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Abstract. The power supply in many provinces is in short supply during peak load period, and the large-

scale entry of new energy into the grid brings new problems to the safety and economic operation of the 

grid. Under the mechanism of time-of-use electricity price, the virtual power plant participates in the grid 

dispatching by integrating distributed new energy and demand-side resources, which can effectively 

participate in the peak load clipping and valley filling of the grid and suppress the load fluctuation of the 

grid. This paper builds a VPP economic optimization scheduling model based on TOU electricity price, and 

uses particle swarm optimization algorithm to get the output of each energy source of VPP. The simulation 

results show that the model is reasonable and economical. 

1 Introduction  

In recent years, renewable energy such as wind power 

and photovoltaic power has been connected to the grid 

on a large scale, which has reduced the power generation 

space of thermal power units. Combined with its 

intermittency and fluctuation characteristics, the peak 

regulation pressure of the power grid has increased. The 

peak regulation of existing thermal power units cannot 

fully meet the demand, so it is necessary to excavate the 

demand-side resources. Virtual power plant (VPP) 

aggregates energy storage, controllable load (DG), 

distributed power supply and other resources, and its 

participation in the market can effectively relieve the 

pressure of grid peak regulation [1-2]. 

At present, the research of domestic and foreign 

scholars on virtual power plant mainly focuses on the 

planning and market transaction of virtual power plant. 

Literature [3-4] builds a robust bidding model for virtual 

power plants to participate in day-ahead market, and the 

model can minimize the operating cost of virtual power 

plants. Literature [5] proposed the orderly charging and 

discharging model of electric vehicles under the time-of-

use price. Literature [6] proposed the energy and reserve 

bidding model of virtual power plant taking into account 

the thermal inertia of the building. Literature [7-8] 

proposed a robust optimal bidding model for virtual 

power plants, and solved it alternately through dual 

decomposition. Literature [9-10] studied the clearance 

mechanism of Shanghai Virtual Power Plant 

participating in peak regulation and gave the clearance 

process, but did not establish the corresponding 

mathematical model. 

The above literatures rarely consider the influence of 

TOU electricity price on VPP. For VPP, taking TOU 

electricity price into consideration when participating in 

peak load cutting and valley filling can effectively 

reduce the cost of power generation and enable VPP to 

obtain greater economic benefits. In this paper, a VPP 

operation strategy based on TOU electricity price is 

designed, and a VPP economic optimization scheduling 

model based on TOU electricity price is constructed with 

the goal of maximizing revenue in each period. Particle 

swarm optimization algorithm is adopted to get the 

output of each energy source of VPP. The simulation 

results show that the model is reasonable and economical. 

2 Operation Strategy of Virtual Power 
Plant Based on TOU Electricity Price  

2.1. Influence of TOU Electricity Price on Virtual 
Power Plant Operation 

A typical generation side VPP consists of an 

uncontrollable DG, a controllable power supply and an 

energy storage system. After the implementation of TOU 

electricity price, when the power generation cost of the 

controllable power source is higher than the TOU 

electricity price, the power generation cost of VPP will 

be increased. VPP can arrange the power generation plan 

of the controllable power source according to the TOU 

electricity price to reduce the power generation cost. The 

energy storage system has the characteristic of 

transferring electricity. After the implementation of TOU 

electricity price, VPP can transfer the low-price 

electricity of the distribution network to sell it when the 
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distribution network has a high price through the energy 

storage system, and obtain benefits. The implementation 

of TOU will encourage VPP to adjust the power 

generation plan to reduce the cost of power generation 

and participate in peak load cutting and valley filling of 

distribution network to obtain better benefits. 

2.2. Operation Mode of Virtual Power Plant 
Based on TOU Electricity Price  

The operation mode of VPP includes the following steps: 

(1) The next day uncontrollable DG output was 

predicted by VPP, and the uncontrollable DG output 

curve every 15 min on the next day was obtained. 

(2) Optimize next-day VPP output plan and declare 

next-day VPP output plan by comprehensively 

considering factors such as uncontrollable DG forecast 

output curve, time-of-use electricity price and power 

generation costs of various distributed energy sources. 

(3) The dispatching department shall confirm the 

declared output plan of VPP and arrange the output of 

VPP and other generating units in the region. 

(4) After considering the operation strategy of VPP 

based on TOU electricity price, VPP carries out 

economic optimization scheduling and obtains the real-

time optimization scheduling results of the next day. 

2.3. Operation Strategy of Virtual Power Plant 
Based on TOU Electricity Price  

(1) Uncontrollable DG operation strategy 

Wind power generation and photovoltaic power 

generation are connected to the grid as new energy 

power, and VPP gives priority to use within its ability 

range. 

(2) Operation strategy of controllable power supply 

On the basis of preferential utilization of new energy 

power, the operation strategy of gas turbine considering 

its own generation cost and TOU price is as follows: the 

generation cost is higher than the electricity price sold, 

and the gas turbine stops; The cost of electricity 

generation is lower than the price of electricity sold, and 

the gas turbine generates electricity; When 

uncontrollable DG generates more power and the energy 

storage system cannot be completely absorbed, the gas 

turbine generates less power according to the situation. 

(3) Operation strategy of energy storage system 

Output deviation refers to the difference between the 

uncontrollable DG planned output and the actual output 

in the next day, and the uncontrollable DG output 

deviation is random in size. The output deviation is 

compensated through the joint operation of pumped 

storage energy and energy storage battery, so that the 

actual VPP output can track the planned output. 

1. Output deviation is greater than 0, the 

uncontrollable DG generation is insufficient, the VPP 

energy storage system generates electricity, and when 

insufficient, the electricity purchased from distribution 

can meet the VPP output plan: the deviation is small, the 

energy storage battery generates electricity; When the 

deviation is large and exceeds the minimum output of 

the turbine, the pumped storage energy and the energy 

storage battery will jointly operate for power generation. 

2. Output deviation is less than 0, uncontrollable DG 

generation exceeds, and VPP energy storage system 

stores energy. If the energy storage power is less than the 

deviation power, gas turbine output will be reduced to 

meet the VPP output plan: small deviation, energy 

storage battery storage; Big deviation. When the 

deviation exceeds the pumping power of the pump, the 

pumped storage energy and the energy storage battery 

are combined for energy storage. 

3. Pumped storage energy can be purchased for 

energy storage during the valley period of TOU 

electricity price and sold during the peak period of TOU 

electricity price, which can obtain economic benefits and 

play a certain role of peak clipping and valley filling. 

3 Optimal dispatching model of virtual 
power plant based on TOU price  

3.1 Objective function  

Taking the maximum economic benefits in each period 

of VPP as the goal, considering the operation 

management cost of each distributed energy source, fuel 

cost of gas turbine and penalty cost of deviation from 

output plan, the objective function is: 

max [ ]VPP SE OM F PE
k k k k k
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In the formula, k represents the time series, taking 

15min as a period, k=1, 2, 96; VPP

k
F  is the net income of 

VPP in period k; SE
k
I  is the income of VPP in period k; 

l

kP  is TOU price of electricity sale price in period k; 

W

k
g 、 PV

k
g 、 GT

k
g 、 tur

k
g 、 dis

k
g 、 pu

k
g 、 ch

k
g are respectively 

the power generation output of wind power, photovoltaic 

power, gas turbine power, pumped storage and energy 

storage battery and the charging power of pumped 

storage and energy storage battery in period k; OM
k
C  is the 

operation management cost of VPP in period k: KW
OM
、

KPV
OM
、 KGT

OM
、 pK umped

OM
、 Kbat

OM
 are the operation management 

coefficient of wind power, photovoltaic, gas turbine, 

pumped storage and energy storage battery respectively; 
F

k
C  is the energy consumption cost of VPP in period k; 

GT
P  is the fuel cost of gas turbine per unit power 

generation; PE
k
C  is the penalty cost in period k; 

2

kP  is the 

electricity purchase price of the time-of-use electricity 

price in period k; 
k
G . VPP declaration and contribution 

plan for period k. 
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The following formula is used to calculate the 

contribution of VPP to the distribution network's 

declaration plan: 
k

s max 2

k

s 2

;

;

GT

k GT

k

k GT

G g P P
G

G P P
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         （6） 

Where: 
sk
G  is the uncontrollable DG plan output in 

period k; n is the output coefficient of gas turbine in 

period k; 
max

GTg  is the maximum output of gas turbine. 

3.2 Constraints  

(1) Power balance constraint: 

k

pu ch W PV GT tur dis dev

k k k k k k k k
G g g g g g g g g+ + = + + + + +  （7） 

dev

k
g  represents the output deviation of VPP in period 

k.. 

(2) Controllable power supply constraints 

min max

GT GT GT

k
g g g                     （8） 

max

GTg and
min

GTg  are respectively upper and lower limits 

of gas turbine power. 

(3) Pumped storage capacity constraints 
up up up

min maxk
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up

min
V and up
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V  respectively represent the lower limit 

and upper limit of upper storage capacity. 

(4) Energy storage battery energy and charge and 

discharge constraints 
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Where, bat

min
E and bat

max
E  respectively represent the lower 

and upper limits of the capacity of the energy storage 

battery; bat

k
E  denotes the amount of energy storage 

battery in period k; ch
k
u and dis

k
u  represent state variables 

of charge and discharge respectively, with values of 0 or 

1; ch
k
g and dis

k
g  respectively represent charging and 

discharging power in time period k; 
c
n and

d
n  represent 

charging and discharging efficiency respectively; 

min

chg and
max

chg  respectively represent the lower and upper 

limits of charging power; 
min

disg and
max

disg  represent lower 

limit and upper limit of discharge power respectively. 

4 Example analysis 

VPP is composed of 5 220MW wind farms, 3 100MW 

photovoltaic power farms, 100MW gas turbine, 150MW 

pumped storage energy and 50MW energy storage 

battery. The relevant parameter information is as follows. 

The initial energy storage value of pumped storage 

energy is 180MWh, and the initial energy storage value 

of energy storage battery is 50MWh. The electricity 

purchase prices in the flat section of peak and valley are 

830, 490 and 170 yuan/MWh respectively, and the 

electricity sale prices are 650, 380 and 130 yuan/MWh 

respectively. The wind power operation management 

coefficient is 29.6 yuan/MWh, and the photovoltaic 

operation management coefficient is 9.6 yuan/MWh. The 

lower limit of gas turbine output is 10MW, the upper 

limit is 100MW, the operation management coefficient is 

120 yuan/MWh, the fuel cost coefficient is 168.6 

yuan/MWh, the pumped storage operation management 

coefficient is 25.3 yuan/MWh, the turbine power 

generation efficiency is 0.92, the pump pumping 

efficiency is 0.81, the pump output is 150MW, The 

charge and discharge power of the energy storage battery 

is 50MW, and the charge and discharge efficiency is 

0.87. The operation management coefficient is 84.3 

yuan/MWh. The lower limit of the battery is 10MWh, 

and the upper limit is 80MWh. Particle Swarm 

Optimization (PSO) algorithm is used to solve the 

economic optimal scheduling model of VPP. Parameters 

of particle swarm optimization algorithm are set as 

follows: population size is 50; The number of iterations 

is 300; Inertial weight factor w is 0.75; The learning 

factor was 1.5. 

The penalty cost of VPP represents the deviation of 

VPP output. When n is greater than 0.8, the greater n is, 

the greater the penalty cost will be; when n is less than 

0.75, the smaller n is, the greater the penalty cost will be. 

When n is 0.76, the minimum penalty cost is 230,340 

yuan, and the net benefit of VPP is 7689700 yuan. When 

n is 1, the gas turbine is at full power, and VPP has the 

best economic benefit. The simulation results show that 

VPP can adapt to the TOU price environment of 

distribution network by designing the operation strategy 

of controllable power supply, and choose the appropriate 

output coefficient to reduce the operation cost of VPP 

effectively, and obtain better economic benefits. 

 

Fig. 1. Energy storage of pumped storage and energy storage 

batteries 
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Fig. 2. The output  

 

As shown in Fig. 1, pumped storage fills the valley 

and stores energy during periods 0 to 28 and 93 to 96 

(TOU price valley period), compensates deviations 

during periods 29 to 92 (TOU price flat and peak period), 

and tries its best to participate in peak reduction during 

TOU price peak period. Energy storage batteries 

compensate deviations during the whole period.  

Combined with Figure 2, the gas turbine stops during 

periods 0 to 28 and 93 to 96. At this time, the VPP is 

powered by new energy, and only the energy storage 

battery runs, resulting in a large deviation in output. 

During the period of 29 to 92, the gas turbine generates 

electricity. At this time, the VPP is powered by new 

energy and gas turbine. The pumped storage energy and 

the energy storage battery run together, with a small 

output deviation. According to calculation, when the 

TOU electricity price is in the valley, pumped storage 

energy filling in the valley and energy storage need to 

pay more penalty costs, so the net benefit is less. When 

the TOU electricity price is in the peak, the net benefit of 

VPP is higher. The calculated penalty cost paid by VPP 

to the distribution network is 249210 yuan. If VPP does 

not participate in peak clipping and valley filling, the net 

benefit of VPP is RMB 7,408,500. After participating in 

peak cutting and valley filling, the net benefit of VPP 

was RMB 7731200, the benefit of peak cutting and 

valley filling was RMB 322700, and the trough 

difference of distribution network was reduced by 100 

MW. The simulation results verify the rationality of the 

model, which indicates that the construction of VPP can 

make DG better adapt to the environment of TOU 

electricity price and participate in the operation of the 

power grid. The TOU electricity price of the distribution 

network can effectively motivate VPP to participate in 

peak load cutting and valley filling to obtain greater 

benefits. 

5 Conclusion 

In this paper, a VPP operation strategy based on TOU 

electricity price is designed, and a VPP economic 

optimization scheduling model based on TOU electricity 

price is constructed with the goal of maximizing revenue 

in each time period. The output of each energy of VPP is 

obtained by particle swarm optimization algorithm. The 

simulation results verify the rationality of the model, 

which indicates that the construction of VPP can make 

DG better adapt to the environment of TOU electricity 

price and participate in the operation of the power grid, 

and the TOU electricity price can effectively motivate 

VPP to participate in peak load cutting and valley filling 

to obtain greater benefits. 
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