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Abstract 

According to extensive development of renewable resources, such as wind power and 

photovoltaic power, and on the basis of wind-photovoltaic-energy storage hybrid power 

system, an optimal scheduling algorithm for residential energy consumption scheduling 

considering the wind -photovoltaic power and the electricity price of purchase/selling 

electricity is proposed. Firstly, in order to reduce the electricity cost of user and the 

burden of power supply, the appliances is arranged in the time-slot with purchase price 

more than selling price and higher wind -photovoltaic power based on the wind -

photovoltaic power and the electricity price of purchase/selling electricity; Then, with the 

constraint conditions that purchase/selling electricity, the coordination strategy of wind-

photovoltaic-energy storage grid is proposed. Simulation results show that the proposed 

optimization can decrease the electricity cost of user and peak-to-average. 

 

Keywords: wind-photovoltaic-energy storage hybrid power system, purchase/selling 

electricity model, energy consumption optimization, electricity cost 

 

1. Introduction 

With the increasing consumption of fossil energy and environmental crisis, renewable 

energy (wind and solar energy) has received extensive attention because of its rich 

resources, small pollution and so on. The family is  maximum scale number of energy 

consumption system in the energy consumption field, how to use renewable energy 

instead of fossil energy for the user to provide electricity demand is the urgent 

requirements .  

The following scheduling schemes for the optimal scheduling of residential energy 

consumption have been studied recently. In [1-3], in order to reduce the user's electricity 

cost and guarantee the system stability, the different optimization scheduling algorithms 

for residential energy consumption are adopted. However, researchers focused on 

reducing electricity cost, without considering the impact of electricity on the environment 

in these studies. The authors of [4] proposed a optimization of energy management 

algorithm to coordinate photovoltaic power generation, energy storage, and thermoelectric 

cold cogeneration system. The algorithm balanced the environment and user's electricity 

cost. The authors of [5] proposed a scenery energy forecasting of household appliances 

based on optimization scheduling algorithm and reduce electricity cost. But, its impact on 

power system stability and reliability caused by the renewable energy power generation 

was not considered in the study. Due to the wind-solar power generation has the 

characteristics of indirectness, volatility and randomness and is strongly influenced by the 

weather [6-7]. Therefore, By considering the complementary characteristics of wind and 

solar power generation and the dynamic characteristics of the battery energy storage, the 
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capacity of the combined power generation system is optimized in this paper. It can not 

only guarantee the stability of the system, but also reduce the system cost [8-11]. 

On the basis of wind-photovoltaic-energy storage hybrid power system, an optimal 

scheduling algorithm for residential energy consumption scheduling considering the wind 

-photovoltaic power and the electricity price of purchase/selling electricity is proposed. In 

this paper, taking into account the wind - photovoltaic power and the electricity price of 

purchase/selling electricity, the household appliances are scheduled. Namely, within the 

scope of the user's tolerance of the appliance, the appliance is arranged in the time of 

purchase price is higher than the selling price of electricity and the wind- photovoltaic 

power is higher periods. And, the coordination strategy of the wind-PV hybrid power 

generation system is presented : when the power purchase price higher than the selling 

price, wind-photovoltaic-energy storage hybrid power system is consumed firstly. And in 

the lack of electricity, the electricity is purchased from the grid; when electricity purchase 

price is lower than the selling price, users directly purchase electricity from the grid, and 

the power of wind-photovoltaic system is sold to the grid side. The optimal scheduling 

scheme proposed in this paper can not only reduce the power consumption of users, but 

also reduce the power load of the power grid, thus reducing the consumption of fossil 

energy and reducing the environmental pollution. 

 

2. The Wind-Photovoltaic-Energy Storage Hybrid Power System 

In recent years, the rapid development of photovoltaic power generation and wind 

power generation as a clean energy have become a promising energy resource for users. 

 

2.1. Photovoltaic Power Generation 

The output power of the photovoltaic power generation system is dependent on the 

strength of the solar radiation and the environment temperature, the output power of the 

PV is formula for [12]: 

(1 0.05(T 25)t t t

pv pv outP S I                                                                               (1) 

Where S is the total area of the solar panels, ηpv is solar energy conversion efficiency, I
t
 

is irradiance of solar energy in the time slot t (kW/m
2
), T is the outdoor temperature (℃). 

 

2.2. Wind Power Generation 

The output power of wind energy: 

 
31

2

t t

wind pP AC V  
     (2) 

Among them, ρ is the density of air, A is rotor swept area, Cp is wind energy utilization 

coefficient, V
t 
is the wind speed in the time slot t.  

 

2.3. Storage Battery 

The charging power of battery： 

max

,

t t

batt ch chP P ch        (3) 

The discharging power of battery： 

max

,

t t

batt dch dchP P dch        (4) 

Here，ch
t，dch

t
 are charge and discharge status, ch

t
 +dch

t
≤1. 
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The output power of battery： 

,

,

t

batt cht t

batt batt dch dch

ch

P
P P 


   

    (5) 

Here, ηch and ηdch are battery charging and discharging efficiency, respectively. 

 

3. The Energy Consumption of Appliances Scheduling Algorithm with 

Distributed Energy Generation Systems 

In this section, we provide a mathematical model for the household appliance 

scheduling problem. We consider a residential unit where a smart meter, a wind-

photovoltaic hybrid power system, an energy storage device and electric appliances are 

equipped. The appliances optimal scheduling algorithm based on hybrid power generation 

system. The main characteristics of the system is that the power can be distributed directly 

to the user, the excess or insufficient part of the power supply and demand interaction, 

and two-way charging, the architecture of which is shown in Figure. 1. 

 

Figure 1. The Proposed Residential Energy Model 

3.1. The Parameter Setting 

In this section, we classify four types of household appliances consisting of 

interruptible and schedulable appliances, non-interruptible and schedulable appliances, 

real-time appliances, and full-time appliances. Some loads such as charging the battery 

for an electric vehicle are interruptible. That is, it is possible to charge the battery for 1 h, 

then stop charging for another hour, and then finish the charging after that. However, if 

the load is uninterruptible, then as soon as the corresponding appliance starts operation, its 

operation needs to continue until it finishes. Real-time appliances must operate 

immediately only if users want to use them, e.g., televisions and computers. Full-time 

appliances operate during the whole day, e.g., refrigerators.  

Let A denote the schedulable appliances and T denote the operation cycle. We define 

time-slot t T = [1, 2, 3, …, 24]. Let e
t
a denote the energy consumption of appliance a in 

time-slot t. The total energy consumption of all schedulable appliances A in time-slot t is 

given by ∑e
t 

a and is denoted by l
t 

A. The energy consumption of the residence in the t time-

slot is formulated as 

t t t t

a real full

a A

e E E E


       (6) 
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E
t 

real is the energy consumption of the real-time appliances in the t time-slot, E
t 

full is the 

energy consumption of the full-time appliances in the t time-slot, and E
t 
is the total energy 

consumption of all appliances in the t time-slot. 
 

3.2. The Coordination Strategy of Wind-PV Hybrid Power Generation System in 

Smart Home 

The total power of the wind power and PV power supply can not only ensure the 

power supply of the battery and the user but can also be connected to the grid. 

According to the output condition of wind-PV hybrid power generation system, the 

grid-connected working model is divided into three work situations: case 1: The 

output power of the wind-PV hybrid system can meet the requirements of the all 

appliances and can charge the battery, and the surplus power is connected to the 

network; case 2: The wind-PV hybrid power system and the storage battery provide 

the users with electric power to meet the needs of the appliance; case 3: The wind-

PV hybrid power system, storage battery and supplier provide users with electric 

power to meet the needs of the appliance. There are three types of grid -connected 

working mode, as shown in Figure. 2. 

 

Figure 2. Three Kinds of Grid-Connected Working Mode 

According to the wind-PV hybrid power system and the electricity price of 

purchasing/selling electricity, a detailed coordination strategy for the wind-PV hybrid 

power generation system is proposed. 

(1) when C
t 

gi<C
t 

go, the power required by the user is provided by the energy storage 

battery and then provided by the power grid, so that the power supplied by the power grid 

t t t

gi battE E E            (7) 

The power generated by wind-PV hybrid power system is directly fed into the grid.  

t t

go renE E           (8) 

where C
t 

gi and C
t 

go are the purchased and sold electricity, respectively; E
t 

gi denotes the 

power that the grid supplies to the user in the t time-slot; E
t 

go denotes the power that is fed 

into the grid in the t time-slot; and E
t 

batt is the power consumption of the storage battery in 

the t time-slot. 

(2) when C
t 

gi>C
t 

go and the wind-PV hybrid power system has sufficient output, based 

on ensuring the user demand, it first charges the battery, and then the excess electricity is 
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fed into the grid.  

t t t t

go ren battE E E E               (9) 

(3) when C
t 

gi>C
t 

go and the wind-PV hybrid power system has insufficient output, the 

users requiring power are first provided by the wind-PV hybrid power system and then 

provided by the energy storage battery, and the shortage of power is provided by the 

power grid.  

t t t t

gi ren battE E E E             (10) 

3.3. The Objective Functions 

 

3.3.1. The Electricity Cost: 

(1) when C
t 

gi<C
t 

go, the electricity cost is formulated as 

 
1

1

t t t t

g gi gi go go

t T

C C E C E


           (11) 

(2) when C
t 

gi>C
t 

go and the wind-PV hybrid power system has sufficient output, the 

electricity cost is formulated as 

2

2

t t

g go go

t T

C C E


          (12) 

(3) when C
t 

gi>C
t 

go and the wind-PV hybrid power system has insufficient output, the 

electricity cost is formulated as 

3

3

t t

g gi gi

t T

C C E


         (13) 

Hence, the total electricity cost is formulated as follows: 

1 2 3g g g gC C C C           (14) 

3.3.2. The Model of Cost Constraints: To minimize the user's electricity cost, there are 

several constraints that must be satisfied: 

(1) the energy consumption constraints 

To make sure that each task is completed during the scheduling time period, the 

following constraint is imposed, the energy consumption of appliance a is given by: 

a

a

t

a a

t

E e




  
       (15) 

where αa and βa are the start and end time-slot of appliance a . Ea is the energy 

consumption of appliance a. 

To ensure stability of the system, there is generally a limit on the total energy 

consumption in each time-slot. Hence, the constraint is formulated as follows: 

,maxt tE E           (16) 

where E
t,max

 is the upper bound of the energy consumption in t time-slot. 

(2) the capacity constraints of the storage battery 

min maxt

batt batt battE E E            (17) 

where E
min 

batt  and E
max 

batt  are the lower and upper bound of the storage battery capacity. 
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4. Result Discussions 
 

4.1. Optimal Allocation of Wind-PV Hybrid Power System 

On the basis of meeting the needs of users, in order to ensure the superiority and 

economy of the power supply system, the HOMER simulation software is used to 

optimize the capacity of the wind-photovoltaic-energy storage hybrid power system. 

California is chosen as the reference region. A local residential average daily electricity 

demand is 28.5kw and peak power is 8.15kw. Figure 3 is a simulation model of hybrid 

power generation system which is built in HOMER. The parameters of the optimal 

configuration scheme of the simulation model are set as shown in Table 1. 

 

Figure 3. The Wind-Solar-Battery Hybrid Power System Model 

Table 1. Main Parameters of Wind Generator/PV Panel/Battery 

 

4.2. Data Analysis 

The HOMER software is used to configure the capacity of the wind-solar-battery 

hybrid power system, which improves the reliability of the power supply system. In order 

to verify the effectiveness of the proposed optimization scheduling algorithm, the paper 

uses the real weather data (wind speed and solar irradiance) to simulate the performance 

of the proposed algorithm, which is released by NASA [13]. The California summer 

weather conditions are shown in Figure 4, and Figure. 5.  

Parameters of 

fan 
Values 

Parameters 

of PV 
Values 

Parameters of 

battery 
Values 

monomer 

capacity 
3kw 

monomer 

capacity 
180w 

monomer 

capacity 
2.16kw 

number 1 number 84 number 3 

V 
min

 3m/s S 25 rated voltage 6v 

V
max

 24 m/s ηpv 13% 
charge 

efficiency 
85% 

acquisition cost 
5000 $ 

/set 

acquisition 

cost 
5000 $/kw 

acquisition 

cost 
1100 $/set 

replacement 

cost 

4000 $ 

/set 

replacement 

cost 
2500 $/kw 

replacement 

cost 
1000 $/set 

running cost 50 $ /year running cost 3 $/kw/year running cost 10 $/year 
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Figure 4. Hourly Average Temperature, Solar Irradiance and Output Power 
of PV in California 

 

Figure 5. Hourly Average Wind Seed and Output Power of Wind in California 

 

Figure 6. The Output Power of Wind-PV Hybrid Power System 

According to the parameters in Table 1, Figure 4, and Figure 5, the output power of 

wind-PV hybrid power is shown in Figure 6. In the simulations, the family appliances 

setting are as shown in Table 2 [14]. Appliances 1-14 are schedulable appliances (among 

them, 7-9 and 11-13 are interruptible, and 1-6, 10 and 14 are non-interruptible), 
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appliances 15 and 16 are real-time appliances, and the refrigerator (appliance 17) is a full-

time appliance. The appliances’ length of operation time (LOT) is the time to finish the 

operation. In Table 3, the electricity price of purchase/selling electricity values are 

presented [15]. 

 

4.3. Optimal Scheduling Results 

In this section, we present the simulation results and assess the performance of our 

proposed optimization scheduling algorithm for home appliances. We assume that the 

number of scheduled-time appliances varies from 10 to 20 and that the same appliances 

that work in different time-slots denote different appliances. In our paper, the formulated 

model is solved by MATLAB [16] and CPLEX [17]. E
t,max

 和 E
max 

batt  are the maximum 

power of each time-slot and the upper bound of the storage battery capacity, which are set 

as 3.5 kW and 6.48 kW, respectively. 

Table 2. Parameters of Appliances Used in the Simulation Process 

Appliance i TWT LOT (min) Nominal power (kw) 

Electric kettle 1 07:00-09:00 10 1.7 

Electric kettle 2 17:00-20:00 10 1.7
 

Coffee machine 3 07:00-10:00 10 1.25 

Rice cooker 4 11:00-19:00 30 1.3 

Oven 5 07:00-10:00 10 0.9 

Oven 6 16:00-20:00 10 0.9 

Vacuum cleaner 7 10:00-16:00 30 1.2 

Humidifier 8 23:00-03:00 120 0.05 

Dishwasher 9 14:00-20:00 120 2 

Water heater 10 15:00-21:00 50 1.5 

Washing machine11 10:00-21:00 50 0.5 

Clothes dryer 12 11:00-21:00 50 1 

Electric vehicle 13 18:00-05:00 240 2.2 

Hair dryer 14 20:00-23:00 10 1.2 

Television 15 19:00-20:00 120 0.2 

Computer 16 20:00-22:00 180 0.25 

Refrigerator 17 01:00-24:00 1440 0.125 

Table 3. The Electricity Price of Purchase/Selling Electricity 

Time-solt Cp Cs Time-solt Cp Cs Time-solt Cp Cs 

1 0.12 0.1 9 0.12 0.05 17 0.08 0.02 

2 0.07 0.05 10 0.16 0.1 18 0.12 0.1 

3 0.08 0.03 11 0.12 0.07 19 0.11 0.06 

4 0.07 0.02 12 0.16 0.18 20 0.1 0.03 

5 0.09 0.04 13 0.17 0.10 21 0.09 0.07 

6 0.08 0.02 14 0.19 0.23 22 0.06 0.04 

7 0.11 0.05 15 0.18 0.09 23 0.07 0.03 

8 0.14 0.08 16 0.11 0.05 24 0.07 0.02 

Figure 7, shows the appliances operation time and the power consumption in each 

time-slot by using our proposed household appliances scheduling scheme. In Table 3, and 

Figure 6, the price is lower and the output power of wind-PV hybrid power system is 

higher in the 2nd-4th time-slot than the 1st, 23rd, and 24th time-slot, thus the electric 

vehicle is arranged to the 2nd and 4th time-slot. Though the output power of wind-PV 

hybrid power system is higher in 12th and 14th, the electricity price is sold to the grid 
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greater than the purchase price of electricity from the grid. So, the result presented in 

Figure 7, clearly shows that the schedulable appliances are not arranged to 12th and 14th, 

the output power of wind-PV hybrid power system is sold to the grid. It can slow down 

the supply pressure of the power supplies. 

 

Figure 7. The Appliances Operation Time and the Power Consumption in 
Each Time-Slot 

To further illustrate the advantages of the grid-connected wind-PV hybrid power 

system, we analyzed the following three cases in Table 4. Case 1: with the premise of not 

sacrificing the comfort of the user and without the wind-PV hybrid power system for the 

user to provide electricity. The household appliances are scheduled based simply on the 

electricity price. Case 2: in the case of the maximum comfort of the user, and with the 

grid-connected wind-PV hybrid power system for the user to provide electricity. Case 3: 

without sacrificing user comfort and with the grid-connected wind-PV hybrid power 

system for the user to provide electricity. The appliances are scheduled based on the 

output power of the wind-PV hybrid power system and the electricity prices of 

purchasing/selling electricity. 

Table 4. Summary of Case Studies 

 wind-PV hybrid 

system 

Smart 

grid 

Appliances 

scheduling 

Real-time 

price 

purchase/selling 

electricity 

Case 1  √ √ √  

Case 2 √ √   √ 

Case 3 √ √ √  √ 

Figure 8, is the power consumption of the appliances in each time-slot. In Case 1, the 

peak value of the user's electricity demand is 3.425 kW, while it is 3.12 kW in Case 3. 

From the combination of Figure 7, and Figure 8, it can be seen that the use of the 

proposed algorithm in this chapter can decentralize the working time of the appliances, 

thus slowing the power supply burden of the grid. 
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Figure 8. The Power Consumption of Appliances in Each Time-Slot in Case1 

In this section, the user's electricity cost does not include the acquisition cost, 

replacement cost or operating cost of the wind power generation system, and the power 

cost of the user only considers the power consumption of the various appliances in the 

home. Figure 9, presents the electricity cost in the 3 cases. A comparison of the Case 1 

and Case 2 user payment of electricity shows that the installation of the wind solar hybrid 

power generation system in the household can greatly reduce the user's payment of 

electricity, and by comparing Case 2 and Case 3, we can find that the user's cost of 

electricity is further reduced based on the output power of the wind-PV hybrid power 

system and the prices of purchasing/selling electricity. 

 

Figure 9. The Electricity Cost in 3 Cases 

Figure 10, shows the power of the wind-PV hybrid system, the storage battery and the 

power grid using the optimization of the scheduling in Case 3. The output power of the 

wind-PV hybrid system is higher in the 8th-19th time slots, so most of the power the users 

require is provided by the wind-PV hybrid system during that period, as shown in Figure 

10 (a). From Figure 10 (b), we observe that the purchase electricity price is higher than 

the sale price in the 12th and 14th, so the output power of wind-PV hybrid system is sold 

to the grid. As shown in Figure 6, the appliances consume less power in the 5th-8th time 

slots, and in the 13th-15th time slots the additional output power can provide users with 

enough power. In these two periods, the sale price is lower than the purchase price, so the 

energy storage battery will store the excess electricity, as shown in Figure 10 (c). 
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Figure 10. The Electrical of Wind-Solar Hybrid System, the Storage Battery 
and Power Grid for Case 3 

Finally, Figure 8, shows that the peak of the grid power consumption is 3.425 kW 

without the wind-PV hybrid system and 2.117 kW with the proposed optimal scheduling 

scheme in Figure 10(a). Hence, by using Equation (18), the peak-to-average (PAR) can be 

reduced by 28.9% from 5.36 to 3.81 by using the proposed optimal scheduling scheme.  

 1 224max , ,..., t

t

t T

E E E
PAR

E





 

        (18) 

 

5. Conclusions 

1) In order to meet the needs of users and ensure the superiority and economy of the 

wind-photovoltaic-energy storage hybrid power system, the paper uses HOMER 

simulation software to optimize the capacity of the wind power generation system; 

2) On the basis of wind-photovoltaic-energy storage hybrid power system, an optimal 

scheduling algorithm for residential energy consumption scheduling considering the wind 

-photovoltaic power and the electricity price of purchase/selling electricity is proposed. 

Firstly, according to the level of wind-photovoltaic-energy storage hybrid power system 

capacity to schedule the household appliances, and then in accordance with the proposed 

coordination strategy to provide users with power demand. The algorithm reduced the 

user's payment of electricity and power supply pressure of the grid, at the same time, 

wind-photovoltaic-energy storage hybrid power system can also reduce the consumption 

of fossil energy, and reduce the pollution of the environment. 
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