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Abstract: To further study the impact of renewable energy penetration on the tech-
nical transformation of distribution networks. Based on the output power charac-
teristics of wind power and photovoltaics, a renewable energy grid-connected
capacity model and a distribution network full cost-benefit model were con-
structed. Based on this, to maximize the comprehensive income of the distribution
network and the renewable energy penetration rate, to establish the technical
reform optimization model and search for the optimal solution through the
improved NSGA-II algorithm. Finally, the effectiveness of the proposed
model was verified by setting up three scenarios of simultaneous wind power,
grid-connected wind power, grid-connected wind power, and grid-connected
photovoltaic power.

Keywords: Renewable energy; full cost-benefit; technical transformation of
distribution network

1 Introduction

With the gradual deepening of China’s electricity market reform and the orderly development of
renewable energy, the contradiction between the operation cost and benefit of the distribution network
transformation infiltrated by clean energy is an urgent research topic. Regional power distribution
network, as an essential intermediate link between the connected users and the penetration of renewable
energy, should gradually strengthen the acceptance of clean energy while ensuring the power supply
quality, security, and stability of the power grid, and reasonably reduce the cost burden of the distribution
network caused by the penetration of renewable energy.

At present, the research on the cost of the distribution network is mainly focused on the cost control and
optimization of the construction project of the distribution network and the cost allocation method of
distribution networks. Literature [1] proposed an active distribution network cost allocation method based
on the distribution factor method (GLDF). Literature [2] conducted cost supervision and control of
distribution network engineering through improved net value method (EVM), which enhanced project
cost supervision and control. Literature [3], Under the premise of ensuring power quality, the calculation
of different compensation schemes by introducing full life cycle cost shows that reactive power
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optimization that takes full life cycle cost into account is more effective in practice. Literature [4] established
a model of life-cycle costs and benefits and proposed a strategy of cost reduction and optimal allocation by
combining the genetic and simulated annealing algorithms used in the inner and outer layers. In [5], the
sensitivity method and marginal network loss coefficient method are used to calculate the node marginal
capacity cost of distribution network more accurately. Literature [6–7] made an in-depth study of the
reasonable allocation of grid project costs based on the electricity transmission and distribution price.
Literature [8] established the life efficiency index model based on the total life-cycle cost of the
transformer and used the rhododendron algorithm for parameter optimization. In [9–12], considering
the reactive power cost of the fan and taking the safety and stability of the distribution network and the
lowest cost as one of the objectives, a multi-objective function was established to solve the problem.

The related researches on the renewable energy permeable distribution network pay more attention to the
security and stability of the network. Literature [13], combined with the domestic power system construction
environment and demand, put forward a method for determining the reasonable renewable energy
penetration rate. Literature [14] considered the influence of wind power grid entry on the power system’s
safety and stability and the allocation of reserve capacity. It proposed a reserve capacity optimization
model with the desired minimum of bilateral reserve cost as the objective function. Literature [15–17]
incorporated wind power cost and photovoltaic cost into the model construction as parameters. Literature
[18] analyzed the relationship between the increase of intermittent renewable energy access ratio and
system reserve capacity. It proposed the provision of reserve service by a non-rotating reserve with
flexible adjustment performance. Literature [19–20] considered the impact of output fluctuation of
renewable energy on system operation economy, reliability, and environmental benefits. Literature [21]
established an optimization model of a distributed energy system based on mixed-integer linear
programming and obtained the system’s optimal configuration and operation mode.

The above study did not consider the balance between the cost of operation and maintenance of the
regional distribution network to accept renewable energy and the benefits generated by the infiltration of
renewable energy. In this paper, the full cost-benefit model of the distribution network under the
penetration of renewable energy is proposed in combination with the cost-benefit study of the distribution
network and the research on the standby capacity of the distribution network under the penetration of
renewable energy. An optimization model for the technical transformation of the distribution network
under the infiltration of renewable energy was proposed given the cost generation and subsequent benefits
of the technical transformation of the distribution network under the infiltration of renewable energy and
used the improved NSGA-II algorithm to solve the model and verify the validity of the model. The
innovation of this paper is as follows: 1. Consider the feasibility and optimization measures of different
proportions of renewable energy connected to the grid from the perspective of distribution network cost;
2. According to the characteristics of the model, the improved NSGA-II algorithm is adopted to solve
Improve computing efficiency.

2 The Full Cost-Benefit Model of Distribution Network under the Penetration of Renewable Energy

With the penetration of renewable energy into the distribution network, due to the volatility and
randomness of its output, the technical transformation of the equipment and lines in the distribution
network leads to the rise in the cost of the distribution network. Thus, the full cost-benefit model of
distribution network under the penetration of renewable energy is constructed.

2.1 Renewable Energy Grid Capacity Allocation Model
The reserve ensures that the distribution network can operate normally and stably in the case of random

shutdown of renewable energy output and load fluctuation, to realize the balance between load and power
generation and prevent chain accidents and large-scale power failure. Reserve is divided into load reserve,
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maintenance reserve, and failure reserve, and its capacity setting is closely related to the prediction accuracy of wind
power and photovoltaic output. The prediction deviation model of wind power and photovoltaic is as follows:

(1) Wind power output prediction deviation model

The wind power output prediction model is constructed based on the variable speed constant frequency
wind turbine, as shown in Eq. (1):

Pw ¼
0 0, v, vin; v. vout

Pev3in
v3in � v3e

þ Pev3real
v3e � v3in

vin, v, v

Pe ve, v, vout

8><
>: (1)

where, Pe represents the rated power of the wind turbine; vin, vout, ve represent the cut-in wind speed, cut-out
wind speed and rated wind speed of the wind turbine respectively, vreal represents actual wind speed. Based
on the wind power output prediction model, it can be concluded that the wind turbines follow the two-
parameter Weibull distribution, as shown in formula (2):

f ðvÞ ¼ b

a
ðvreal
a

Þb�1e�ðvaÞb (2)

where, a and b represent scale parameter and shape parameter respectively. The range of shape
parameters is [2.8,3.3]. The scale parameters and shape parameters are obtained according to the
historical Weibull distribution.

The wind power output prediction model was built based on the variable speed and constant frequency
fan. The error of wind power unit output prediction was slower than the normal distribution curve and faster
than the Laplace distribution curve. The error prediction model of wind turbine output is constructed by
combining normal distribution function and Laplace function:

fsumðDwÞ ¼ C1
1

h
ffiffiffiffiffiffi
2p

p e½�
ðDw�uÞ2

2h2
� þ C2

1

2a
e�

Dw�uj j
2h2 (3)

where, fsumðDwÞ is the mixed distribution function; u is the mathematical expectation; θ is the standard
deviation, Dw is the wind speed prediction error, and u is the mathematical expectation.

(2) Photovoltaic output deviation prediction model

The influencing factors of photovoltaic radiation intensity include sunshine intensity, sunshine incidence
Angle and climate environment, etc. The daily radiation amount can be fitted according to the distribution of
b. The probability density function of photovoltaic power generation and the output prediction error of the
photovoltaic power group are shown in Eq. (4):

�ð�þ gÞ
�ð�Þ�ðgÞ ð

Ppv

S � b � RÞ
��1

ð1� Ppv

S � b � RÞ
g�1

f ðDpvÞ ¼ 1ffiffiffiffiffiffi
2p

p
d
e
� x2

2d2Dpv

8>><
>>: (4)

where, S and b are respectively the area and conversion efficiency of photovoltaic panel; R is the radiation
intensity of sunlight, �; g are the fitting parameters of the Beta distribution, f ðDpvÞ is the normal distribution
function, Dpv is the prediction error of the radiation intensity.
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(3) Configuration of grid-connected capacity of wind power and photovoltaic

Load reserve is related to the maximum load in the distribution network area, and maintenance and
emergency reserve are related to the prediction error of wind power and photovoltaic. The capacity
configuration is shown in Eq. (5):

Presever ¼ ðbloadPpeak load þ bmain

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fsumðDwÞ2 þ f ðDpvÞ22

q
þ bacci load

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fsumðDwÞ2 þ f ðDpvÞ22

q
Þ
1þc

c ¼ Qpv þ Qw

Qpv þ Qw þ Qextra

8><
>: (5)

where, Presever is the total capacity of renewable energy penetration reserve; bload and bmain and bacci load are
respectively load, maintenance and emergency reserve capacity coefficients; Ppeak load is the maximum load
in the distribution network area; c is the penetration rate of renewable energy; Qpv is the grid-connected
power of photovoltaic;Qw is the grid-connected power of wind power;Qextra is the output power for other units.

2.2 Distribution Network Full Cost Model
After the technical transformation of the distribution network for renewable energy access, the total cost

of the distribution network refers to the total cost of the investment and construction of the technical
transformation, and the operation, maintenance, maintenance, decommissioning and disposal of these links.

(1) Initial cost of investment

The main part of the initial investment cost is the equipment purchase fee and the construction and
installation engineering fee. The equipment purchase fee will be greatly different due to different regions.
Regional differentiation can be reflected according to different coefficients. After access to renewable
energy, initial investment cost:

CI ¼
Xn

i¼1
PiCi þ aCec þ PreserveCreserve (6)

where, CI is the initial investment cost; Pi is the power supply capacity of the i; Ci is unit capacity cost of unit
i; Cec is the construction and installation costs; a is the coefficient of regional difference; Creserve is the cost of
per spare capacity.

(2) Maintenance and repair costs

Operation and maintenance maintenance cost mainly consists of operation cost, maintenance cost and
failure cost. Operation cost mainly considers line loss; Maintenance costs include routine inspection and
overhaul fees; The failure cost includes the failure loss cost, the line loss, the equipment loss, the power
network profit loss, the user compensation loss.

COM ¼
XN
c¼1

ðCc þ Qt � d� Cp þMt

Pn
i¼1

KðN ;S1;S2;S3Þ

n
P

lðN ;S1;S2;S3Þ
m

lm

þ Gt

Pn
i¼1

KðN ;S1;S2;S3Þ

n
P

lðN ;S1;S2;S3Þ
m

lm þ Qt � d� lm � Cp þ Crc þ CohÞ1þc

(7)

where: COM is the cost of operation maintenance; Cc is the equipment and personnel operation and
maintenance expenses; d is the line loss rate; Cp is the network loss price; Mt is the maintenance cost of
the line; Gt is the comprehensive failure loss; Qt is the transmission capacity; Qs is power supply; lm is
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the total length of m-type line; t is the power failure time of a single failure; m ¼ ðm1;m2…Þ is a set of line
types; n is the number of statistical years; K is the failure rate of class S; Crc is the cost of inspection and
repair; Coh is major repairs; N is the number of running years.

(3) Decommissioning disposal cost

The cost of decommissioning disposal mainly includes the cost of the equipment disposal and the net
residual value of equipment. The influencing factors are the original value of fixed assets, maintenance
rate, and equipment utilization rate. The cost of decommissioning disposal is calculated as follows:

CD ¼
Xn
i¼1

PiCi�tdð1þ bloadÞ � Fr’ (8)

where, CD is the decommissioning disposal cost, Ci�td is the cost to be paid for the dismantling and disposal
of unit i, Fr is the original value of the equipment, and ’ is the residual value.

2.3 Distribution Network Revenue Model
After the technical transformation of the power grid, the renewable energy is connected to the power

distribution network to generate economic and environmental benefits, and the annual cost-benefit model
of the power distribution network is built comprehensively:

Feco ¼ QpvðPn � PpvÞ þ QwðPn � PwÞ þ QextraðPn � PextraÞ þ
XI

i¼1

XK
k¼1

vkQigk (9)

where, Feco is the income after clean energy access; Qpv, Qw, Qextra respectively are power supply of
photovoltaic, wind power and other power sources; Ppv, Pw, Pextra respectively are the grid-connected
prices of photovoltaic, wind power and other power sources; Pn is the price of electricity for users ; Qi is
the electricity supply from the clean energy; vk is the discharge coefficient of the k pollutant; gk is the
penalty cost of the k pollutant.

3 Optimization Model of Technical Transformation of Distribution Network under the Penetration of
Renewable Energy

3.1 Optimize the Objective Function by Technical Transformation
The goal of the distribution network optimization is to achieve the maximum comprehensive income of

the distribution network, and at the same time ensure the maximum amount of renewable energy connected to
the grid, so as to promote the absorption of renewable energy and the optimal technical transformation of the
distribution network.

(1) optimization objective function 1: to maximize the comprehensive income of distribution network

Based on the full cost-benefit model of distribution network, the distribution network objective function
1 can be obtained as shown in Eq. (10) below:

max Rcom ¼ max

(
½QpvðPn � PpvÞ þ QwðPn � PwÞ þ QextraðPn � PextraÞ

þ
XI

i¼1

XK
k¼1

vkQigk � � ½CI þ COM þ CD�
) (10)
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(2) optimization objective function 2: the penetration of renewable energy is the largest

The penetration of renewable energy is the largest, that is, the renewable energy grid-connected volume
accounts for the best proportion of the total grid-connected total, and the objective function 2 of the
distribution network is constructed as shown in Eq. (11):

max� ¼ max
Qpv þ Qw

Qpv þ Qw þ Qextra
(11)

3.2 Optimization of Constraints by Technical Modification
As an investment activity, the optimization of technical transformation is constrained by investment

variables. Also, as the regional power supplier, the distribution network is constrained by the relationship
between supply and demand and various constraints in the operation process.The specific constraints on the
investment variables, the relationship between supply and demand and the operation are shown as follows:

(1) Investment variable constraint

Investment variable constraints include investment amount, load, maintenance and emergency reserve
capacity coefficient constraints. Among them, investment restriction means that the initial investment
cannot exceed the total investment; Load, operation maintenance coefficient refers to the reserve capacity
coefficient has upper and lower limits in order to balance the relationship between the economy of
distribution network and the reliability of power supply. The details are shown in Eq. (12) below:

0 � CI � Itotal
bminm � bm � bmaxm

0 � @ � 1

8<
: (12)

where, Itotal is the total investment amount; bm is the reserve capacity coefficient of class m, including load,
maintenance and emergency reserve capacity coefficient; bminm and bmaxm is the upper and lower limits of
reserve capacity coefficient.

(2) Supply and demand constraints

The supply-demand relationship refers to the capacity of photovoltaic, wind power and other power
sources connected to the grid to meet the power demand of regional users, as shown in Eq. (13):

Qpv þ Qw þ Qextra � DTotal (13)

where, DTotal is the electrical energy demand of regional users.

(3) Operation constraints

Operation constraints include wind power, photovoltaic units and distribution network transmission
constraints. The details are shown in Eq. (14):

Qmin
mk � Qmk � Qmax

mk
Pmin
v � Pv � Pmax

v
Pstart
v � Pstart min

v
Pend
v � Pend max

v

8>><
>>: (14)

where, Pv is the output value of category v renewable energy generating units, including wind power and
photovoltaic units; Pmax

v , Pmin
v and Pmax

v are respectively the upper and lower limits of the output of class
v units; Qmin

mk and Qmax
mk and Qmk are respectively the maximum transmission power of the m line. Pstart

v
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and Pend
v are the starting power and stopping power of the type v unit; Pstart min

v is the minimum starting
power; Pend max

v is the maximum ending power.

3.3 Model Solving Algorithm
Distribution network full cost-benefit model contains two optimization objectives and linear constraints,

traditional NSGA-II algorithm calculation speed is slow, and the population convergence distribution is
uneven, the global search ability is not good. Therefore, after improving the NSGA-II algorithm and
obtaining a generation of Pareto non-dominated solutions, the non-dominated solutions are better than
global Pareto optimal sets. The local non-dominant solution is added to the optimal global solution set
under the current iteration. The adaptive reduction penalty is applied to the local non-dominant solution
dominated by the globally optimal set.

(1) Adjust the linear constraint of the objective function:

The linear constraint f ða1; a2;…; ak ;…; anÞ ¼ 0, a1 	 ak is the optimization variable, akþ1 	 an can be
calculated by the optimization variables and constraints. Let the adjustment range of the linear constraint be
(Amin 	 Amax), and the maximum adjustment number be N. For a set of variables, a0, that is f a0ð Þ ¼ Dm. If
Dmj j < A2, the approximation is satisfied; otherwise, the adjustment is made. The initial state is
f ða0Þ ¼ Dm0, and after n adjustments, the optimization variable is updated to

anþ1
i ¼ ani þ Dmn

k
; i ¼ 1; 2;…; k. Calculate n + 1 violations. If the approximation Dmnþ1 < A2 is

satisfied, the exit adjustment anþ1 is taken as the value of the optimization variable; otherwise, the record
does not satisfy the constraint.

(2) Penalty function:

Add a penalty term to the objective function to enhance the constraint of variables. Take the penalty
factor C1;C2, and the total variable after adjustment is ac, and the inequality constraint set is
fidðaÞ 2 mmin;mmax½ �. If fidðaÞ ¼ m, then the penalty is:

GiqðfidðacÞÞ ¼
C1

m� mmax

mmax � mmin
m.mmax

0 mmin � m � mmax

C2
mmin � m

mmax � mmin
m,mmin

8>><
>>: (15)

The model solving process is shown in Fig. 1.

Step 1: Set parameters of the model and input parameters;

Step 2: Initialize the population, set the optimal solution set, and maximize the population algebra;

Step 3: Dynamically adjust the constraint, update the optimal set of the population, and calculate the
comprehensive fitness of the population;

Step 4: Quicksort the non-dominant solutions of the two objective functions that are not sufficiently
optimal, and update the optimal solution set;

Step 5: Add one to the population algebra to determine whether the maximum population algebra is
reached. If yes, go to the next step, otherwise go back to step three;

Step 6: Update the new generation population;

Step 7: Form a new optimal solution set;

Step 8: The output satisfies the optimal of the two objective functions, that is, the parameter value
corresponding to the maximum benefit value of the output distribution network and the maximum
penetration amount of renewable energy.
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4 The Example Analysis

4.1 Basic Data
In order to verify the effectiveness of the proposed model, take the technical transformation of a

regional distribution network as an example, the rationality and effectiveness of the proposed
optimization model are validated.

It is assumed that the existing circuit equipment of the distribution network cannot meet the
requirements of grid connection with renewable energy, technical modification of existing line equipment
is required, ensure the quality and reliability of power supply. The technical transformation includes 110
kV, 10 kV, 0.38 kV and 0.22 kV distribution network. The operating parameters of the distribution
network are shown in Tab. 1 [13]:

Start

Simplify constraints and set parameters

Create a random parent group and 
define the optimal solution set.
Set the algebraic range of the 

population and initialize the population.

Adjust the constraints, update the optimal set of the 
population and calculate the fitness

Sort the non-dominant solution and 
update the optimal solution set

Population algebra plus one

Whether the algebraic 
range is reached

Select and mutate a new generation of 
population.

Adjust constraints and calculate fitness.

Form a new optimal solution set

The output

End

NO

Figure 1: Flow chart of model solution
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In order to study the influence of different clean energy on the cost and benefit of the distribution
network, three scenarios were set up. In scenario 1, only photovoltaic and thermal power are connected to
the grid to meet regional power demand. In Scenario 2, only wind power and thermal power are
connected to the grid to meet regional power demand. Scenario 3 is that wind power and photovoltaic
grid-connected meet 30% of regional electricity demand, and thermal power grid-connected meets 70% of
regional electricity demand; Scenario 4 is wind power and photovoltaic grid-connected meets 50%
of regional electricity demand, and thermal power grid-connected meets regional electricity demand 50%
of thermal power grid connection meets 50% of regional electricity demand. Besides, the improvement of
the NSGA-II algorithm, the population size is 100, the maximum number of iterations is 100.

4.2 The Example Results
(1) Comparative analysis of algorithms

In order to verify the superiority of the NSGA-II algorithm, respectively, using traditional NSGA-II
algorithm and improved the NSGA-II algorithm to search the optimal solution model, an iterative results
as shown in Fig. 2:

As can be seen from Fig. 2, compared with the traditional NSGA-II algorithm, the improved NSGA
algorithm is more efficient in iteration, so the improved NSGA algorithm can be used to search for the
global optimal solution to improve the solving rate.

(2) Analysis of optimization results of technical transformation of distribution network

Table 1: Operation parameters of distribution network

Parameter Parameter
value

Parameter Parameter
value

Parameter Parameter
value

bload 5% bmain 7% bacci load 8%

Ci (Ten thousand yuan) 27 Creserve (Ten thousand
yuan)

28 Ppv (yuan/kWh) 0.55

Pw (yuan/kWh) 0.52 Pextra (yuan/kWh) 0.37 Pn (yuan/kWh) 0.60

Itotal (Ten thousand
yuan)

8000 DTotal (MWh) 540 gco2 (Ten thousand
yuan/ton)

0.12

gso2 (Ten thousand
yuan/ton)

0.58 gNOX (Ten thousand
yuan/ton)

0.81 gdust (Ten thousand
yuan/ton)

0.25

Figure 2: Different algorithm iteration times

EE, 2020, vol.117, no.6 405



In order to ensure the quality and reliability of power supply, assume a maximum renewable energy
penetration of 30 percent, at the permeability range of [0%, 30%], the cost and benefit of different
renewable energy penetration rates under three conditions can be obtained, as shown in Figs. 3–6:

According to Figs. 3–6, as the penetration rate of renewable energy increases, the initial investment cost,
operation, and maintenance cost and decommissioning disposal cost all rise under the above three scenarios.
The increase in reserve capacity causes an increase in initial investment costs. In contrast, the increase of
operation and maintenance cost is caused by the rise of equipment maintenance frequency and rush repair
frequency produced by the random fluctuation of renewable energy output. Besides, it can be seen that
under the three scenarios, the net income first slowly increases and remains positive. When it exceeds a
certain boundary point, the distribution network’s net income declines and turns from positive to
negative. In Scenario 1, when the penetration rate of renewable energy exceeds 26%, the net income

Figure 3: Cost-benefit Scenarios 1 with different permeability

Figure 4: Cost-benefit Scenarios for scenario 2 with different permeability
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Figure 5: The cost-benefit situation of Scenario 3 with different permeability

Figure 6: Scenario 4 cost-benefit situation at different penetration rates

Figure 7: Reserve capacity setting of Scenario 1 at different permeability

EE, 2020, vol.117, no.6 407



decreases from 16.31 million yuan when the penetration rate is 25% to -10.77 million yuan. In Scenario 2,
when the penetration rate reaches 27%, the net income drops from 1.42 million yuan at 26% to -3.83 million
yuan. The transition point of Scenario 3 is 29%, from 150,000 yuan at 28:00 to -280,000 yuan. The transition
point of Scenario 4 is 28%, which drops from 170,000 yuan at 27% to -1.67 million yuan. Therefore, the
higher the penetration rate of renewable energy is, the better. Only when the optimal penetration rate is
reached can the net income of the distribution network be guaranteed.

Comparing the three scenarios above, we can see that the net income of situation 3 is the largest, and that
of Scenario 1 is the smallest. That is to say, when wind power, photovoltaic, and thermal power infiltrate into
the grid at the same time, the net profit is the largest compared with that of thermal power and photovoltaic
power alone.

Through the model solving algorithm, the optimal solution of the model under three different scenarios
can be obtained, and the details are shown in Tab. 2:

(3) The influence of different renewable energy penetration on distribution network

The reserve capacity Settings of the above three scenario distribution networks are shown in Figs. 7–10:

As can be seen from Figs. 7–10, with the increase in the penetration rate of renewable energy, load
reserve, maintenance reserve, and accident reserve all increase in the four scenarios, and under the four
scenarios, accident reserve > maintenance reserve > load reserve. Since the size of the accident reserve
and maintenance reserve depends on the deviation of the wind power output and the photovoltaic output
forecast and their respective reserve capacity coefficients, when the wind power output and photovoltaic
output forecast deviations are certain, the accident reserve and the repair reserve are only related to the
reserve capacity coefficient, and To ensure the stability of power supply and reduce the number of power
outage accidents, the accident reserve factor > maintenance reserve factor > load reserve factor, so in four
cases, accident reserve > maintenance reserve > load reserve. Among them, when the penetration rate of
renewable energy is in the range of [0%, 19%], the reserve capacity of Scenario 1 increases at a lower
rate. In the range of [19%, 30%], the reserve capacity of Scenario 1 starts Large speed increase; for

Figure 8: Reserve capacity setting of Scenario 2 at different permeability

Table 2: Optimal solutions for different scenarios

The optimal solution Scenario 1 Scenario 2 Scenario 3

Maximum net income (Ten thousand yuan) 2140.79 3082.13 3214.09

Optimum permeability (%) 19.02 21.45 24.53
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Scenario 2, when the renewable energy penetration rate is in the range of [0%, 21%], its reserve capacity
growth rate is low, and in the range of [19%, 30%], its reserve capacity growth rate Larger; Scenario 3’s
lower growth rate and larger interval are [0%, 24%], [24%, 30%]; Scenario 4’s lower growth rate and
larger interval are [0, 22%], [22%, 30%]. As the penetration rate of renewable energy increases, the
growth rate of reserve capacity under the four scenarios increases first and then decreases, This is because
the penetration of renewable energy gradually increases beyond a certain percentage, which has a great
impact on the stability of the system. It is necessary to continuously increase the value of various backup
capacities to maintain system stability.

At the same time, based on the same renewable energy penetration rate, the maintenance reserve and
accident reserve capacity of Scenario 3 is the minimum, while the maintenance reserve and accident
reserve capacity of situation 1 is the maximum. When the penetration rate of renewable energy is 20%,
the maintenance standby capacity and emergency standby capacity of Scenario 1 are 2.28 mw and 2.35
mw, respectively. In situation 2, the maintenance standby capacity and emergency standby capacity are
1.76 mw and 1.81 mw, respectively. The reserve capacity of Scenario 3 is 1.17 mw and 1.21 mw,
respectively. This is because, in Scenario 3, wind power, photovoltaic and thermal power can be
connected to the grid at the same time to take advantage of the wind-solar complementary characteristics
and reduce part of the emergency reserve and maintenance reserve. Besides, compared with Scenario 3,
Scenario 4’s maintenance reserve and accident reserve capacity are larger than Scenario 3’s reserve
capacity. Taking renewable energy penetration rate of 20% as an example, Scenario 4’s maintenance
reserve and accident reserve are 1.29 MW, 1.45 MW; this is because Scenario 4 has a higher penetration

Figure 9: Reserve capacity setting of Scenario 3 at different permeability

Figure 10: Scenario 4 reserve capacity settings under different penetration rates
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rate of renewable energy than Scenario 3. The penetration rate of renewable energy is high, and higher
reserve capacity is required to maintain the system’s stable operation.

5 Conclusion

In this paper, the full cost-benefit model of distribution network under renewable infiltration is proposed.
The optimization model of the technical transformation of the distribution network is constructed based on
the comprehensive income of distribution network and the maximum penetration rate of renewable energy.
Finally, taking a distribution network as an example, the influence of different renewable energy grid-
connection scenarios on the total cost and benefits of the distribution network is discussed. Based on the
case study, the following conclusions are drawn:

1. Compared with the grid-connection of only one kind of renewable energy, the parallel grid-
connection of wind power, photovoltaic and thermal power can not only reduce the setting of
standby capacity for maintenance accidents in the distribution network but also reduce the cost of
operation and maintenance in the process of technical transformation of the distribution network.

2. When renewable energy is connected to the grid, its net income tends to increase first and then
decrease. When the penetration rate of renewable energy is large, its net income is even negative.
Therefore, the grid should reasonably plan the connection rate of renewable energy.

3. Compared with the grid-connection of only one renewable energy source, the optimal grid-
connection permeability of wind power and photovoltaic is higher than the optimal grid-
connection permeability of only one renewable energy source.
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