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Abstract

:

The rapid advancement in technology and rise in energy consumption have motivated research addressing Demand-Side Management (DSM). In this research, a novel design for Home Energy Management (HEM) is proposed that seamlessly integrates Battery Energy Storage Systems (BESSs), Photovoltaic (PV) installations, and Electric Vehicles (EVs). Leveraging a Mixed-Integer Linear Programming (MILP) approach, the proposed system aims to minimize electricity costs. The optimization model takes into account Real-Time Pricing (RTP) tariffs, facilitating the efficient scheduling of household appliances and optimizing patterns for BESS charging and discharging, as well as EV charging and discharging. Both individual and multiple Smart Home (SH) case studies showcase noteworthy reductions in electricity costs. In the case of multiple SHs, a remarkable cost reduction of   46.38 %   was achieved compared to a traditional SH scenario lacking integration of a PV, BESS, and EV.
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1. Introduction


The increase in global power demand has led to a surge in the difficulty of the operation of the grid and energy crises. In addition to commercial and industrial loads, residential loads are among the major electricity consumers in the world, which is around 40%, and they also comprise a major source of greenhouse gas emissions [1]. The integration of DG has further resulted in an increase in complexity due to bidirectional power flow. Even the slightest management error can result in an overpowered or underpowered grid. As a result, greater emphasis needs to be given to the control of power distribution systems that has given rise to the SH system. This can be attributed to the advancement of cutting-edge technologies found in SHs, including smart devices, smart meters, and HEM systems. Such technologies not only aid the system in the management of peak demand and power sharing but also help the consumer to minimize their electricity consumption, further leading to the minimization of electricity costs overall [2]. The SG also enables the flow of data along with the power, which facilitates DSM and improves the integration of PVs, BESSs, and EVs [3]. The rise of EV technology in recent years [4] has led to the potential to consider the SH system not only as a load but also to use the EV infrastructure to support the system. V2H technology and the appropriate size of EV batteries allow EV batteries to act as the energy storage system and discharge its excess energy back into the SHs [5]. Despite the initial challenges posed by the uncertainty of the charging patterns, it can contribute to the SH’s ability to offer a stable DR during peak load. This occurs in combination with other generation and storage sources [6].



There have been numerous researchers working with the aim of reducing the electricity costs of SHs over the years; however, the increase in load demand and the injection of more RESs along with BESSs has been a constant challenge faced by them. In [7], the researchers proposed a consumption scheduling mechanism by using an integer linear programming technique to achieve the optimal daily scheduling of appliances. The daily scheduling, however, was limited to the appliances and a single SH operation. In [8], the author proposed a DSM system using MOMILP to schedule home appliances. However, the technique’s complexity along with the issues of handling the uncertainty of various scenarios was one of the major drawbacks. Similarly, the research in [9] proposed a DSM technique with RTP as the strategy. The DSM system included PV, wind power, and a BESS. However, the integration of EVs was not considered in the system.



In [10], day-ahead scheduling was proposed while considering the generator’s operation cost, pollution, wind turbines, and a BESS. However, the research did not focus on home appliance scheduling and was limited to supply and demand balancing to attain maximum efficiency. In [11], a heuristic algorithm to schedule home appliances was proposed to achieve a balance between the power supply from the grid and the load demand. A linear optimization method with a heuristic algorithm for scheduling the appliances was used. Even though the research considered many variables, the article failed to consider the electricity price of the system.



Furthermore, in [12], the proposed research presented a DR technique by using a GA to schedule four appliances in order to minimize the electricity costs for five days for multiple SHs, whereas, in [13], RESs and a BESS were integrated while using different heuristic optimization techniques, such as the GA, BPSO, BFO, WDO, and HGPO, to schedule home appliances and find the optimal patterns for battery charging. In [14], a HEM system was proposed that included the scheduling of home appliances and the integration of RESs and a BESS while also considering the reselling cost using the BPSO algorithm. Furthermore, in [15], an energy management system was proposed to reduce the energy cost and PAR without affecting user comfort. They used different techniques to solve the optimization problem, such as BPSO, WDO, the GA, differential evolution, and enhanced differential evolution. The results showed that the enhanced differential evolution method outperformed the other techniques on the electricity cost, PAR, and user discomfort reduction, whereas, in [16], a scheduling scheme based on PSO was presented. Even [17] primarily focused on DSM systems and their various approaches (BPSO, GA, and cuckoo search) to address the optimization challenges. Most of the researchers focusing on different heuristic algorithms have introduced effective methods; however, they had a major limitation regarding the data required for the training and validation of the algorithm, as well as the computational speed of the algorithm. Most of the articles did not consider EVs in the SH environment; however, in [18], the integration of EVs in the system model along with the challenges faced by HEM systems was presented. This strategy aimed to reduce energy costs, peak demand, and transformer stress while considering multiple EV trips and battery degradation. Recent optimization techniques, such as the MCA [19] and Q-learning [20], are more likely to exhibit efficiency. However, the execution time for processing tasks with the given data set can be considerably high.



Further, there has been development in designing SHs with RESs, BESSs, and EVs. In [21], a MILP framework is proposed for power balancing of the systems (smart appliances, RESs, BESSs, and EVs). The algorithm was further optimized by CPLEX software v.12. Whereas [22] aimed to develop a HEM model that integrated various components, such as RESs, BESSs, smart appliances, and EVs, to reduce the overall electricity costs using a MILP model and employed different techniques, such as GA, PSO and BPSO, DE, BLDE, and CPLEX. In [23], a DR program that included the integration of RESs, BESSs, and EVs is presented with a comparison between an existing technique and a new technique based on a heuristic programmable controller. Even more DR strategies based on the integration of RESs, BESSs, and EVs were also presented in [24] where the researchers used a fuzzy logic controller to solve the optimization. Further, in [25], the cooperation of an EV and BESS in reactive power compensation is presented with the aim of minimizing electricity costs while maximizing the power factor for a system including solar PV, a BESS, and EVs. Similarly, the authors of [26] intended to create an optimization model based on a system that incorporates RESs, BESSs, and EVs. The approach involved the utilization of a combined PSO and BPSO to tackle the optimization issues. Most of the research presented has been using multiple algorithms for operation and optimization where there can be an issue related to the coordination operation of the algorithm and, in the case of any lack of coordination, the impacts can be devastating. Some of the research articles have even proposed a HEM with MILP [27]; however, they have not considered the feasibility with multi-SH and EVs.



The major drawback of the techniques developed in the literature points out an issue related to the system in consideration, as most of the literature has either just considered one SH or multiple SHs as a constant load. Further, most of the cases have not designed the SH operation considering the EV operating infrastructure. Considering the issues, in this research, we propose an optimization model that integrates smart appliances, a PV, a BESS, and EVs. The proposed model is formulated as MILP and then operationally is validated in simulation. The model also includes a unique HEM system, with a scheduler module that can schedule SH appliances and find the best charge and discharge pattern for the BESS and EVs, while efficiently utilizing the PV’s energy. The main objective of this work is to reduce the total electricity cost for each SH while taking into account various user preferences for smart appliances, BESS capacity, and EV model specifications. Additionally, we introduce a centralized system for multiple SHs, where the PV and BESS systems are shared among residents. The simulation is designed to ensure the fairness of each user, while also considering the total and individual cost reduction. The main contributions of this article are as follows:




	
Develop an optimization model that integrates smart appliances, a PV, a BESS, and EVs.



	
Design a unique HEM system with a scheduler module to minimize the total electricity cost and provide the optimal schedule for appliances and the optimal pattern in charging and discharging of the BESS and EVs.



	
Propose a centralized system for multiple SHs in which there are PV and BESS systems shared among all SHs that exist in the community or an apartment building.



	
Ensure fairness in cost reduction for each user in multiple SH simulations.








The remaining sections of this paper are organized as follows. In Section 2, we provide a brief description of our proposed system. The proposed HEM system, along with our mathematical model and objective function, is described in Section 3. We present our simulation results and discuss them in Section 4, while our conclusions are included in Section 5.




2. System Overview


The architecture of an individual SH in a distributed system is explained in Figure 1. In this system, an SH is connected to an aggregator to share its power demand information with the utility grid. This information is the expected power demand from the users for the following day. The aggregator calculates the total power demand and transmits it to the utility grid to supply power the next day. The SH system has several components installed including a smart meter, user interface, scheduler module, HEM, smart appliances, PV panels, a BESS, and EVs.



A smart meter installed at an SH is responsible for receiving the power supply from the utility grid and hourly electricity prices for the following day from the utility control center. The smart meter provides accurate and timely data to ensure efficient and effective scheduling of power usage [1]. Similarly, users provide their preferences and requirements on how they use smart appliances through a user interface. In case users do not provide information for the following day, historical data for the same day of the week will be used. This information from the smart meter and user interface works as input data to the scheduler module. To minimize the cost of electricity per day, the scheduler module optimizes the scheduling of home appliances and determines the best charge and discharge pattern of the BESS and EVs. It takes input information from a smart meter, user interface, PV, and BESS, and employs an optimization method to achieve this objective. At certain times of the day, in addition to the power supply from the grid, power may be sourced from a PV, which can directly feed smart appliances or store excess energy in a BESS for later use. Similarly, the discharge energy from EVs can be supplied to smart appliances or stored in a BESS when they are plugged in at home. Lastly, the BESS’s energy can be fed to smart appliances at any time until its SOC reaches the limit.



The HEM system manages the switching of appliances based on the schedule created by the scheduler. The appliances in the SH are connected to the HEM system using wired or communication systems, including WiFi, Bluetooth, and ZigBee. The HEM system also manages the charging and discharging of a BESS and EVs based on an optimal pattern determined by the scheduler module. There are two types of smart appliances: flexible and non-flexible. Flexible appliances can be scheduled to operate at different times throughout the day, but they must still run for the specified amount of time set by the user. Non-flexible appliances, on the other hand, cannot be scheduled and must run according to the user’s requirements without any flexibility. According to a study by Unbound Solar Home Appliances [28], we can categorize these appliances into two types and determine their average power consumption from flexible appliances (washing machines, dishwashers, clothes dryers, vacuum cleaners, and water heaters) and non-flexible appliances (air conditioners, refrigerators, electric ovens, microwaves, lights, TVs, and desktops). A rooftop PV system is the only renewable energy source in the system that generates energy that can be supplied directly to home appliances. Any excess energy produced can also be stored in a BESS. Let   E  P V  t   represent the energy produced by the PV during a specific time slot t. In this work, historical data from the PV will be utilized. A BESS can be utilized to store energy generated from PV or EVs when it is not fully consumed. It can charge energy from the main grid during off-peak hours or lower electricity prices. Later, during peak hours, it can discharge the stored energy back to home appliances. It is important to note that a BESS can only discharge its stored energy to power home appliances. In this work, EVs are considered a load when they are charging and an energy storage system when they are discharging at home. V2H technology will be employed when EVs discharge energy back to a HEM. However, this is only true when the EV is at home and plugged into the HEM. During the period in which EVs are out of home, only energy discharge for traveling is considered. This means that EVs only charge their battery at home and use it for traveling and discharging back to the SH.



Power balancing is one of the major constraints for the operation of an SH. Most of the literature majorly revolves around basic equations, such as the power balancing between power generated (  P  g e n   ) and power consumed (  P  c o n   ). As presented in Equation (1),   P  g e n    is the function of the generated power from RESs such as the photovoltage power (  P  P V   ), the power generated from the grid (  P  g r i d , s e l l   ), the discharging power from a BESS (  P  B E S S , d i s   ), and the discharging power from an EV (  P  E V , d i s   ). In contrast,   P  c o n    is the function of the load demand power (  P L  ), the charging power of an BESS (  P  B E S S , c h   ), the charging power of an EV (  P  E V , c h   ), and, in some case, the power sold back to the grid (  P  g r i d , b u y   ). Since loads are classified into flexible loads (F) and non-flexible loads (  N F  ), the load demand power (  P L  ) is defined as the summation of the flexible load power (  P F  ) and non-flexible load power (  P  N F   ). From that, the general power balancing equation can be presented as in Equation (3) below [29]. These three equations can be written as follows:


   P  g e n   = f  (  P  P V   ,  P  g r i d , s e l l   ,  P  B E S S , d i s   ,  P  E V , d i s   )   



(1)






       P  c o n   = f  (  P F  ,  P  N F   ,  P  B E S S , c h   ,  P  E V , c h   ,  P  g r i d , b u y   )       



(2)






       P  P V   +  P  g r i d , s e l l   +  P  B E S S , d i s   +  P  E V , d i s   =  P F  +  P  N F   +  P  B E S S , c h   +  P  E V , c h   +  P  g r i d , b u y   .      



(3)








3. Proposed HEM System


In this section, a HEM system is proposed with a scheduler module that has the ability to perform an optimization method with single and multiple SHs. We define models and constraints for all elements in a SH, such as smart appliances, PVs, BESSs, and EVs. The optimization model is formulated as a MILP with all constraints being linear. Its primary objective is to minimize the total electricity cost per day for an individual SH and the accumulated total electricity cost per day for multiple SHs. The model proposes an objective function for a single SH, which is then followed by a general objective function for a centralized grid system with N number of SHs. This system includes a central PV and a central BESS that are shared among all SHs. The proposed models and constraints will ensure the efficacy and fairness in the system for all users. RTP, which is known as hourly pricing, is considered to be our electricity tariff. It is one of the most efficient tariffs compared to others in the electricity market that can inform users about the electricity price hourly or daily [30]. RTP is a pricing signal that influences users to use electricity in low-price periods. In this work, we consider the starting time of the day to be from 1 a.m. in the morning with the simulation time-step of 1 h. This means there are 24 time slots per day.



3.1. Smart Appliance


The set of flexible appliances is defined by F, and the set of non-flexible appliances is defined by   N F  . The energy consumptions in kWh of the flexible and non-flexible appliances are defined by Equations (4) and (5) below [14]:


   E  F  t  =  ∑  i ∈ F    [  P  i , F   ×  b  i , F  t  × Δ t ]   ,    ∀ t  



(4)






   E  N F  t  =  ∑  j ∈  N F     [  P  j , N F   × Δ t ]   ,    ∀ t  



(5)




where   P  i , F    and   P  j , N F    are the rated powers of flexible and non-flexible appliances, respectively.   Δ t   represents the simulation time-step (1 h), and   b  i , F  t   is the binary decision variable of the flexible appliances in any time slot t. The flexible appliances are turned on when   b  i , F  t   equals one and turned off otherwise.




3.2. Battery Energy Storage System


Let   E  B E S S , c h  t   and   E  B E S S , d i s  t   be the energy of the BESS in the charge and discharge modes, respectively, in any time slot t. The energy flow (charge or discharge) from the BESS is denoted by   E  B E S S  t  . It is presented in Equation (6) as the subtraction of the charge energy from the discharge energy of the BESS in any time slot t. Its value is negative when the BESS is charging and positive during discharging [26]. The limitation of the charge or discharge energy is introduced in the constraints in Equations (7) and (8), where   P  B E S S , c h    and   P  B E S S , d i s    are the maximum charging and discharging powers of the BESS at any time slot t, respectively [21].   x  B E S S , c h  t   and   x  B E S S , d i s  t   are the binary decision variables that are introduced in the constraint in Equation (9) to make sure that the BESS can either charge or discharge its energy in any time slot t.


   E  B E S S  t   =   E  B E S S , d i s  t  −  E  B E S S , c h  t   ,    ∀ t  



(6)






  0 ≤  E  B E S S , c h  t  ≤  P  B E S S , c h   × Δ t ×  x  B E S S , c h  t   ,    ∀ t  



(7)






  0 ≤  E  B E S S , d i s  t  ≤  P  B E S S , d i s   × Δ t ×  x  B E S S , d i s  t   ,    ∀ t  



(8)






   x  B E S S , c h  t  +  x  B E S S , d i s  t   ≤  1  ,    ∀ t  



(9)







To maximize the lifespan of the BESS, the constraint in Equation (10) does not allow the SOC of the BESS to drop below 20% of its total capacity, and its maximum SOC should be at 80% of its rated capacity   C  B E S S   . Let   η  B E S S    be the efficiency of the BESS in the charging and discharging modes. Then, the SOC of the BESS can be updated as in Equation (11), where   S O  C  B E E S   t + 1     and   S O  C  B E E S  t    are the SOCs of the BESS in the   t + 1   and t time slots, respectively [29].


  0.2 ×  C  B E S S   ≤ S O  C  B E E S  t  ≤ 0.8 ×  C  B E S S    ,    ∀ t  



(10)






  S O  C  B E E S   t + 1   = S O  C  B E S S  t  +  E  B E S S , c h  t  ×  η  B E S S   −  E  B E S S , d i s  t  /  η  B E S S    ,    ∀ t  



(11)








3.3. Electric Vehicle


Denote   E  E V , c h  t   and   E  E V , d i s  t   as the charge and discharge energies of an EV, respectively, during the time that the EV is at home. Additionally, let   E  E V  t   be the energy flow (charge or discharge) of the EV during the time that the EV stays at home, which is calculated using Equation (12). Its value is negative when charging and positive when discharging. To make sure that there is enough charge to cover the next trip, the SOC of the EV at the departure time (  S O  C  E V   t  D e p     ) has to be greater than or equal to the trip’s SOC (  S O  C  D e p    ), which is specified by the user [26]. This constraint is introduced in Equation (13). These two equations are specified as follows:


   E  E V  t   =   E  E V , d i s  t  −  E  E V , c h  t   ,    ∀ t ∈  [  t  A r r   ,  t  D e p   )   



(12)






  S O  C  E V  t   ≥  S O  C  D e p    ,    t =  t  D e p    



(13)




where   t  D e p    and   t  A r r    represent the departure time and the arrival time of EV, respectively, and these values can be specified by the users. We assume that users plug in the EV’s charger to the HEM as soon as they arrive home at the time   t  A r r   .



Similar to the constraints of the BESS in Equations (7)–(9), the charge limitation constraint, discharge limitation constraint, and lifespan constraint of the EV are introduced accordingly in Equations (14)–(16) below. However, these constraints are considered when the EV is at home and the maximum charging of EVs is up to 100% of their rated battery capacity   C  E V   . However, the constraint in Equation (17) makes sure that EVs either charge or discharge their energy in any time slot t. These equations are shown as follows:


  0 ≤  E  E V , c h  t  ≤  P  E V , c h   × Δ t ×  x  E V , c h  t   ,    ∀ t ∈  [  t  A r r   ,  t  D e p   )   



(14)






  0 ≤  E  E V , d i s  t  ≤  P  E V , d i s   × Δ t ×  x  E V , d i s  t   ,    ∀ t ∈  [  t  A r r   ,  t  D e p   )   



(15)






  0.2 ×  C  E V   ≤ S O  C  E V  t  ≤  C  E V    ,    ∀ t ∈  [  t  A r r   ,  t  D e p   )   



(16)






   x  E V , c h  t  +  x  E V , d i s  t   ≤  1  ,    ∀ t ∈  [  t  A r r   ,  t  D e p   )   



(17)




where the SOC of the EV’s battery at any time slot t is represented as   S O  C  E V  t   . The notations   P  E V , c h    and   P  E V , d i s    represent the maximum charging and discharging power of the EV’s battery, respectively. Last, denote   x  E V , c h  t   and   x  E V , d i s  t   as the binary decision variables to make sure that EVs can either charge or discharge their energy during the time slot t.



The discharging energy for the period during which EVs are out of home is denoted by   E  E V , t r i p  t  . Equations (18) and (19), below, show the limitations of discharging and constraints on the binary decision variables during the time in which EVs are on the trip, respectively.


  0 ≤  E  E V , t r i p   ≤  P  E V , d i s   × Δ t ×  x  E V , d i s  t   ,    ∀ t ∈  [  t  D e p   ,  t  A r r   )   



(18)






   x  E V , d i s  t   = 1  ,    ∀ t ∈  [  t  D e p   ,  t  A r r   )   



(19)







Lastly, the updated SOC of the EV’s battery in any time slot t is presented in Equation (20) where   η  E V    is the efficiency in the charging and discharging modes of the EVs.


  S O  C  E V   t + 1   = S O  C  E V  t  +  E  E V , c h  t  ×  η  E V   −  E  E V , d i s  t  /  η  E V   −  E  E V , t r i p  t  /  η  E V   ,    ∀ t  



(20)







The flowchart in Figure 2 represents the logic of the charge and discharge pattern of the EV used in the simulation.



The inputs for the model are   S O  C  D e p   , S O  C  A r r   ,  t  D e p   , a n d  t  A r r    . When the EV travels out of the SH, only the energy discharge for the trip (  E  E V , t r i p   ) is considered. When the EV stays at home, at the arrival time, it will discharge its excess energy from traveling back to the BESS (  E  E V , d i s  t  ) to help the system until it reaches the limit at   20 %   of its SOC. Lastly, when the EV stays at home before the departure time, it will charge energy from the grid (  E  E V , c h  t  ) to reach the desired SOC for traveling defined by the user (  S O  C  D e p    ). However, in the case that its SOC is more than the SOC for traveling, it can discharge its extra energy to the BESS or take no action depending on the system’s need.




3.4. Objective Function for a Single SH


Following the aforementioned formulas and constraints, the objective function of a single SH can be formulated as the MILP model with all constraints being linear constraints. The primary objective is to minimize the total electricity cost per day. It is defined as the sum of the total electricity consumption from the grid multiplied by the real-time electricity price for a whole day. The total electricity withdrawn from the grid per day is defined by Equation (21) where   E  G  t   is the total energy obtained from the utility grid at any time slot t. This is also known as power balancing for the system, during which the energy sold back to the grid is not considered. Moreover, to ensure that, the constraint in (22) is formulated. Denote   p t   as the RTP tariff for a whole day. From the utility, the objective function of an individual SH can be written as in Equation (23).


   E  G  t   =   E  F  t  +  E  N F  t  −  E  B E S S  t  −  E  P V  t  −  E  E V  t   ,    ∀ t  



(21)






  0  ≤   E  G  t   ,    ∀ t  



(22)






  m i n  ∑  t = 1  24    (   p t  ×  E  G  t   )   ,    ∀ t  



(23)






  st .   Equations   ( 7 ) – ( 10 ) , ( 13 ) – ( 19 ) , ( 21 ) ,   and   ( 22 ) .  












3.5. Objective Function for Multiple SHs


The multiple SHs architecture in a centralized grid system is illustrated in Figure 3 below. In this centralized system, there is a central BESS and a PV shared among all of the SHs in the community. The central scheduler module is connected to all N numbers of SHs and has the ability to perform an optimization method for those users. Each SH in this system is equipped with smart appliances, an EV charging hub, a smart meter, a user interface, and a HEM system.



The objective function of the central scheduler module is formulated as the MILP model with the primary objective of minimizing the aggregated electricity costs for all interconnected SHs by considering the RTP tariff from the utility (  p t  ). This is defined in the equation below:


  m i n  ∑  i = 1  N   (  C i  )  = m i n  ∑  i = 1  N   ∑  t = 1  24    (   p t  ×  E  G , i  t   )   ,    ∀ t  



(24)




where   C i   and   E  G , i    are the total electricity price and energy withdrawal from the grid of SH   i t h  , respectively, while N represents the total number of SHs in the system. The central BESS has to follow the constraints in Equations (7)–(10) and the EV in each SH has to follow the constraints in Equations (13)–(19), as in the case for the single SH in the previous section.



The energy derived from central PV sources is universally accessible to the households, with those equipped with a greater number of appliances having the capacity to harness increased energy from the PV system. In order to guarantee regulated distribution and prevent any single residence from monopolizing the energy output to the detriment of others, an additional constraint is introduced in Equation (25). This constraint mandates that each household draw energy within an equal maximum limit, thereby ensuring the impartial sharing of energy derived from the central PV system. In the case that one SH is expected not to consume energy at all, it will be excluded from the scheduling process, and the available power from the PV will be shared only among the other SHs. This means that the total number of SHs is reduced by one in the simulation. This is introduced as follows:


   ∑  t = 1  24   (  E  P V , i  t  )  ≤  ( 1 / N )  ×  ∑  t = 1  24   (  E  C P V  t  )   ,    i =  { 1 ,  2 ,  3 ,  . . . . . ,  N }   



(25)




where   E  P V , i  t   is the energy withdrawn from the central PV for each home in each time slot t, and   E  C P V  t   is the energy produced from the central PV in each time slot t. Additionally, it is important to note that fairness in the BESS and EV is not prioritized, as their initial and final energy levels remain the same. Essentially, these systems are designed to help manage energy use when electricity prices are high. They take advantage of lower-cost charging times to make appliances more flexible and reduce overall electricity expenses.



Figure 4 represents the flowchart of the scheduler module which is illustrated in Figure 1 and Figure 3. The scheduler module takes input parameters such as   E  P V  t  ,   E  F  t  ,   E  N F  t  ,   P  B E S S , c h   ,   P  B E S S , d i s   , and   Δ t  . It should be noted that an EV is considered a flexible load while charging and a BESS while discharging. The system first considers whether there is enough energy from PV generation for the load demand. If yes, (  E  P V  t  ) will be used to supply the load demand and store excess energy in the BESS (  E  B E S S , c h  t  ). Then, the optimization will be performed. In case there is not enough PV energy for the load demand, the available power in the BESS will be considered. If the maximum discharging of the BESS and the available power from the PV are enough to supply the load demand, the power from the grid is unnecessary. Otherwise, the power from the grid (  E  G  t  ) will be used to fulfill the load demand on top of that. The next step is to perform the optimization method. As the output result, the appliance schedule,   E  B E S S , c h  t  ,   E  B E S S , d i s  t  ,   E  E V , c h  t  ,   E  E V , d i s  t  , and   E  G  t   are obtained.





4. Results and Discussion


This section presents the data and results of our simulation that considers the energy usage of smart appliances, as well as the power flow of a PV, a BESS, and EVs. The proposed HEM system is designed in two case scenarios. The first one is the case for an individual SH, which is based on the architecture in Figure 1. A single SH has many components, such as smart appliances, a PV, a BESS, and EVs. The result will show the optimal schedule for smart appliances, along with the optimal charge and discharge pattern of the BESS and EV in that individual SH to ensure the minimum total electricity price per day. The second one is the case in which there are multiple SHs shared together with the PV and BESS in a centralized system. This simulation is based on an architecture in Figure 3. Each SH is interconnected with a central scheduler module, where there are a central PV and a BESS shared among them. The result will provide the optimal schedule for smart appliances and the optimal charge and discharge pattern of the EVs in each SH, along with its minimum total electricity cost per day. The power flow of the central PV and BESS will also be presented, along with the optimized accumulated total electricity cost of all SHs for a whole day.



The HEM system proposed in the previous section can be validated using the MILP technique for these two case scenarios. The RTP tariff is obtained from the Danish utility provided by Andel Energi [31]. The unit of electricity is   D K K   per kWh. These data are chosen from electricity prices on 11 September 2023 and are shown in Figure 5 below.



4.1. Case Study 1: Individual SH


The focus of this study is to optimize the total electricity cost per day of a single SH. By considering an SH equipped with smart appliances, a PV, a BESS, and an EV, the data sets of these components are obtained as follows. Table 1 shows a list of smart appliances with their rated power and user preferences, such as daily usage time and the start–end time of all appliances. In the table, there are two types of smart appliances, which include five flexible appliances (washing machine, dishwasher, clothes dryer, vacuum cleaner, and water heater) and seven non-flexible appliances (air conditioner, refrigerator, electric oven, microwave, light, TV, and desktop). The historical data of the PV used in this simulation are obtained from the IEEE Open data sets [32] on the residential solar rooftop panels, which have a rated power of 10 kWh. The numerical data used for this simulation are depicted in Figure 6.



The specifications of the BESS and EV are obtained from the IEEE Open data sets [32], which can be described as follows. The capacity of the BESS is 10 kWh with a maximum charging and discharging rate of 2.5 kW, and the efficiency in charging and discharging is 90%. We assume that the SOC of the BESS at the start and the end of the day (i.e., midnight) is equal to 50% of its total capacity, which is 5 kWh. The model of the EV used in this case study is a Tesla Model S, which has a battery capacity of 60 kWh with a maximum charge and discharge power of 11 kW, and the efficiency of the EV’s battery in charging and discharging is 90%. We assume that the initial and final SOC of the EV at the start and end of the day (i.e., midnight) is equal to 20% of its battery’s capacity. The driving activities of the EV’s user on a working day were chosen from an EV user in the IEEE Open data sest [32] and can be described as follows. The driver leaves home at 8 a.m. in the morning with at least 80% of the EV’s SOC and arrives home from work at 7 p.m. in the evening with a percentage of the EV’s SOC of 50%.



The simulation result is shown in Figure 7 with four sub-figures depicted. The optimal schedule for the smart appliances is illustrated in Figure 7a. Since non-flexible appliances cannot be scheduled and have to follow exactly the user preference, the total consumption of all seven non-flexible appliances is shown in one curve. The bar graphs in the same figure represent the minimum schedule for the flexible appliances. It can be noticed that most flexible appliances were scheduled in the afternoon time, from 11 a.m. to 5 p.m., which is due to the lower electricity price and the higher generated power from the PV during that time. However, the washing machine, on the other hand, was scheduled to operate at 9 p.m. and 10 p.m., which is the peak time of the electricity price. This is because, during that period of time, the total consumption of the non-flexible appliances is low, and the EV is plugged-in at home to discharge its excess power from traveling back to the system.



Figure 7b presents the power flow in the system among the load, grid, PV, BESS, and EV. Load demand from smart appliances is mostly sourced from the PV around daytime when there is high irradiation. The rest of the time, it relies on the power supply from the utility grid and the BESS. This is the same for our system; at the start of the day, between 1 a.m. and 7 p.m., power from the utility grid was fed for load demand, and, during mid-day, power was sourced from the PV instead. It can be noticed that the grid power was charged into the EV’s battery mostly at the start of the day since the EV needed enough energy for traveling before its departure time at 8 a.m., and electricity prices at that time were low. The EV mainly helped the system after it arrived home at 7 p.m. during the peak hour of electricity prices. The excess energy in the EV’s battery after traveling was discharged to the BESS to help feed to load demand and avoid using power from the main grid. Finally, the BESS was responsible for storing the energy from the grid during the off-peak time and discharging it back to the load demand during the on-peak time. The excess power from the PV was also charged to the BESS, such as between 10 a.m. and 1 p.m., and the BESS’s power was supplied back to the load appliance when there was not enough generated power from the PV, such as from 2 p.m. to 4 p.m.



The SOC and the charging or discharging status of the BESS and EV are depicted in Figure 7c and Figure 7d, accordingly. We can see that the SOC of the EV was increasing rapidly during the start of the day, which went from 20% initially up to 80% at 6 p.m. before its departure time at 8 a.m. Then, it decreased while the EV was traveling to 50% when it arrived home at 7 p.m. After the EV arrived home, its SOC dropped until the end of the day with 20% of its battery capacity. Unlike the EV, the BESS has been physically equipped at home and is able to help the system for the whole day. The energy in the BESS was initially at 50% SOC, and then it increased or decreased depending on the system. Later, the BESS’s SOC was back to 50% at the end of the day, and this amount of energy was kept as the initial SOC for the next day. The charging or discharging status of the BESS and EV are presented as a bar graph in which a positive value means the BESS or EV discharged at a specific time, and the negative value means otherwise. The meanings of the positive values and negative values were used to follow the value of the energy flow of the BESS (  E  B E S S  t  ) and the energy flow of the EV (  E  E V  t  ), as presented previously in Section 3. At one specific time, the BESS and EV were considered to charge (negative value), discharge (positive value), or take no action (zero value). For simplicity in the simulation, the EV was considered discharged only during the period that it was traveling.



The result of the optimization model on an individual SH showed a significant reduction in the total electricity cost compared to the case of a traditional SH. The term traditional SH refers to a home that incorporates smart or automated technologies to enhance various aspects of daily living. A traditional SH is usually equipped with a HEM system, which is able to schedule smart devices only. The integration of a PV, BESS, and EV is not included in that system due to the complexity in scheduling. The proposed HEM system in this work with a MILP technique provided a minimum schedule for smart appliances along with the optimal charging and discharging patterns of the BESS and EV. This was presented with the objective value for the total electricity cost per day, which is equal to   114.11  D K K  . As presented in Table 2, this amount shows a reduction of 30.43% compared to the case of the traditional SH with   164.03  D K K   per day.




4.2. Case Study 2: Multiple SHs


For this case study, we consider a case of an apartment building that consists of three SHs. Each SH is connected to a central scheduler module of the apartment and shares the usage of the PV and BESS. The components included in each SH are a smart meter, smart appliances, a user interface, an EV, and a HEM. We considered that each user owns an EV in their SH with different specifications and models.



The data sets of the central PV and BESS were obtained from the IEEE Open data sets [32], which can be described as follows. The rated power of the PV is 30 kWh and its generated power is depicted in Figure 8 below. The central BESS has a rated power of 30 kWh with maximum charging and discharging of   7.5   kW, and the efficiency in charging and discharging is 90%. Similar to the case of the individual SH, the initial and final SOC of the BESS was considered 50% of its capacity.



The appliance preferences of SH1 were kept the same as in the previous case study, which is presented in Table 1, while the appliance preferences of SH2 and SH3 are presented in Table 3 and Table 4, respectively. Similarly, the specification and driving activities for the EV used in SH1 were maintained as in the previous case and are now presented alongside the specifications for the EVs used in SH2 and SH3. All of the specifications and driving activities for the EVs in these three SHs were obtained from the IEEE Open data sets [32] and are listed in Table 5.



The simulation result of case study 2 is shown in Figure 9. The optimal schedules of smart appliances in each SH are depicted in Figure 9a, Figure 9b, and Figure 9c for SH numbers 1, 2, and 3, respectively.



The non-flexible appliances were shown together as a total consumption in one line, and the flexible appliances were depicted separately as a bar graph. It can be noticed that most of the flexible appliances in those three SHs were scheduled at mid-day. This is due to the high power generated from the central PV and the low electricity prices for that period. However, as depicted in Figure 9a, some flexible appliances in SH1, such as the vacuum cleaner, washing machine, and clothes dryer, were shifted to use at night between 8 p.m. to 11 p.m. Similarly, as shown in Figure 9c, some flexible appliances, such as washing machines and clothes dryers, were scheduled to be used in the morning and at night, respectively. The reason that these appliances were scheduled outside the mid-day time, when there is available power from PV, is that, in the morning, the EV was at home, and, also, the electricity price is low. Similarly, at night, the EVs were all at home to help the system along with the BESS. The power flow in the system is illustrated in Figure 9d, which presents the total power generated from the central PV; the power flow of the central BESS; and the power withdrawal from the grid, load demand, and power flow of each EV. The central PV generated more power than load consumption from 10 a.m. to 4 p.m., which provides excess power to store in the BESS. At the start of the day, when the electricity price was low, most of the load demand was fed by the grid power. In contrast, from 3 p.m. to 12 p.m., there was no use of the grid power since there was a high generation from the PV, and the EVs were available at home. The help from the EVs around that time can help avoid using power from the grid and reduce total electricity costs since it is at the on-peak time with high electricity prices. The same as in the individual SH case study, the EVs were charged at the start of the day until their SOC reached the desired percentage before their departing time. Then, when they arrived home, the EVs were considered as a BESS with their excess power in the batteries until the end of the day. The SOCs of the central BESS and the EVs in all three SHs are shown in Figure 9e. The BESS’s SOC started at 50% at the beginning of the day, and, after the BESS was charged or discharged to help the system throughout the day, its SOC came back at 50% at the end of the day. Similarly, each EV was charged at the beginning of the day until it had enough power to travel, which was at least 80% before departure. Then, their SOC returned to   20 %   at the end of the day after their excess energy was discharged to help the grid system. Lastly, the charging and discharging status of the BESS and EVs are depicted in Figure 9f.



The result of an optimization model on the multiple SHs case study has shown a significant reduction in the total electricity cost per day of an individual SH and three SHs altogether. Figure 10 provides a bar chart comparing the total costs for the traditional SH case with the proposed HEM system. There are reductions in the total electricity cost per day in the amounts of 32.65%, 45.41%, 58.39%, and 46.38% in the case of SH1, SH2, SH3, and altogether, respectively. These amounts of reduction show that the proposed HEM system can outperform the traditional SH by achieving the flexibility assessment of the PV and the optimal planning of the BESS and EV. Further, the result shows that each SH has withdrawn the same amount of power from the central PV per day, which is equal to   35.247   kW. This shows the significant output to ensure fairness for all users in the system as proposed.





5. Conclusions


By automatic optimization of the electricity loads in SHs, both end users and utilities will benefit from electricity cost reduction and grid services. In this paper, multiple SHs equipped with a BESS, a PV, an EV, and appliances are considered for the application of a MILP approach to minimize electricity costs. The optimization model factors in RTP tariffs and delivers efficient scheduling of appliances, as well as the optimal BESS and EV charging and discharging patterns. The simulation encompasses various scenarios accounting for diverse user preferences and consumption patterns. Furthermore, it extends to multiple SHs sharing the same system, BESS, and PV, promoting economic equity and fairness across these residences. Both individual and multiple SH case studies experience significant reductions in electricity costs. The corresponding simulation results show that the use of the proposed HEM strategy in multiple SHs could reduce the electricity cost by 46.38%. Finally, it can be concluded that the proposed method for the SHs with an EV and PV provides better results than the SHs without a PV and EV in terms of electricity cost reduction.
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	Distributed Generation



	DSM
	Demand-Side Management



	HEM
	Home Energy Management



	DR
	Demand Response



	RESs
	Renewable energy sources



	MOMILP
	Multi-objective mixed-integer linear programming



	BESS
	Battery Energy Storage System



	GA
	Genetic algorithm



	PSO
	Particle swarm optimization



	BPSO
	Binary particle swarm optimization



	BFO
	Bacterial foraging optimization



	WDO
	Wind-driven optimization



	HGPO
	Hybrid GA-PSO



	MCA
	Musical Chairs Algorithm



	BLDE
	Binary learning differential evolution algorithm



	EV
	Electric Vehicle



	SG
	Smart grid



	RTP
	Real-Time Pricing



	SH
	Smart Home



	PV
	Photovoltaic



	V2H
	Vehicle-to-Home



	MILP
	Mixed-Integer Linear Programming



	SOC
	State of charge
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Figure 1. SH architecture. 
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Figure 2. The flowchart of EV model. 
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Figure 3. Multiple SHs architecture. 
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Figure 4. The flowchart of scheduler module. 
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Figure 5. RTP tariff. 
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Figure 6. Power generated from PV. 
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Figure 7. Simulation result of case study 1: (a) optimal schedule for smart appliances; (b) power flow in the system; (c) the SOC of BESS and EV; and (d) charging and discharging status of BESS and EV. 
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Figure 8. Power generated from the central PV. 
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Figure 9. Simulation result of case study 2: (a) optimal schedule for smart appliances in SH1; (b) optimal schedule for smart appliances in SH2; (c) optimal schedule for smart appliances in SH3; (d) power flow in the system; (e) the SOC of BESS and EVs; and (f) charging and discharging status of BESS and EVs. 
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Figure 10. Comparison result for multiple SHs case study. 
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Table 1. Appliance preference for case study 1.
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Load Type

	
Appliance

	
Power Rating [kW]

	
Daily Usage [hour]

	
Start-End Time






	
Flexible

	
Washing Machine

	
0.8

	
2

	
-




	
Dishwasher

	
1.5

	
4

	
-




	
Clothes Dryer

	
3

	
2

	
-




	
Vacuum Cleaner

	
1.2

	
1

	
-




	
Water Heater

	
3

	
2

	
-




	
Non-flexible

	
Air Conditioner

	
0.9

	
10

	
(1 a.m.–8 a.m.), (10 p.m.–12 a.m.)




	
Refrigerator

	
0.9

	
24

	
-




	
Electric Oven

	
1.2

	
4

	
(7 a.m.–9 a.m.), (6 p.m.–8 p.m.)




	
Microwave

	
1

	
1

	
(9 a.m.–10 a.m.)




	
Light

	
0.1

	
5

	
(7 p.m.–12 a.m.)




	
TV

	
0.15

	
5

	
(7 p.m.–12 a.m.)




	
Desktop

	
0.2

	
3

	
(9 p.m.–12 a.m.)











 





Table 2. Comparison result for individual SH case study.
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	Total Cost of Traditional SH
	Total Cost of Proposed HEM
	Reduction





	  164.03  D K K /  day
	  114.11  D K K /  day
	30.43%










 





Table 3. Appliance preference in SH 2.
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Load Type

	
Appliance

	
Power Rating [kW]

	
Daily Usage [hour]

	
Start-End Time






	
Flexible

	
Washing Machine

	
0.8

	
3

	
-




	
Dishwasher

	
1.5

	
3

	
-




	
Clothes Dryer

	
3

	
2

	
-




	
Water Heater

	
3

	
3

	
-




	
Non-flexible

	
Air Conditioner

	
0.9

	
12

	
(1 a.m.-8 a.m.), (7 p.m.–12 a.m.)




	
Refrigerator

	
0.9

	
24

	
-




	
Electric Oven

	
1.2

	
4

	
(7 a.m.-9 a.m.), (6 p.m.–8 p.m.)




	
Light

	
0.1

	
3

	
(9 p.m.–12 a.m.)




	
TV

	
0.15

	
5

	
(7 p.m.–12 a.m.)











 





Table 4. Appliance preference in SH 3.
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Load Type

	
Appliance

	
Power Rating [kW]

	
Daily Usage [hour]

	
Start-End Time






	
Flexible

	
Washing Machine

	
0.8

	
2

	
-




	
Dishwasher

	
1.5

	
4

	
-




	
Clothes Dryer

	
3

	
2

	
-




	
Water Heater

	
3

	
3

	
-




	
Non-flexible

	
Air Conditioner 1

	
0.9

	
10

	
(1 a.m.–8 a.m.), (10 p.m.–12 a.m.)




	
Air Conditioner 2

	
0.9

	
12

	
(1 a.m.–8 a.m.), (7 p.m.–12 a.m.)




	
Refrigerator

	
0.9

	
24

	
-




	
Electric Oven

	
1.2

	
4

	
(7 a.m.–9 a.m.), (6 p.m.–8 p.m.)




	
Light

	
0.1

	
5

	
(7 p.m.–12 a.m.)











 





Table 5. Specification and driving activity of EV.
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Type

	
Parameter

	
SH 1

	
SH 2

	
SH 3






	
Specification

	
Model of EV

	
Tesla Model S

	
Peugeot

	
Toyota Rev4 EV




	
   C  E V    

	
60 kWh

	
50 kWh

	
40 kWh




	
Initial and Final   S O  C  E V    

	
   20 %   

	
   20 %   

	
   20 %   




	
    P  E V , c h   /  P  E V , d i s     

	
11 kW

	
  7.4   kW

	
10 kW




	
   η  E V    

	
   90 %   

	
   90 %   

	
   90 %   




	
Driving Activity

	
   t  D e p    

	
8 a.m.

	
9 a.m.

	
6 a.m.




	
   S O  C  D e p     

	
   80 %   

	
   80 %   

	
   80 %   




	
   t  A r r    

	
7 p.m.

	
5 p.m.

	
8 p.m.




	
   S O  C  A r r     

	
   50 %   

	
   60 %   

	
   40 %   

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
[ o= ]

|

/ SOCDepa SOCATN tDepa tArr /

!

Charge/Discharge
pattern of EV

no (travels outside home) yes (stays at home)
Is EV at home?

iny energy no (after tArr)
discharge for Is it before tp.,?
travelling is con-
sidered (Egv.irip)

Discharge its
excess energy
back to BESS
(Ekv,dis) to help
the system until
its SOC' = 20% at
the end of the day no

yes (before tp.,)

yes

SOCt.,, < SOCp.,

Y Y

Charge en- Discharge its
ergy from grid extra energy to
(ELy ) until its BESS (Egy cn)
SOC > SOCpep or do nothing






media/file18.png
35

D
)

Power [kW]

[\

-
W

—_

0.5

35

2.5

Power [KW]

0.5

SOC of EV3 [%] SOC of EV2 [%] SOC of EV1 [%] Battery SOC [%]

40

20

80
60
40
20

80
60
40
20

80
60
40
20

Optimal Schedule of Appliances in Smart Home 1
. — —— T T T T T T T T T T T T
I Washing Machine
I Dish Washer
| | Clothes Dryer I
I V acuum Cleaner
I wWater Heater |
—#— Non-shiftable
F—x*
JSEN MEEN GEEN HEEEFA EERY S |
I I I N SO Y N N N [ [N [ [N NN I | I N |
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]
(a)
Optimal Schedule of Appliances in Smart Home 3
T T T T T T T T T T T T T T T
I W ashing Machine
I Dish Washer |
[ Clothe Dryer
I W ater Heater
—— Non-shiftable .
I NI R B N 1 N Y O R H N |
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]
(©)

\ Loy L U I O E B
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]

| | | | | | | | | | | | | | | | | | %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]
| | | | | |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]
m L Lo Lo Ny
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time [hrs]

(e)

Power [kW]

Power [KW]

Optimal Schedule of Appliances in Smart Home 2

3.5 | | — | | | | | | — | | | | | | |
I W ashing Machine
3 I Dish Washer _
[ Cloth Dryer
I Water Heater
2.5 |—%— Non-shiftable N
. i
1.5+ .
1 B N2 N2 B
051 -
0 | | L | | | | | | | | | L | | |
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]
(b)
40 T 1
— PV
— Battery
30+ —Grid |7
Load
—— EV1
20 - —EV2 —
—EV3
10 - -
-10 + -
20 L0
1 2 3 4 5 6 7 8 9 1011 1213 14 1516 17 18 19 20 21 22 23 24
Time [hrs]
(d)
] Discharging state of BESS
1 I Charging state of BESS
0
-1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs] I Discharging state of EV1
1 I Charging state of EV1
0
-1 L [
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs] I Discharging state of EV2
1 I Charging state of EV2
0
-1 L [
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs] I Discharging state of EV3
1 ] Charging state of EV3
0

| | | | | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hrs]

(D)






media/file3.jpg
o (travels outside home)

SOCpep, SOCarrstiepstarr

Charge/Discharge
pattern of EV

yes (stays at home)

Only encrgy

travelling is con-
sidered (Epvars)

Is EV at home?

1o (after tar,)

Discharge its
excess energy.
back to BESS

(Efy,au) to help

the svstem until
its SOC = 20% at
the end of the day

Is it before £p,,7

yes (before p.y)

50Ck, < $0Cn.)

Charge en Discharge its

ergy from grid extra cneray (0
(Ey ) unilits BESS (E},
S0C'2 S0y






media/file19.jpg
‘ Traditional SH 53614
z N The proposed HEM
%500 e
e |
Za00-
Fa00
= 300} g
g
. 20109
z zon[ 16403 17102
] 110.47
3 m‘ 9336 8367

0

SHI

Total





media/file7.jpg
Epy, Ep, Ep, Pes:

Scheduler Module

yes no
by supplies
to load demand
Bly + Poessis x
At > By + Blyp
Store excess T
energy in BESS gy
(Ehgss,ca) if any load demand ag
Epy + Eppssait+
El supply to
load demand
Perform an
optimization
method

1
[ Ao it B B B B B |






media/file10.png
RTP Tariff [Dkk/kWh]
I W =)

(O]

11 12 13 14
Time [hrs]

19 20 21

24






media/file14.png
D
n

[\

—_—

Power [kW]
W

—_—

o
n

o

o))
o

8

V]
(@

Battery SOC [%]

0.9
S

Time [hrs]

\ \ \ & ‘ ‘ ‘ 4 *—
1 23 4 5 6 7 8 910111213 14 151617 18 19 20 21 22

I Washing Machine | 15 :Evtt i
I Dish Washer - Ga. dery
[ Clothes Dryer 5 10 - 7Lr1d |
I Vacuum Cleaner o E;)/a
I Water Heater 7 5. |
~+ Non-shiftable E
] =}
5 O i
: 2
o
A~ 5L .
- ]
| 10 - ]
| | | | | | | | | | | | _ 1 5 | | | | | | | | | | | | | | | | | | | | | | | |
2 3 4 5 6 7 8 910111213 14 15 20 21 22 23 24 1 23 45 6 7 8 910111213 141516 17 1819 20 21 2223 24
Time [hrs] Time [hrs]
(a) (b)
1 I Discharging state of BESS
i I Charging state of BESS
| 0
| | | | | | | | | _1

| | | | | |
1 23 4 5 6 7 8 91011121314 151617 18 19 20 21 2223 24
Time [hrs]

I Discharging state of EV

o))
o

8

EV SOC [%]

V]
(@

I Charging state of BV

Time [hrs]
(¢)

| | |
23 4567 8 910111213 1415161

-1 \ \ \

| | |
1 23 4 5 6 7 8 91011121314 151617 18 19 20 21 2223 24
Time [hrs]

(d)





media/file11.jpg
Power Generated from PV [kW]

’y

1234567891010 1213141516 1718192021 2223 24
Time [hrs)





media/file6.png
Smart Appllance

1 5 T

i&s

Electric Vehicle

(EV)

-, Smart Home 1

(&)
!

w0
3
1]
=
%
=

7‘*-—3

M —

,
a
-

+—>

+——————-

(

m 8
Ll P

Home Energy
Management (HEM) :

Gser InterfacD '

=
B
il

Electric Vehicle

(EV)

. Smart Home 2

v

Central
Scheduler
Module

v

Home Energy
Management (HEM) .

st

Gser Interfaca

*

vwe

Smart Home 3

. .
*s

-+ { Smart Home N }

Utility Grid
\Cl)/
e I N

Central PV

7

Central BESS

Power Flow

Data Flow





media/file15.jpg
Power Generated from PV [kW]

s o

6 7 8 910 111213 14 15 16 17 18 19 20 21 22 23 24
“Time [hrs]





nav.xhtml


  energies-17-00254


  
    		
      energies-17-00254
    


  




  





media/file16.png
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

—

<t o4O O 0 O I A

e I e R

[ AA] Ad TIOIJ PAYRIduar) IOMO]

Time [hrs]





media/file2.png
'\I/

_O_

V4

Photovoltaic (PV)
r 3

Smart

Power Supply

ﬁtility Control

———ee
 ——

P
=

eter

[]

Solar Information /

| .
L4

Ll

4P

Battery

Excess Power \

_---{ User Interface J~~__
«-""" =
Scheduler

Hourly Electricity Price

User preferences
and requirement

\ Center
&

Day-ahead power demand
Power Supply Information

i
Aggregator

)

———

Energy Storage ¢
System (BESS)

Battery Information

Appliances schedule

4

Fe

Smart Appliances

.
O

d=———m———p

&+
-
-

R
-S

4
!/

Power Supply Information

Charge or L &
Discharge Power @
Al

=)

‘-

4+ 4

Home Energy

{? v

{535)

Electric Vehicle

EVs Information

Management (HEM) (EV)

NG

Smart Home

Utility Grid

Power Flow

Data Flow





media/file20.png
AN
S
-

)
S
-

I~
=)
S

300

100

Electricity Cost Per Day [DKK]

200 -

B Traditional SH
B The proposed HEM

164.03

171.02

SH1

SH2

201.09

SH3

536.14

Total






media/file5.jpg
3 central
Scheduler
Module

ol





media/file1.jpg
vty ia






media/file12.png
wn @)

N

(\®]

Power Generated from PV [kKW]
—_ o

o

X

N3

DO ¥

L9 ¥

o

I

O\ ¥

~J 3

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time [hrs]






media/file9.jpg
RTP Tariff [DKk/kWh]

123456789 1011121314151617 18192021 222324
“Time [hrs]






media/file0.png





media/fi