRE Annual maximum power of all DREs in industrial park. Zdis,n Electrical distance between feasible access point n to industrial park.
Pmax

load Annual maximum load in industrial park. Zdis,acc Electrical distance between chosen access point to industrial park.
Prated

DRE Total installed capacity of DRE. Vn Voltage between access point n and industrial park.
Smax

DRE Annual maximum hourly electricity generation of DRE. In Current between access point n and industrial park.
Smax

load Annual maximum hourly electricity generation of DRE. GS
ij Branch conductance between nodes i and j.

EDRE Annual electricity energy provided by DRE. BS
ij Branch susceptance between nodes i and j.

Eload Annual electricity consumption of load. VS
i Voltage of node i in sub-transmission network.

ERE Annual green electricity consumption. VS
min Minimum voltage of sub-transmission network.

EGRE Annual green electricity from power grid. VS
max Maximum voltage of sub-transmission network.

EPRE
Annual electricity generated by renewable energy power plant and
consumed by park load.

IS
ij Branch thermal capacity between nodes i and j.

ERE,t Green electricity hosted by industrial park load at time t IS
ij,min Minimum thermal capacity between nodes i and j.

PGRE,t Power from power grid to park at time t. IS
ij,max Maximum thermal capacity between nodes i and j.

PPRE,t Power of renewable energy power plant flows to the park at time t. PS,min
RE Minimum capacity of RE connected to sub-transmission network.

PL,t Load of park at time t in planning year. PS,max
RE Maximum capacity of RE connected to sub-transmission network.

P’
L,t

Load of park after matching with output of renewable energy power
plant at time t.

λMD Matching degree between net load and RE.

PDRE,t Power of DRE in planning year at time t. λmin Minimum value of λMD.
PNet,T Power of net load in a 24 h schedule cycle. η Coefficient makes PNet,t and PRE,t of the same order of magnitude.
P’

Net,T Power of net load after participating in DR.
Sets Others

S
Feasible set of all buses in sub-transmission network where RE can
connect.

M Number of power plants.

Sa
Candidate set of buses in sub-transmission network where RE can
connect.

NTcp
Number of feasible access points in the sub-transmission network.
Calculation period.

Appendix A
The maximum distribution network HC model [8] is as follows:

max∑
t

PD
RE,t (A1)

Subject to:

PL,t + PD
RE,t − PS

G,t = Vi∑
j∈i

Vj

(
GD

ij cos θD
ij + BD

ij sin θD
ij

)
i, j ∈ ND (A2)

QL,t + QD
RE,t − QS

G,t = Vi∑
j∈i

Vj

(
GD

ij sin θD
ij − BD

ij cos θD
ij

)
i, j ∈ ND (A3)

VD
i,min ≤ VD

i ≤ VD
i,max i ∈ ND (A4)∣∣∣ID

ij

∣∣∣ ≤ ID
ij,max i, j ∈ ND (A5)

PS
G,t ≥ 0 (A6)
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PD,min
RE ≤ PD

RE ≤ PD,max
RE (A7)

Equation (A1) is the objective function, where PD
RE,t is the power of RE connected to

the distribution network at time t.
Equations (A2) and (A3) are the active and reactive power balance constraints at

each node of the distribution network, where PL,t and QL,t are the active and reactive
loads of industrial park; PS

G,t and QS
G,t are active and reactive power supplied by the

sub-transmission network; VD
i is the voltage of node i; GD

ij and BD
ij represent the branch

conductance and susceptance between nodes i and j; and θD
ij is voltage angle difference

between nodes i and j.
Equation (A4) indicates that the voltage at each node must be within the minimum

voltage limit (VD
min) and maximum voltage limit (VD

max).
Equation (A5) is the thermal capacity constraint, where ID

ij,max is the maximum thermal
capacity between nodes i and j.

Equation (A6) ensures that the power flow from the sub-transmission network cannot
be reversed.

Equation (A7) indicates that the power of RE must be within the minimum power
(PD,min

RE ) and maximum power (PD,max
RE ) specified by grid codes.

Appendix B
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Figure A1. Output curve of PV on a typical day in the park.
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Figure A2. Output curve of the wind farm on a typical day outside the park.
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Appendix C
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Figure A3. Structure of the 10 kV distribution network of the park in the planning year.

Appendix D
Appendix D.1

Hosting-indicator calculations for the current year are as follows:

(1) Power penetration rate

The maximum annual output power of all PVs is 1.68 MW. The maximum annual load
in the park is 64.41 MW. Thus, λPP is as follows:

λPP = 1.68/64.41 × 100% = 2.61% (A8)

(2) Capacity penetration rate

The annual maximum hourly electricity generation of DRE is 1670 kWh. The annual
maximum hourly electricity consumption of the load is 64,410 kWh. So λCP is calculated as
follows:

λCP = 1670/64,410 × 100% = 2.59% (A9)

(3) Energy penetration rate

The annual electricity provided by DRE is 2.244 million kWh. The annual electricity
consumption of the load is 353.77 million kWh. Thus, λEP is as follows:

λEP = 224.4/35,377 × 100% = 0.63% (A10)

(4) Renewable energy ratio
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Electricity from the power grid is 353.77 million kWh, and the renewable energy ratio
is 16.07%, so EGRE is 56.49 million kWh, and ERE is 58.73 million kWh. Thus, λRER is
as follows:

λRER = 58.7342/353.77 × 100% = 16.6% (A11)

Appendix D.2

Hosting-indicator calculation of the planning method in this paper in the planning
year is as follows:

(1) Power penetration rate

The maximum annual output power of all PVs is 75.97 MW. The maximum annual
load in the park is 180.3 MW.

λPP = 75.97/180.3 × 100% = 42.13% (A12)

(2) Capacity penetration rate

The annual maximum hourly electricity generation of DRE is 74,450 kWh. The annual
maximum hourly electricity consumption of the load is 178,500 kWh.

λCP = 74,450/178,500 × 100% = 41.7% (A13)

(3) Energy penetration rate

The annual electricity provided by DRE is 91.164 million kWh. The annual electricity
consumption of the load is 985.63 million kWh.

λEP = 91.164/985.63 × 100% = 9.25% (A14)

(4) Renewable energy ratio

The renewable energy ratio is calculated as follows:
Step 1: data preparation
According to data in Section 4.1.2, the 24 h load of a typical day in the park can be

obtained as follows: [117.83 98.23 97.81 95.30 98.55 95.25 97.81 97.76 91.24 143.61 160.55
159.54 154.43 135.79 144.54 145.11 139.02 144.86 134.56 122.97 127.89 130.17 128.37 119.39].

DRE output of the park on a typical day: [0 0 0 0 0 0.03 6.85 25.76 48.96 47.55 60.48
62.37 56.10 60.03 74.11 75.94 53.22 30.43 15.1 3.62 0 0 0 0].

Net load of the park on a typical day: [117.83 98.23 97.81 95.30 98.55 95.22 90.96 72.00
42.28 96.06 100.07 97.17 98.33 75.76 70.43 69.17 85.80 114.43 119.46 119.35 127.89 130.17
128.37 119.39].

Output of the renewable energy power plant on a typical day: [75.50 74.24 59.41 57.84
59.47 58.31 50.94 37.20 37.81 12.23 14.74 19.48 25.40 38.22 46.71 28.34 20.91 22.05 17.88 13.6
15.80 29.16 54.92 78.28].

Due to page limitations, only the total annual electricity consumption of the load of
985.63 million kWh is listed; the annual load will no longer be listed.

Step 2: DR to make net load match with the output of the renewable energy
power plant

According to Section 3.2, match the annual net load of 8760 h with the output of the
renewable energy power plant, as users in the park respond to DR instructions by shifting
the electricity consumption period. In this paper, the electricity consumption period of
net load can be advanced or delayed for up to 3 h. For example, when the output of the
renewable energy power plant is at its peak at 9:00, users shift the heaviest load between
6:00 and 12:00 to 9:00 to participate in DR.
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To visually illustrate the matching effect, a curve is drawn using the net load on a
typical day before and after matching as an example, as shown in Figure A4, with matching
degree λMD = 0.93.
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Figure A4. Net load curve before and after matching with renewable energy.

From Figure A4, the net load is the smallest before matching at 9:00 am, and at 10:00,
the output of renewable energy outside the park is the smallest. After matching, the
minimum net load is moved to 10:00. Before matching, at 15:00, the output of renewable
energy reaches its peak in nearly 10 h, while the load is the valley in nearly 8 h; after
matching, the net load is the maximum in nearly two hours at 15:00.

Step 3: annual time sequence power flow simulation
PSS Cloud is used to simulate the power flow of Figure 6 for 8760 h throughout the

year. The annual simulation results are summarized as follows:

(1) Total annual output of PVs in the park is 9116.4 MWh;
(2) Total annual output of WF D connected to the sub-transmission network is 277,950 MWh,

and connected to the high-voltage transmission network it is 107,474 MWh;
(3) Total annual output of WF C is 108,320 MWh;
(4) Substation S1 transfers 2,205,166 MWh of electricity and supplies 532,503.72 MWh of

electricity for the park;
(5) Substation S2 supplies 260,711.88 MWh of electricity for the park.

Calculation of λRER is as follows:
According to the power flow tracing principle, electricity supplied by WF D that

connected the sub-transmission network to the park is as follows:

532,503.72 × 277,950/2,205,166 = 67,119.40 MWh (A15)

The total green electricity includes the output of the PVs in the park, the output of
WF D transmitted through the sub-transmission network and transmitted through the
distribution network, the output of WF C, as well as green electricity from the power grid,
and is calculated as follows:

9116.4 + 67,119.40 + 107,474 + 108,320 + (985,630 − 9116.4 – 67,119.40 – 107,474 – 108,320) × 0.33
= 520,917.87 MWh

(A16)

The renewable energy ratio is calculated as follows:

λRER = 520,917.87/985,630 × 100% = 52.85% (A17)
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Appendix D.3

The calculation of hosting indicators using the traditional planning method in the
planning year is as follows:

The power grid structure of the park and surrounding area in the planning year using
the traditional method is shown in Figure A5.
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Figure A5. Power grid structure of the park and surrounding area in the traditional method.

The calculations of λPP, λCP, λEP, and λPR are the same as those in Appendix D.2. The
calculation of λRER is as follows:

PSS Cloud is used to simulate the power flow of Figure A5 for 8760 h. The annual
simulation results are summarized as follows:

(1) Total annual output of PVs in the park is 9116.4 MWh;
(2) Total annual output of WF D is 370,600 MWh;
(3) Total annual output of WF C is 108,320 MWh;
(4) Substation S1 transfers 2,312,640 MWh of electricity to the park and supplies

608,327.72 MWh for the park;
(5) Substation S2 supplies 260,711.88 MWh of electricity for the park.

According to the power flow tracing principle, the total electricity supplied by WF D
to the park is as follows:

608,327.72 × 370,600/2,312,640 = 97,484.36982 MWh (A18)

The total green electricity includes the output of PVs in the park, the output of WF D
transmitted through the 220 kV sub-transmission network, the output of WF C, as well as
green electricity from the power grid, and is calculated as follows:

9116.4 + 97,484.37 + 108,320 + (985,630 − 9116.41 – 97,484.37 – 108,320) × 0.33 = 469,254.81 MWh (A19)

The renewable energy ratio is calculated as follows:

λRER = 469,254.81/985,630 × 100% = 47.60% (A20)

Appendix E
Appendix E.1

The renewable energy ratio calculation of the planning method in this paper at 14:00
on a typical day is as follows:
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The power of green electricity supplied by WF C to the park is 22.63 MW. The power
of green electricity supplied by WF D directly to the park is 10.14 MW, and the remaining
part through substation S1 is as follows:

(5.3 + 8.08) × 30.42/(30.42 + 44.85) = 5.41 MW (A21)

The power of green electricity supplied by WF D to the park is as follows:

10.14 + 5.41 = 15.55 MW (A22)

Total power of green electricity supplied by WF C and WF D is as follows:

22.63 + 15.55 = 38.18 MW (A23)

The power from the power grid to the park through substation S1 is as follows:

(5.3 + 8.08) − 5.41 = 7.97 MW (A24)

The power transmitted from the grid to the park vis substation S1 and then to substa-
tion A and B is 49.71 MW and 48.21 MW, respectively. The green electricity supplied from
the power grid to the park is as follows:

(7.97 + 49.71 + 48.21) × 33% = 34.93 MW (A25)

The total power of green electricity in the park is as follows:

38.18 + 34.93 = 73.11 MW (A26)

The renewable energy ratio of the park is as follows:

λRER = 73.1/(65.15 + 78.92) = 50.73% (A27)

Appendix E.2

The calculation of the renewable energy ratio using the traditional planning method
at 4:00 PM on a typical day is as follows:

The power of green electricity supplied by WF C to the park is 22.63 MW. According
to the power flow tracing principle, the green electricity supplied by WF D to the park via
substation S1 is as follows:

(15.4 + 8.08) × 40.57/(40.57 + 44.85) = 11.15 MW (A28)

The total power of green electricity supplied by WF C and WF D to the park is
as follows:

22.63 + 11.15 = 33.78 MW (A29)

The power from the power grid to the park through substation S1 is as follows:

(15.4 + 8.08) − 11.15 = 12.33 MW (A30)

The power supplied from the power grid through substation S2 to substations A and
B is 49.71 kW and 48.21 MW, respectively. The power of green electricity from the power
grid to the park is as follows:

(12.33 + 49.71 + 48.21) × 33% = 36.38 MW (A31)
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The total power of green electricity in the park is as follows:

33.78 + 36.38 = 70.16 MW (A32)

The renewable energy ratio of the park is as follows:

70.16/(65.15 + 78.92) = 48.69% (A33)
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