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Abstract. The paper constructs a two-level collaborative planning model for incremental distribution 
network considering demand response and distributed renewable energy access. In the upper model, the goal 
is to minimize the investment cost of the distribution network, and the lower model takes the system's 
operating cost optimally, fully considers the uncertainty of renewable energy output, and introduces robust 
optimization to solve it. It can be seen from the simulation results that the consideration of demand response 
in the distribution network planning is conducive to delaying investment costs, enhancing power user load 
flexibility, and effectively avoiding load shedding and other problems. The research results lay the foundation 
for the feasibility of demand response resources participating in power grid planning  

1 introduction  
global climate change and the increasing shortage of fossil 
energy resources have made society pay more and more 
attention to energy and environmental issues. "Doing a 
good job in carbon peaking and carbon neutrality" has 
also been listed as one of China's key tasks. Therefore, it 
has become an inevitable trend for distributed renewable 
energy with high penetration rate to be integrated into the 
incremental distribution network [1-3]. The rapid 
development of distributed renewable energy not only 
brings opportunities for energy structure transformation, 
but also poses new challenges to the power grid, such as 
changes in the topology of the distribution network [4-5]. 

Regarding the planning of distributed renewable 
energy in the incremental distribution network, relevant 
scholars at home and abroad have carried out relevant 
research. At present, the main research methods are 
economic planning model and planning-operation two-
level model. In the incremental distribution network 
planning, if only focusing on the planning of distributed 
renewable energy, the planning may be too simple and 
unable to make full use of other resources in the 
distribution network. Nowadays, demand response plays 
an increasingly important role in incremental distribution 
network planning. This approach has changed the 
thinking that power sources passively accept user load 
changes [6-7], 

This paper takes into account the energy consumption 
problem of distributed renewable energy connected to the 
active distribution network and the impact of demand 
response on the operation of the distribution network, and 
proposes a new incremental distribution network planning 
method. 

2 Cooperative Planning Model of 
Incremental Distribution Network 

2.1 Upper-level planning model 

The decision variables of the upper-level planning are the 
location and capacity of distributed renewable energy 
access, the purchase capacity and location of demand 
response; the objective function is the total cost of the plan, 
including the investment cost of distributed renewable 
energy, the capacity cost of demand response, and The 
operating cost of the system,etc. 

2.1.1 Objective function 

min T inv opeF C wC         （1） 

, ,res DRinv res i N res i res i N RD RD iC k c n c n    （2） 

   𝜅𝜅��� � �������
��������         （3） 

In the formula, invC  represents the planning cost of 
distributed power; opeC  represents the operating cost of 
the system, which is calculated and transmitted by the 
underlying model; w represents the conversion factor of 
the net present value of the operating layer. resk  represents 
the annual investment equivalent coefficient of renewable 
energy; a represents the discount rate; b represents the 
average service life of renewable energy power 
generation equipment; resc  represents the unit investment 
cost of renewable energy equipment; ,i resn  represents the 
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number of renewable energy equipment at the i-th node; 
RDc  represents the unit cost of demand response capacity; 

,RD in  represents the demand response capacity; 

2.1.2 Restrictions 

Due to the limitations of space and funds, there are also 
certain restrictions on the number of devices that can be 
installed on each node in the newly added distribution 
network. which is: 

� � 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖          （4） 
In the formula, 𝑁𝑁�𝑖��� represents the upper limit of the 

number of renewable energy equipment at the i-th node. 
𝑆𝑆��𝑖���� � 𝑆𝑆𝐷𝐷𝐷𝐷𝑖𝑖𝑖 � 𝑆𝑆��𝑖����             （5） 

In the formula, 
min

,DR iS
、

max
,DR iS  respectively represent the 

upper and lower limits of the demand response capacity 
that can be purchased at node i. 

2.2 Low-level robust optimization model 

The lower-level optimization is the optimal dispatch 
situation of demand response on a typical day of wind 
power. The decision volume is the output of demand 
response and the 0–1 variables that determine whether to 
call demand response at this moment, the amount of air 
abandonment per hour and the amount of load shedding; 
the objective function is the operating cost of the entire 
system, including the power purchase cost of the system 
excluding network loss, Operation and maintenance costs 
of renewable energy equipment, electricity costs for 
demand response, wind abandonment costs, and load 
shedding costs. Constraints include demand response 
constraints, power balance constraints, and so on.. 

2.2.1 Objective function 

 𝐶𝐶��� � 𝐶𝐶���� � 𝐶𝐶������ � 𝐶𝐶���� � 𝐶𝐶����� � 𝐶𝐶�����         
（6） 

𝐶𝐶���� � 𝑝𝑝��� ∑ 𝑃𝑃𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔�∈�       （7） 
𝐶𝐶������ � ∑ ∑ �𝑐𝑐�

���
�∈�����∈� 𝑃𝑃�𝑖�𝑖� � 𝑐𝑐��

���𝑃𝑃�𝑖�𝑖���    
（8） 

 𝐶𝐶���� � ∑ ∑ 𝑐𝑐�����∈�����∈� 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖����    （9） 
 𝐶𝐶����� � ∑ ∑ 𝑐𝑐������∈���∈� 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖�����  （10） 

𝐶𝐶����� � ∑ ∑ 𝑐𝑐������∈����∈� �𝐷𝐷𝐷𝐷�𝑖�� � 𝐷𝐷𝐷𝐷�𝑖�� �  
（11） 

In the formula, 𝐶𝐶���� , 𝐶𝐶������，𝐶𝐶���� ，𝐶𝐶����� ，𝐶𝐶����� are the 
cost of purchasing electricity from the main grid, the 
operating cost of renewable energy, the penalty cost of 
renewable energy curtailment, the cost of load shedding, 
and the demand response operation. cost. 𝑝𝑝���，𝑐𝑐���

���
，

𝑐𝑐���� ，𝑐𝑐����� ，𝑐𝑐�����  respectively represent the time-of-use 
electricity price of the main network, the unit electricity 
cost of renewable energy, the unit penalty cost of 
abandonment, the penalty cost of load shedding, and the 
demand response unit Electricity cost. 𝐿𝐿�𝑖�represents the 
load demand of the i-th node at time t; 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖����，𝑐𝑐𝑐𝑐𝑐𝑐�𝑖����� 

respectively represent the load demand of the i-th node at 
time t The amount of power discarded and load shedding 
of i nodes. 𝐷𝐷𝐷𝐷���and 𝐷𝐷𝐷𝐷���respectively represent the peak 
shaving volume and valley filling volume of demand 
response at time t; 𝑃𝑃����  refers to the purchase of 
electricity from the main network. 

2.2.2 Restriction 

The lower-level optimization is the optimal dispatch 
situation of demand response on a typical day of wind 
power. The decision volume is the output of demand 
response and the 0–1 variables that determine whether to 
call demand response at this moment, the amount of air 
abandonment per hour and the amount of load shedding; 
the objective function is the operating cost of the entire 
system, including the power purchase cost of the system 
excluding network loss, Operation and maintenance costs 
of renewable energy equipment, electricity costs for 
demand response, wind abandonment costs, and load 
shedding costs. Constraints include demand response 
constraints, power balance constraints, and so on. 

1）Power balance constraint： 
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（12） 
2）DR constraint: 

� � 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑐𝑐� � 𝑐𝑐𝑖𝑖𝑖𝑐𝑐� 𝑆𝑆��𝑖����𝑖 ∀𝑖𝑖𝑖 𝑐𝑐    （13） 
� � 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑐𝑐� � 𝑐𝑐𝑖𝑖𝑖𝑐𝑐� 𝑆𝑆��𝑖����𝑖 ∀𝑖𝑖𝑖 𝑐𝑐    （14） 

𝑐𝑐�𝑖� � 𝑐𝑐𝑖𝑖𝑖𝑐𝑐� � 𝑐𝑐𝑖𝑖𝑖𝑐𝑐� 𝑖 ∀𝑖𝑖𝑖 𝑐𝑐      （15） 
� � 𝑐𝑐�𝑖�� � 𝑐𝑐�𝑖�� � 1𝑖 ∀𝑖𝑖𝑖 𝑐𝑐     （16） 

� � ∑ 𝑐𝑐𝑖𝑖𝑖𝑐𝑐� � 𝑐𝑐𝑖𝑖𝑖𝑐𝑐��∈� � 𝐷𝐷𝐷𝐷���𝑖���� 𝑖 ∀𝑖𝑖𝑖 𝑐𝑐（17） 

𝑐𝑐����� �

⎩
⎪
⎨
⎪
⎧ 𝐶𝐶��𝑖 � � �𝐷𝐷𝐷𝐷�𝑖�� � 𝐷𝐷𝐷𝐷�𝑖�� � � 1

3 𝑆𝑆��𝑖����𝑖 ∀𝑖𝑖𝑖 𝑐𝑐
𝐶𝐶��𝑖 1

3 𝑆𝑆��𝑖���� � �𝐷𝐷𝐷𝐷�𝑖�� � 𝐷𝐷𝐷𝐷�𝑖�� � � 2
3 𝑆𝑆��𝑖����𝑖 ∀𝑖𝑖𝑖 𝑐𝑐

𝐶𝐶��𝑖 2
3 𝑆𝑆��𝑖���� � �𝐷𝐷𝐷𝐷�𝑖�� � 𝐷𝐷𝐷𝐷�𝑖�� � � 𝑆𝑆��𝑖����𝑖 ∀𝑖𝑖𝑖 𝑐𝑐

 

（18） 
3）Renewable energy constraints: 

� � 𝑃𝑃�𝑖�𝑖��� � 𝑃𝑃������𝑖 ∀𝑖𝑖𝑖 𝑐𝑐     （19） 
4）Mainnet purchase capacity constraints: 

� � 𝑃𝑃𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔𝑖𝑐𝑐 � 𝑃𝑃�������𝑖 ∀𝑐𝑐     （20） 
5）Load shedding constraint: 

� � 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖����� � 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖�
����𝑖���𝑖 ∀𝑖𝑖𝑖 𝑐𝑐（21） 

6 ） Wind abandonment and solar abandonment 
constraints : 

� � 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖���� � 𝑐𝑐𝑐𝑐𝑐𝑐�𝑖�
���𝑖���𝑖 ∀𝑖𝑖𝑖 𝑐𝑐 （22） 

7）Robustness constraints 
� � �𝑃𝑃�𝑖� � �𝑃𝑃����𝑖�𝑖 𝑃𝑃𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖�:        （23） 

𝑃𝑃���� ∈ 𝑈𝑈𝑖 𝑈𝑈𝑃𝑃𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔 � �𝑃𝑃𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔1 𝑖 𝑃𝑃𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔2 𝑖 ⋯ 𝑖 𝑃𝑃𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔
𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 � 

（24）            

2
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∆𝑃𝑃����𝑖� � ∑ �𝑃𝑃��𝑖�����𝑖𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 � 𝑃𝑃�𝑖���� � 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟� �
∑ ∆𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑁𝑁𝑙𝑙 � ∑ ∆�𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖� � 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖� �𝑖𝑖𝑖𝑁𝑁𝐷𝐷𝐷𝐷 𝑖 ∀𝑖𝑖𝑖 𝑖𝑖

（25） 
� � 𝑃𝑃𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙𝑖𝑖𝑖 � ∆𝑃𝑃𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙𝑖𝑖𝑖 � 𝑃𝑃�������𝑖 ∀𝑖𝑖   （26） 
� � 𝑐𝑐𝑐𝑐𝑖𝑖�𝑖���� � ∆𝑐𝑐𝑐𝑐𝑖𝑖�𝑖���� � 𝑐𝑐𝑐𝑐𝑖𝑖�𝑖����𝑖���𝑖 ∀𝑖𝑖𝑖 𝑖𝑖

（27） 

� � 𝑐𝑐𝑐𝑐𝑖𝑖�𝑖����� � ∆𝑐𝑐𝑐𝑐𝑖𝑖�𝑖����� � 𝑐𝑐𝑐𝑐𝑖𝑖�𝑖�����𝑖���𝑖 ∀𝑖𝑖𝑖 𝑖𝑖�
（28） 

In the formula, 𝑃𝑃�𝑖����  refers to the amount of 
electricity generated by renewable energy; 𝑐𝑐𝑐𝑐𝑖𝑖�𝑖���� refers 
to the amount of electricity discarded from renewable 
energy; 𝑐𝑐𝑐𝑐𝑖𝑖�𝑖����� refers to the load shedding in the system; 
𝐿𝐿�𝑖�is the system load. 𝑐𝑐�𝑖��  and 𝑐𝑐�𝑖��  are 0-1 variables; 𝐶𝐶��、
𝐶𝐶��、𝐶𝐶�� are the unit electricity cost involved in demand 
response, respectively. ∆𝑃𝑃𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙 is the adjustment variable 
for the amount purchased from the main network; 
∆𝑐𝑐𝑐𝑐𝑖𝑖�𝑖�����  refers to the adjustment variable for load 
shedding; ∆�𝐷𝐷𝐷𝐷�𝑖�� � 𝐷𝐷𝐷𝐷�𝑖�� �  represents the adjustment 
variable of demand response. Equations (23)-(28) express 
the robustness constraints, that is, when the actual wind 
power output 𝑃𝑃���� deviates from the predicted value 𝑃𝑃���, 
the system scheduling rebalancing is achieved through 
equation (25), equations (26)-( 28) Indicates that its 
variables should still meet its corresponding constraints 
during rescheduling.. 

3 Collaborative programming model 
solving method  

From the description of the model above, we can see that 
the upper-level programming model constructed in this 
article is a simple linear programming problem, which can 
be solved directly using CPLEX optimization software. 
Since the lower-level optimization model contains 
renewable energy that cannot accurately predict the 
output, the model cannot be solved directly. The 
commonly used uncertainty optimization processing 
methods are stochastic optimization and robust 
optimization. This article will use robust optimization to 
deal with them.The specific expression is as follows: 
( ) min res c c DR

ope grid opr res load oprMP C C C C C C    
（29） 

s.t. 
(12)-(22)           （30） 

^
,

, , , , , ,

, , , , , , ,

res L

DR

k t res res res load
grid i N i t k i t i t i N i t k

i N i t k i t k

p P p cut cut

DR DR i t k

 

 


       
 

   

 

  
（31） 

� � 𝑃𝑃𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙𝑖𝑖𝑖 � ∆𝑃𝑃𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙𝑘𝑘𝑖𝑖𝑖 � 𝑃𝑃�������𝑖 ∀𝑖𝑖𝑖 𝑘𝑘  （32） 
and: 
�𝑆𝑆𝑃𝑃��ℤ � max𝑃𝑃�𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑈𝑈

min��𝑖��𝑖∆����� ∑ ∑ �𝑟𝑟�𝑖�� � 𝑟𝑟�𝑖�� ��𝑖��𝑖�
（33） 

s.t.  

^
,

, , , , , ,

, , ,

( )

, ,

res

l DR

k t res res res
grid i N i t k i t i t i N i t i t

load
i N i t i N i t i t

p P p cut s s

cut DR DR i t

 
 

 
 

       
 

     

 

   
（34） 

𝑟𝑟�𝑖�� � �𝑖 ∀𝑖𝑖𝑖 𝑖𝑖        （35） 
𝑟𝑟�𝑖�� � �𝑖 ∀𝑖𝑖𝑖 𝑖𝑖        （36） 

(26)-(28)         （37） 
In the formula: κ (k∈κ) is the set of uncertainty 

factors 𝑃𝑃���, which gradually expands with the iterative 
process of solving the sub-problems. In the objective 
function of the sub-problem, -

n,t , s、
n ts  is a non-negative 

slack variable, which can be used to evaluate the improper 
correlation in solving the main problem, and it can also 
represent uncertain factors such as load shedding due to 
system constraints. Therefore, to solve the sub-problem is 
to find the worst point 𝑃𝑃���𝑖� in the uncertainty set u, and 
obtain the economic dispatch plan accordingly. The 
calculation process is as follows: 

1) , 1, ,     k  And define its error 
tolerance as  ; 

2) When Z≥δ, enter the next step of calculation; 
3) Solve the main problem (MP) and get the optimal 

solution; 
4) Substitute the optimal solution obtained in the 

previous step into the sub-problem (SP), and solve (SP) to 
obtain the result (Z, (ℤ，𝑊𝑊�� ) ̂); 

5) , 1;k k K k k    
6) When the conditions are met, the loop ends. 

4 Simulation calculation 

4.1 Calculation example environment and 
parameters 

This text carries on the simulation analysis of the 
distribution network planning based on the IEEE 33-node 
system, as shown in Figure 1. The unit installed capacity 
cost of wind turbines is 1.19×10^7 yuan/MW, and the unit 
installed capacity cost of photovoltaics is 2.19×10^7 
yuan/MW. In addition, the maximum number of 
connected positions of the wind turbine is 5, and the 
candidate nodes are 3, 8, 10, 23, and 30. The maximum 
number of PV access locations is also 5, and the candidate 
nodes are 4, 9, 19, 26, and 32. In addition, the maximum 
connection capacity of a single node for wind turbines and 
photovoltaics is 1MW. The output range of wind and wind 
is shown in Figure 2 and Figure 3. 

Demand response can participate in both the capacity 
market and the electric energy market. Based on this, this 
article first assumes that the load nodes that can 
participate in demand response are 3, 9, 19, 23, and 26. 
Secondly, the load change of each load node after the 
implementation of demand response is 0.8 to 1.4 times the 
original load. 

The time-of-use electricity price is shown in Table 1. 
In order to promote the full utilization of wind power and 
photovoltaic resources and suppress load fluctuations, this 
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paper sets the cost of abandoning wind and solar power 
and the cost of load shedding to 1 yuan/(MW∙h), and the 
planned period is 10a. 

Table1. Peak valley TOU price 

Time Specific moment price (yuan/kW h) 
Peak 
time 08:00-11:00; 17:00-22:00 0.5264 

Normal 
time 06:00-08:00; 11:00-17:00 0.4028 

Valley 
time 00:00-06:00; 22:00-24:00 0.3256 

 

10 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

18 19 20 21

22 23 24

25 26 27 28 29 30 31 32

 
Fig 1. Wiring diagram of IEEE33 node power distribution 

system 
 

 
Fig 2. Wind power output range 

4.2 Impact analysis of demand response 

4.2.1 The impact of demand response on planning 
results 

In the incremental distribution network planning, the 
inclusion of a demand response mechanism will have a 
certain impact on its planning. In order to quantify the 
impact of the demand response mechanism, this article 
will set up two scenarios: 

Scenario 1: Demand response mechanism is not 
considered in the incremental distribution network 
planning of renewable energy; 

Scenario 2: Consider the demand response mechanism 
in the incremental distribution network planning of 
renewable energy. 

Table2. Comparison of planning results between scenario 1 
and scenario 2 

Scenario 1 Scenario 2 
position capacity position capacity 

3 0.70 3 0.65 
8 0 8 0 

10 0.85 10 0.70 
23 0.90 23 0.70 
30 0 30 0 

 
It can be seen from the configuration capacity that 

after considering the demand response in the system, the 
configuration capacity of renewable energy has decreased, 
which can improve the economy of the system while 
ensuring the reliability of the system. 

4.2.2 The impact of demand response on system 
costs 

The comparison results of system planning and operating 
costs in the two scenarios are shown in Table 3. 

Table3. Cost comparison of different scenarios 

Cost item 
cost（Ten thousand 

yuan） 
Scenario 1 Scenario 2 

cost of investment 67.34 39.53 
Renewable energy operating 

costs 59.85 31.91 

Main network power purchase 
cost 524.76 509.37 

Wind curtailment cost 20.31 0.39 
Load shedding cost 27.67 0 
DR Capacity cost 0 1.21 

DR Electricity cost 0 8.92 
total cost 699.93 591.33 

 
From the comparative analysis of the scenario's 

renewable energy operating costs, wind abandonment 
costs, and total costs, it can be found that demand 
response also has a greater effect on improving the 
consumption of renewable energy and reducing the 
phenomenon of wind and solar abandonment. 

4.3 Comparative analysis 

4.3.1 Comparative analysis of planning models 

In order to further verify the superiority of the two-level 
collaborative planning model in this paper, the simulation 
results of this model will be compared with the single-
level economic planning model and the simulation results 
of the single-level optimization operation. 

Table4. Comparative simulation results of different models 

model cost of 
investment 

Demand 
response 
capacity 

cost 

Renewable 
energy 

abandonment 
cost 

Double 
layer 39.53 1.21 0.39 

Single 
layer 51.27 2.09 26.83 

 
It can be seen from Table 4 that the investment cost of 

the two-tier programming model is lower than that of the 
single-tier optimization model. The main reason is that the 
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two-tier model takes the operating factors of the system 
into account during planning, so as to ensure that the 
system operates better. The configuration capacity of the 
equipment is conducive to reducing investment costs. In 
addition, the lower-level model in the two-level 
programming model constructed in this paper fully 
considers the uncertainty of renewable energy output, and 
uses robust optimization methods to optimize its 
operation, so as to reduce the abandonment of renewable 
energy as much as possible. Penalty costs. 

4.3.2 Comparative analysis of optimization 
algorithms 

The optimal investment cost obtained by SSA 
optimization algorithm is much lower than genetic 
algorithm and particle swarm algorithm. In addition, from 
the two dimensions of the number of iterations and 
iteration time, it can be seen that the SSA optimization 
algorithm is also lower than the genetic algorithm and the 
particle swarm algorithm, which proves that the global 
search capability and iteration efficiency of the SSA 
optimization algorithm are higher than the other two 
optimizations. algorithm. 

Table5. Comparative analysis of different optimization 
algorithms 

algorithm cost of 
investment 

Number of 
iterations 

Iteration 
time 

SSA 39.53 321 276 
GA 61.03 1230 1291 
PSA 58.64 973 1527 

5 Conclusion  

In the planning and research of the incremental 
distribution network, this paper further considers the 
impact of demand response resources and distributed 
renewable energy access, constructs a collaborative 
planning model of upper and lower levels, and uses 
renewable energy in the lower level planning model. 
Taking the uncertain factors into account, the robust 
optimization method is used to optimize the operating cost 
of the system, and returns to the upper-level planning 
model, so as to solve the optimal renewable energy 
equipment planning and configuration plan. Through 
simulation, the following conclusions can be drawn: 

1) This model can effectively save investment costs 
(from 512,700 yuan to 395,300 yuan) when 
comprehensively considering investment and operating 
factors. In addition, the demand response factor is further 
introduced into the collaborative planning model, and the 
cost impact is considered from the two perspectives of 
demand response capacity cost and electricity cost. There 
are significant savings in investment costs, operating costs, 
load shedding costs, etc., so that the total cost of the 
system is reduced. 

2) In the lower-level operation optimization model, a 
robust optimization model considering the uncertainty of 
renewable energy output is constructed. It can be seen 
from the results that by using the robust optimization 

model, the impact of uncertainty in the system on system 
operation can be better suppressed, and the amount of 
renewable energy discarded is greatly reduced, and the 
utilization efficiency of renewable energy is improved. 
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