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Abstract
Smart grids propose new solutions for electricity consumers as a means to help them use energy in an efficient way. In this paper, we consider the demand-side management issue that exists for a group of consumers (houses) that are equipped with renewable energy (wind turbines) and storage units (battery), and we try to find the optimal scheduling for their home appliances, in order to reduce their electricity bills. Our simulation results prove the effectiveness of our approach, as they show a significant reduction in electricity costs when using renewable energy and battery storage.
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1. Introduction
The term ‘smart grid’ refers to the use of computers, communication, sensing, and control technology that operates in parallel with the electrical grid in order to achieve the following goals: 1) enhance the reliability of the delivery of electrical power by increasing user visibility and participation; 2) enable new products, services, and markets, and facilitate the interconnection of new generation sources to the grid; 3) reduce carbon emissions and preserve a clean and healthy environment by including renewable energy in the grid; and 4) include the deployment of demand response (DR) programs that refer to mechanisms that encourage consumers to reduce their peak demand for electricity, and as a result lower their electricity costs.
The smart grid aims to provide a high quality and well-managed power grid service while reducing energy wastage in production and transport [1]. To achieve this, future power grids need to motivate the active participation of consumers, and also enable the inclusion of renewable energy sources, distributed storage, and DR programs. Numerous studies have been carried out in the scheduling and optimization of energy consumption. In [2] the authors worked on a micro-grid with distributed resources, and implemented an optimal scheduling of the energy consumed in smart homes by using mixed integer linear programming. Tasks were scheduled based on their given operation time window (earliest starting time and latest ending time), with the objective of minimizing the daily power costs, and shaving back the power consumption peak. In [3] the authors dealt with the optimization of house energy management, which plays a key role in improving the efficiency of the entire grid network. Residential houses were equipped with photovoltaic (PV) panels and batteries for energy storage. Optimization models were proposed to allow for the managing of the daily energy load for single and multi-user cases, in order to reduce users’ energy bills and to improve the overall energy system’s performance. The proposed methods scheduled energy tasks by defining the energy plan for the next day. For example:
	When to buy, sell, and store energy

	When to start home appliances.



In order to define the energy plan for the next day, the models proposed require predictions on PV panels, and the future usage of devices. With the development of DR programs in smart grids, the authors in [1] presented a solution for the demand-side energy management problem. Which was considered to be the scheduling of a consumer’s daily tasks according to real-time pricing of the market and the user’s specified deadlines. The corresponding optimization problem is NP-hard, so they proposed a min-max scheduling algorithm, which achieves significant peak-shaving, cost reduction, and risk aversion for the consumers. In [4], the authors implemented a demand-side management (DSM) program that focuses on interactions between the users in order to coordinate their usage, to reduce the peak-to-average ratio (PAR) in the load demand, and to minimize their energy costs. As such, they proposed an incentive-based consumption-scheduling scheme. They considered a scenario where many customers share a source of energy (i.e., a generator) and each customer is equipped with an energy consumption scheduler (ECS), which is deployed inside a smart meter. Smart meters with ECS functionality interact by running a distributed algorithm to find the optimal energy consumption schedule for each user in the network.
In this work, we consider the same approach used in [4], where multiple users share a source of energy (utility), and a distributed algorithm is applied to find the best schedule for each user. However, we extend this existing work by including renewable energy (wind turbines) and electricity storage (battery), which will be shown to achieve more reduction in users’ electricity costs.
In Section 2, we will describe briefly the previous work done on this topic. In Section 3 we present our proposed extension. In Section 4, we present our simulation results to illustrate the improvements achieved by the proposed method. Finally, in Section 5, we will present our conclusions.

2. Brief Description of Previous Work
The system considered in [4] is described in Fig. 1. The authors considered a group of customers where each one was equipped with a smart meter with an ECS for the scheduling of the different home appliances. Smart meters are connected to each other and to the utility through a Local Area Network (LAN). They formulated a distributed algorithm to be run in each ECS unit, in order to determine the best schedule for every user that will allow him/her to reduce his/her electricity costs. In other words, each user solves an energy cost minimization problem and broadcasts his/her scheduling vector to the other ECS units. This way, the users cooperate in order to find their best schedule and pay less, and this will also achieve the best performance for the entire system.
[image: Fig. 1]
Fig. 1 The smart grid system.

In the next section, our objective is to introduce renewable energy (wind) and battery storage, to reduce users’ energy costs by taking advantage of free wind energy and storage capabilities that will allow users to store energy when there is a surplus, and use it during peak hours.

3. Integrating Renewable Energy in Energy Consumption Scheduling
We are proposing the adding of renewable energy (wind turbine) and electricity storage (battery) to the grid, so as to take advantage of free natural energy and to also save electricity for later usage, and as a result to have more reductions in energy consumption costs for the consumers. In this section we will first formulate the optimization problem, and then we will show the results and compare them with those from previous work.
In our work, a user has many appliances. We considered shiftable household appliances (television, washing machine, etc.) where the user sets the time intervals (start and end time) of each appliance [4]. Also, for each appliance we have a predetermined daily consumption amount [4] (Note: when scheduling the power consumption of the appliance, the total power consumed during the assigned time interval should be equal to the predetermined energy). In addition to this, each appliance had a minimum standby power level and a maximum power level [4].
We considered the following two scenarios: the energy optimization for a single house (user) and the energy optimization for many houses (users).
3.1 Single User
In this case, the user (a house) was equipped with a wind turbine and electrical storage (battery), and had a grid connection that allowed him/her to buy electricity from the grid. Our task consisted of scheduling the power consumption of the different home appliances of the user, in order to minimize the electricity costs, during one day (24 hours). Our optimization is subject to many constraints, as described below.
3.1.1 Storage constraints
	The power stored at hour h depends on the power stored at h–1 and on the charge and discharge rates of the battery [2]:


(1)
Ebath=Ebath-1+Crhη-Drh/η

	

Ebath: Energy stored in the battery at hour h.

	

Ebath-1: Energy stored in the battery at hour h–1.

	

Crh: Charge rate at hour h.

	η : Electricity charge\discharge efficiency.

	

Drh: Discharge rate at hour h.




	For the battery, the energy level is bounded between the battery capacity and the minimum energy level, so as not to damage the battery [5].


(2)
Emin≤Ebath≤Emax


	The charge and discharge rates of electricity can not exceed the electricity charge and discharge limits [2]:


(3)
Crh≤CLh,Drh≤DLh

	

CLh: Charge limit.

	

DLh: Discharge limit.




	In addition we have:


(4)
Crh≥0,Drh≥0,Einh≥0

where 

Einh denotes the energy bought from the grid at each hour h.




3.1.2 Energy balance
The electricity consumed at each time consists of the energy supplied by the wind, plus the electricity received from storage and the grid, minus the electricity sent to the storage, i.e.

(5)
Ech=Ewindh+Einh+Drh-Crh
	

Ech: The energy consumed at each hour h.

	

Ewindh: The energy coming from the wind at each hour h.




3.1.3 Optimization problem
Our goal is to minimize the cost of electricity purchased from the grid. We assumed a constant cost for the maintenance of the wind and battery. As such, this cost is independent of the schedule. Therefore, the optimization problem is stated as:

(6)
minEbath,Crh,Drh,Einh,Ech∑h∈HCh(Einh)s.t(1),(2),(3),(4),(5)
Ch (Lh) is cost function for the energy purchased from the grid; Ch (L) = ahL2 was used in [4], where ah is the price at hour h; there are two prices: daytime price, aD, (h ∈ [1...16]) and nighttime price, aN, (h ∈ [17...24]).


3.2 Multiple Users
Here we considered that there were many users where each one was equipped with a wind turbine and a battery, and we minimized the total cost for all users. The problem is stated as:

(7)
min∑n∈N∑h∈HCh(Ein,nh)
subject to the constraints (1)–(5) for each user.


4. Simulation Results
Our simulations results were obtained using MATLAB and YALMIP, which is a free MATLAB toolbox for convex and non-convex optimization problems.
4.1 Single User
We first took the case of one user (one house) that was equipped with four shiftable appliances; where each appliance must work during a time interval:
	- Appliance 1: from h=13 to h=15.

	- Appliance 2: from h=7 to h=12.

	- Appliance 3: from h=12 to h=15.

	- Appliance 4: from h=4 to h=10.



The house was equipped with a wind turbine and energy storage with the following parameters: the minimum energy level was 2 kWhe, the battery capacity was 20 kWhe, the charge and discharge efficiency was 0.95, the charge and discharge limits were equal to 20 kWe, the day time price was aD=0.3 cents, and the nighttime price was aN=0.2 cents.
In order to see the difference between ECS scheduling with and without the use of renewable energy and battery storage, we plotted the energy consumption and the energy cost in these two cases, which we show in Fig. 2 and 3.
[image: Fig. 2]
Fig. 2 Energy consumption and costs for one user using energy consumption scheduler (ECS) scheduling.

[image: Fig. 3]
Fig. 3 Energy consumption and costs for one user using energy consumption scheduler (ECS) scheduling with wind energy and battery storage.

From Figs. 2 and 3, we can see that the peak energy cost with ECS scheduling is equal to 4.8 USD, and is reduced to 2.56 USD when we add renewable energy and battery storage.

4.2 Multiple Users
We used 7 houses. Each house had 4 shiftable appliances and was equipped with a wind turbine and a battery. The characteristics of the battery were the same as in the single user case, except for its capacity and charge and discharge limits, which were taken to be 50 kWhe. The daytime and nighttime prices of electricity were the same as in the single user case.
Fig. 4 shows the energy consumption and cost using the ECS scheduling (as in [4]). Fig. 5 depicts the energy consumption and cost when we added the renewable energy and the battery. We can see that the cost is reduced. More specifically, when we used ECS without renewable energy and a battery, the total cost was 353.84 USD, but when we added renewable energy and the battery, the total cost was reduced to 115.93 USD. However, we did not achieve any improvement in the PAR.
[image: Fig. 4]
Fig. 4 Energy consumption and costs for the multiuser case when using energy consumption scheduler (ECS) scheduling.

[image: Fig. 5]
Fig. 5 Energy consumption and cost for the multiuser case when using energy consumption scheduler (ECS) scheduling with wind energy and battery storage.



5. Conclusion
In this paper, we first reviewed the ECS scheduling that was proposed by the authors in [4]. Then, we extended their work to include renewable energy (wind) and electricity storage or battery to save electricity when there is a surplus in energy production. Even though we did not achieve a reduction in the PAR, the total electricity cost was significantly reduced.
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