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Abstract

:

This research presents an optimal scheme for the integration of renewable resources with the utility grid to minimize the operational cost of the residential and industrial microgrids. With the changing paradigm of solar photovoltaic in low-voltage distribution networks, utilities have allowed net metering and feed-in tariff (FiT). These incentives encourage residential and industrial consumers to contribute toward energy generation. However, in conventional mode, the system may underperform if resources are not scheduled optimally. To compensate for the price difference during off-peak and on-peak hours, the energy should be taken from the grid when electricity prices are lower and supplied to the grid when the electricity price is higher. The proposed models will therefore allow optimal resource utilization considering intermittent renewable generation as well as a time-varying utility tariff. A complete comparative analysis of on-grid and off-grid models was carried out. The results indicate that the daily average saving is about 32.0% by using the proposed on-grid scheme, where a feed-in tariff is available.
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1. Introduction


According to the World Economic Forum (WEF), residential and commercial buildings are responsible for 40% of global energy consumption and 33% of greenhouse gas (GHG) emissions [1]. Energy management systems (EMSs) provide an excellent interface to achieve energy efficiency as well as reduce GHG emissions by integrating green and environmentally friendly on-site renewable power generation. In recent years, home energy management systems (HEMSs) have become significant due to increased focus on efficient electricity consumption and increasing global warming [2].



HEMSs are used to monitor and manage the house load power by communicating with utilities and appliances. HEMSs receive information on tariff rates and schedule the utilization of batteries during on-peak hours to reduce the electricity cost. Different techniques as discussed in the literature review section (Section 2) are available to overcome this issue; however, in this research, linear programming (LP) was used to achieve the optimization target. LP offers simplicity in implementation and also allows for managing the preset priority values of battery utilization and ensures the total consumption of batteries within defined limits. While designing such a framework, many constraints are considered keeping in view the user comfort, cost-effectiveness, and feed-in tariff (FiT). It is a scheme based on real-time optimal scheduling in which residential load, battery profile, solar output, and tariff rates are monitored and considered for optimization. For battery charging and discharging, constraints are defined to make its life cycle efficient.



The structure of the paper is as follows. Section 2 is dedicated to carrying out a brief literature review and focused on the scope of EMSs with different techniques. Section 3 deals with the mathematical formation of proposed models in which different types of variables and constraints are defined to make an easy and comprehensive optimization model. One-day case studies are conducted to evaluate the results, and later on, a monthly basis analysis is carried out. In Section 4, results and discussion are presented to conclude the outcomes of the proposed models. Section 5 covers the conclusions of the overall research study.




2. Literature Review


In [3], the demand response (DR) technique was used for the EMS, which was further classified by the author into three types of automation levels: (a) manual; (b) semi-automated; (c) fully automatic. Meanwhile, the HEMS uses fully automatic DR for load scheduling and shifting. An algorithm was presented for managing home appliances and was also designed as a simulation tool to simulate events. Power consumption was kept below the limit by using the DR, and the HEMS algorithm and load preference were adjusted according to the comfort level. However, if the load demand is less than a specific value, there would be some sacrifice in accordance, and rules may break down; therefore, there is compromise taken into account while setting parameters. Moreover, it might be possible that a DR event could generate a high off-peak demand due to compensation of load which is the limitation of the DR technique.



In [4], a scheme based on real-time optimal scheduling was discussed, in which house loads, outdoor temperature, and tariff rates are monitored and considered for optimization. It efficiently calculates the best readings based on deep reinforcement learning (DRL), whereas traditional algorithms need preset values and cannot handle the uncertainties compromising user comfort. Coordinated scheduling including the day-ahead method was proposed in [5] through the distribution of available energy resources known as distributed energy resources (DER) in which the particle swarm optimization (PSO) technique was utilized to overcome the issues discussed in [4]. However, their scheduling was not supposed to design uncertainties in load demands and accordance, with the joint scheme based on the building energy management system (BEMS) and home energy management system (HEMS) proposed by the author. The Korea Electric Cooperation (KEPCO) tariff was employed via using a sequential management policy of prediction, and as a result, minimum energy cost can be extracted under given restriction. The proposed method is more efficient and adaptive for interruptible loads than the day-ahead method. A numerical analysis of installed appliances was performed by the author seeking a model in terms of the availability of solar energy and improving its charging efficiency. Here, the limitation was the usage of appliances according to their respective plans [5,6].



All results were compared in [7] which concluded the best outcomes of the proposed scheme because the uncontrolled scheme has no controlling factor that reflects the desire of the user, whereas in the load curtailment method, more energy is utilized than in the token-budget-scheme-based algorithm.



Microgrid (MG) offers the advantages of independent and self-sustainable connectivity between the main grid and DER while ensuring the efficient usage of renewable energy resources (RESs). Therefore, the inter coordination of such systems and practical implementation within MG imply several challenges due to uncertainties and variability [8]. In [9], an online MG-EMS was proposed which is composed of four modules: The first one is a data acquisition and human–machine interface module (DAQ & HMI) through which the user can monitor and alter the input parameters. Second, scheduling the inputs by taking input data from other modules is fed to the processor module. The third module is the forecasting module which collects the records of the generation and consumption of energy for future prediction values. Finally, the optimization process sets the parameters as defined by the user and keeps the objective function in consideration. All these four modules intercommunicate to discover the optimum results, and a case study was presented by the authors to extract the real-time results of the island and grid-connected modes of operation [9].



In [10], the author suggested a probabilistic optimization of networked multi-carrier microgrids (NMCMGs), elaborating on the unpredictability associated with thermal and electrical load demands, renewable power generation, and the electricity mark. Moreover, the authors also covered the redundancy scheme in the absence of the main grid. Extensive research work has been testified linked to the managing of MGs, principally focused on mathematical modeling and tested under determined offline case studies, as studied in [11]. For illustration, in [12], linear mathematical modeling was proposed to stabilize the generation and load of a hybrid MG by curtailing the entire operational cost of the system in 24 h. A control combined fuzzy logic control with advanced scheduling methods to achieve both power-sharing and energy management [13]. Meanwhile, in [14], the economic dispatch challenge for entire operational cost minimization in DC MGs was expressed and explained with an empirical method. However, these methods do not extend in the strategy of the MG-EMS architecture so that it can be adjustable and simply combined into the system. In this concern, a system of smart energy management was defined in [15,16] with an architecture that practices changed modules that are linked serially, but this can crop a block in the data flow. Moreover, the preceding mechanism is not concerned with the doubt about the generation and utilization of renewable sources. In this logic, connected strategies were applied in [17,18,19,20,21,22], where MG-EMSs were intended and applied by observing the present position of the MG.



Hybrid AC/DC microgrids and implementing the power management schemes were discussed with different modes of operation in [23]. Thus, the EMS of the MG generates the reference command for DER controllers to run the whole system in an optimized way. For this purpose, the MG-EMS takes short-term decisions that utilize input parameters and available resources profile to meet the load uncertainties [24].



In [25], the HEMCS consisted of a smart meter, electric appliances, GUI, and an energy management control unit (EMCU). The EMCU collects information on pricing through a smart meter and can use different protocols of communication such as ZigBee, Wi-Fi, etc. In this method, appliances are classified according to the consumption pattern and connectivity method with the EMCU. The aim to provide green energy needs an efficient model established for the configuration and integration of RESs on a large scale to facilitate the neighboring consumers to generate revenue in the result.



Based on energy trading with RESs, the residential consumers are further categorized into three types. (1) GECs get energy only from the grid and neither generate the energy nor sell it back; (2) SECs generate their own energy and incorporate the electricity demand of neighbors; and (3) TECs generate, store, and trade energy with neighboring customers. The formulation is performed on respective categorized consumers, and equations are developed to design their models. Generally, it is a difficult scope to formulate joint optimization of RESs and load scheduling; therefore, it is formulated individually. The knapsack approach is utilized for load scheduling problems. It is essentially used to map multiple problems in multiple domains. Here, mapping objectives were electricity cost and user comfort, and an objective function was derived [26].



A multi-agent control system (MACS) was proposed in [27] to meet the user’s comfort zone and consider cost-effectiveness. A graphical user interface (GUI) was also developed to facilitate the user to alter the preferences according to the demand. However, many issues such as appliance waiting time, PAR, and smoothness of the demand curve were not discussed. The cost model and the trading problem were also formulated in which users according to their respective categories were presented. Feasible regions of electric cost and consumption were derived. When the waiting time is zero, then the cost of electricity is high; therefore, in this case, these parameters were inversely proportional, and its feasibility region was extracted. Specifically, a peak power consumption analysis was carried out by comparing with the daily usage of appliances. A trade-off analysis of electricity cost and user comfort was also graphed. It was mentioned that reverse power consumption is lower when distributing the energy to neighboring consumers than when supplying it to the grid.



All of the abovementioned schemes are applicable where an FiT is already introduced in developed countries. However, these schemes are not suitable for developing countries where an FiT is not available. In that case, the main concern is to minimize grid supply and its utilization during on-peak hours for cost-effective operation. In this paper, an objective function is formulated in which the basic aim is to reduce grid intake, utilize off-peak hours for ESS charging and maximize utilization of RESs during the daytime, and potentially utilizing this energy during peak hours when the electricity price is high [28].



Every EMS model designed is supposed to provide lower operational costs, and different aspects have been addressed to make the EMS a more redundant, efficient, and proactive system. Nevertheless, making the existing system not compromise user comfort along with cost-effectiveness has not been properly addressed. Specifically, a universal model has not been designed that specifically fits both FiT and conventional grid utilization. Further comparison with the existing state-of-the-art works is carried out in Table 1.



To sum up, the main contributions of the study can be stated as follows:




	
The proposed scheme allows cost-effective and optimal resource utilization considering intermittent renewable generation as well as a time-varying utility tariff.



	
Both types of configurations, i.e., off-grid- and on-grid-based models, were designed for HEMSs and BEMSs as universal models that fit conventional grid utilization and FiT, respectively. Both handle the situation smartly with the best optimization scheduling.



	
The results were extracted through MATLAB 2021a which indicates daily average saving is about 32.0% by using the on-grid proposed scheme where a feed-in tariff is available.









3. Proposed Models


The energy management system (EMS) is directly connected to the load that decides the path and capacity, which will be fed through designated sources such as the grid, battery, or solar in an optimum way. The basic principle here is to minimize the grid cost and utilization of the battery keeping its health factor to be maintained efficiently by using a linear programming scheme (LPS). It is worth mentioning that the parameters considered for the case studies and constraints are generic and equally valid in residential, commercial, and industrial buildings except for the capacity of generation and load demand. Nevertheless, the complex industrial microgrids may offer additional parameters and constraints; however, for simplification, only the baseline parameters were covered within the scope of this study. The utilization of maximum generated power by solar was the core aim to reduce grid consumption that will ultimately result from the cost of the grid. For this purpose, two models were designed for cost analysis, i.e., off-grid and on-grid.



3.1. Off-Grid Unidirectional Model


The energy produced by solar PVs is utilized to run the load demand via the MPPT controller and does not contribute to energy selling back to the grid as shown in Figure 1. This type of model is adequate where net metering is not available and optimized utilization of produced energy needs to be panned out. For this purpose, a one-day model of an hourly based scheme was implemented to check the results of the proposed off-grid model.



3.1.1. One-Day Case Modeling


For one-day modeling and analysis, we used values on an hourly basis of a day. In this way, 24 values per day were considered for each parameter and decision variable. We defined 24 h load and solar generation data for the model and placed them in variables (at) and (st), respectively. For the battery’s efficient usage and to enhance its life, we applied an algorithm in which 10% of the charging and the discharging rate is allowable in any hour interval. In these charging and discharging cycles, the battery will smoothly charge and discharge rather than getting a sudden charge or drain which affects the battery life. The permissible minimum discharging of battery is 33.3% of total capacity.



In this model, the grid is offering two price rates in a day by distinguishing between off-peak and peak schedules. As our objective was to minimize the cost of the grid but not compromise the user load demand, the EMS will proficiently optimize and opt for the source that will directly impact our objective function. As follows, a one-day model will conclusively provide the cost of the grid per day. The following Table 2 of pricing is given.



Thus the objective function with minimized grid intake can result in a benefit to the end-user of the microgrid.


  Minimum   grid   cost = m i n     ∑   t = 0   T − 1   [  g l   ( t )  · p t  ( t )  +  g b   ( t )  · p t  ( t )   



(1)




where    g l    grid utilization for load is demand, and    g b    is grid usage for battery charging purposes. Pricing of the grid as per off-peak and on-peak is denoted by     p t  . The following inequality constraints are considered:


   g l   ( t )    ≥   0 ,   ∀   t   ∈   [ 0 ,   T − 1 ]  



(2)






   s l   ( t )    ≥   0 ,   ∀   t   ∈   [ 0 ,   T − 1 ]  



(3)






   s b   ( t )    ≥   0 ,   ∀   t   ∈   [ 0 ,   T − 1 ]  



(4)






   θ l   ( t )    ≥   0 ,   ∀   t   ∈   [ 0 ,   T − 1 ]  



(5)






   g b   ( t )    ≥   0 ,   ∀   t   ∈   [ 0 ,   T − 1 ]  



(6)






  θ  ( t )    ≥   0 ,   ∀   t   ∈   [ 0 ,   T − 1 ]  



(7)






    g l   ( t )  +  g b   ( t )      ≤    g  m a x   ,   ∀   t   ∈   [ 0 ,   T − 1 ]   



(8)






   θ  ( t )      ≤  θ  m a x   ,   ∀   t   ∈   [ 0 ,   T − 1 ]   



(9)






   θ  ( t )      ≥    θ  m i n   , ∀   t   ∈   [ 0 ,   T − 1 ]   



(10)






    θ l   ( t )      ≤   0.1 ∗  θ  m a x   ,   ∀   t   ∈   [ 0 ,   T − 1 ]   



(11)






    g b   ( t )  +  s b   ( t )      ≤   0.1 ∗  θ  m a x     ∀   t   ∈   [ 0 ,   T − 1 ]   



(12)




where T = 24 is considered for the case study; all the constraints clearly define that    g l    grid to load value will be greater than zero but not in the negative direction, and in the same arrangement,     s l   ,    s b   ,    θ l  ,    g b   , and  θ  will be greater than zero at any time instant. Meanwhile, in the (8) inequality constraint, the total energy fed by the grid to load and the battery would be less than the total available grid at any instant. In addition, the battery SoC at any instant cannot exceed the maximum allowable energy stored in the battery by        θ  m a x     (9), and in the same fashion, the battery cannot drain less than the allowable limit set as    θ  m i n     (10). The most accountable and foremost important constraint is of maintaining battery health that will strictly monitor the way the battery is charging and discharging. There is a limitation for battery charging and discharging that 10% of the maximum capacity of battery charging and discharging is allowed in the constraints (11) and (12).



Equality constraints considered for this optimization model are given below:





    a ( t ) =  g l   ( t )    +  s l   ( t )    +  θ l   ( t )    ∀   t   ∈   [ 0 ,   T − 1 ]    



(13)






    θ  (  t + 1  )    = θ  ( t )    +  g b   ( t )    +  s b   ( t )    −  θ l   ( t )    ∀   t   ∈   [ 0 ,   T ]    



(14)






     s b   ( t )  +  s l   ( t )    = s  ( t )    ∀   t   ∈   [ 0 ,   T − 1 ]    



(15)






   θ  ( 0 )  = eini   



(16)






   θ  ( T )  = efin   



(17)







Equality constraint (13) indicates that load at any instant must be fed through the grid, solar, or battery. Meanwhile, the battery-related equality constraint indicates the next state of the battery at any instant (14). In addition, solar PV generation   s  ( t )    at any moment either will be fed to load or battery (15). The (16) and (17) equality constraints define the initial and final SoC of the battery.




3.1.2. Decision Variables Set


The optimizer will provide values of decision variables and decide the amount of grid, battery, and solar needed to utilize according to the load requirement. These values of each decision variable are extracted by the EMS model through MATLAB. The decision variable set of the objective function is defined as:


      x = [  g l   ( 0 )  ,  g l      ( 1 ) , … …  g l      ( T − 1 )   ∣  s l   ( 0 )  ,  s l   ( 1 )  , … …  s l    ( T − 1 ) ∣  g b   ( 0 )  ,  g b   ( 1 )  , … …  g b    ( T − 1 ) ) ∣  s b   ( 0 )  ,      s b   ( 1 )  ,       … …  s b    ( T − 1 )   ∣  θ l   ( 0 )  ,  θ l   ( 1 )  , … …    θ l    ( T − 1 )   ∣ θ  ( 0 )  , θ  ( 1 )  , … … θ  ( T )  ]   ∈   ℝ   ( 7 T + 1 × 1 )   where   T = 24        



(18)









3.2. On-Grid Bidirectional Model


The energy produced by solar PVs is utilized to run the load demand via the MPPT controller and contributes to energy selling back to the grid. This type of model is adequate where a feed-in tariff (FiT) is available and optimized utilization of produced energy needs to be carried out. For this purpose, a one-day model of an hourly based scheme was implemented to check the results of the proposed on-grid model.



3.2.1. One-Day Case Modeling


In this model, the same parameters and decision variables as in off-grid modeling are kept with the addition of energy selling back to the grid. This specific variable battery to the grid is denoted as    θ g    which indicates that extra optimization-based energy will be sold back to the grid. The amount of sold energy will be subtracted from the cost of energy being charged by the grid which will ultimately support the objective function of the grid cost reduction. The offered prices from the grid to customers are given in Table 3:



The schematic layout in Figure 2 consists of a grid-connected solar PV-based energy management system (EMS). Solar-produced energy is kept stored in the battery which is converted to AC power using a highly efficient inverter. The grid connection is bidirectional for purchase and selling purposes. All sources are fed to the EMS which decides at which time the path will be utilized to fulfill the load demand and at which time battery charging and discharging will be carried out keeping in view the objective function. The overall net cost of purchased and sold energy is formulated with a one-day model. A day is divided into T times according to an hourly basis. Therefore, 24 values of each decision variable are provided except for the battery. The battery’s initial state of charge at t = 0 is the initial state of charge (SoC) which is denoted as eINI, whereas t = T + 1 will be the final state of the battery which will be the 25th value in this case. Thus, the objective function with minimized grid intake can result in a benefit to the end-user of the microgrid.


  Minimum   grid   cost = m i n     ∑   t = 0   T − 1   [  g l   ( t )  · p t  ( t )  +  g b   ( t )  · p t  ( t )  −  θ g  ·  g  m a t    ( t )   



(19)







Here,   p t   is the unit price charged by the grid, and    g  m a t     is the unit price offered by the grid. As the government has given an incentive to the residential user to increase solar generation and utilization to make the environment clean, the energy sold to the grid will be subtracted from the energy purchased from the grid.



The following inequality constraints are considered:


   G L   ( t )  ≥   0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(20)






   S L   ( t )  ≥   0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(21)






   S G   ( t )  ≥   0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(22)






   θ L   ( t )  ≥   0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(23)






   θ G   ( t )  ≥   0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(24)






   G B   ( t )  ≥ 0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(25)






  θ  ( t )  ≥ 0   ∀   t   ∈   [ 0 ,   T − 1 ]  



(26)






    G L   ( t )  +  G B   ( t )    ≤  G  M A X     ∀   t   ∈   [ 0 ,   T − 1 ]   



(27)






   θ  ( t )    ≤    θ  MAX     ∀   t   ∈   [ 0 ,   T − 1 ]   



(28)






   θ  ( t )    ≥    θ  MIN     ∀   t   ∈   [ 0 ,   T − 1 ]   



(29)






    θ L   ( t )    ≤ 0.1 ∗  θ  MAX     ∀   t   ∈   [ 0 ,   T − 1 ]   



(30)






    G B   ( t )  +  S B   ( t )    ≤   0.1 ∗  θ  MAX     ∀   t   ∈   [ 0 ,   T − 1 ]   



(31)




where T = 24 is considered for the case studies; all the constraints defined as    G L    grid to load value will be greater than zero but not in the negative direction, and in the same fashion,     S L   ,     S B   ,     θ L  ,    θ G  ,    G B   , and    θ   will be greater than zero just like in the off-grid case. The only difference here is the addition of selling back to grid constraint which is     G B   . Meanwhile, in the (27) inequality constraint, the total energy fed by the grid to load and the battery would be less than the total available grid at any instant. In addition, the battery SoC at any instant cannot exceed the maximum allowable energy stored in the battery by     θ  MAX     (28), and in the same fashion, the battery cannot drain less than the allowable limit set as      θ  MIN     (29). The most accountable constraint is for maintaining battery health that will strictly monitor the way of battery charging and discharging. Sudden charge and discharge of the battery directly affect the life of the battery. There is a limitation for battery charging and discharging that 10% of the maximum capacity of battery charging and discharging is allowed in the constraints (30) and (31). Equality constraints considered for this optimization model are given:





    A ( t ) =  G L   ( t )    +  S L   ( t )    +  θ L   ( t )    ∀   t   ∈   [ 0 ,   T − 1 ]    



(32)






    θ  (  t + 1  )    = θ  ( t )    +  G B   ( t )    +  S B   ( t )    -  θ L   ( t )    -  θ G   ( t )    ∀   t   ∈   [ 0 ,   T ]    



(33)






     S B   ( t )  +  S L   ( t )    = S  ( t )    ∀   t   ∈   [ 0 ,   T − 1 ]    



(34)






   θ  ( 0 )  =  E INI    



(35)






   θ  ( T )  =  E FIN    



(36)







Equality constraint (32) shows that load at any instant must be fed through the grid, solar, or battery. Meanwhile, the battery-related equality constraint (33) indicates the next state of the battery at any instant. In addition, solar PV generation S(t) at any moment either will be fed to load or to the battery (34). The (35) and (36) equality constraints define the initial and final SoC of the battery.




3.2.2. Decision Variables Set


The optimizer will provide values of decision variables and decide the amount of grid, battery, and solar needed to utilize according to the load requirement and how much is needed to sell back to the grid at a certain time. The decision variable set of the objective function is defined as:


      x = [  G L   ( 0 )  ,  G L      ( 1 ) , … …  G L      ( T − 1 )   ∣    S L   ( 0 )  ,  S L   ( 1 )  , … …  S L    ( T − 1 ) ∣    G B   ( 0 )  ,  G B   ( 1 )  ,   … …  G B    ( T − 1 )   ∣  S B   ( 0 )  ,      S B   ( 1 )  ,       … …  S B    ( T − 1 )   ∣    θ L   ( 0 )  ,  θ L   ( 1 )  , … …    θ L    ( T − 1 )   ∣  θ G   ( 0 )  ,  θ G   ( 1 )  , … …    θ G    ( T − 1 )   θ  ( 0 )  , θ  ( 1 )  , … … θ  ( T )  ]   ∈   ℝ   ( 7 T + 1 × 1 )   where   T = 2      



(37)










4. Results and Discussion


4.1. Off-Grid Model One-Day Case Study


In the off-grid model, there is a unidirectional energy transfer from the grid. The energy produced by solar PVs will be utilized to fulfill the load demand. Grid costing is based on off-peak and on-peak timing. Batteries are charged via solar and grid as per energy saving and optimization techniques. The optimizer will utilize batteries during on-peak timing to reduce the grid electricity bill and recharge through solar PV and grid in off-peak timing. The off-grid model was modeled in MATLAB, and graphical results were extracted from each decision variable. The grid utilization    g l   ( t )    with respect to each hour of a day is presented in Figure 3. The battery is consumed for load fulfillment    θ l   ( t )    shown in Figure 4 during on-peak hours when grid cost is high as mentioned in Table 1. Battery states of charge (SoCs) of each hour   θ  ( t )     are shown in Figure 5. SoC scaling factor (x/10) is used, i.e., 20 = 2 KW. Solar utilization for load    s l   ( t )    requirement and total solar generation   s  ( t )    with utilization as per the EMS optimizer schedule are shown in Figure 6.



Load is directly fed through the EMS which decides the source path which needs to be triggered for the fulfillment of the load demand. A detailed analysis of total load and resource utilization in every hour is shown in Figure 7 for the off-grid model.




4.2. On-Grid Model One-Day Case Study


In the on-grid model, there is a bidirectional energy transfer from the grid. The energy produced by solar PVs will be utilized to fulfill the load demand along with selling back to the grid via batteries. Grid costing is based on off-peak and on-peak timing. Batteries are charged via solar and grid as per energy saving and optimization techniques as in the off-grid model. The grid utilization    G L   ( t )    with respect to each hour of a day is presented in Figure 8. During on-peak timing, the battery is maximally utilized to sell back energy to the grid keeping in view the overall reduction in grid cost. The battery utilization profile is shown in Figure 9. Battery states of charge (SoCs) of each hour   θ  ( t )     are shown in Figure 10. SoC scaling factor (x/10) is used as in the off-grid model, i.e., 20 = 2 KW. Solar utilization for load    S L   ( t )    requirement and total solar generation   S  ( t )    with utilization as per the EMS optimizer schedule are shown in Figure 11.



Load is directly fed through the EMS which decides the source path which needs to be triggered for the fulfillment of the load demand. A detailed analysis of total load and resource utilization in every hour is shown in Figure 12 for the on-grid model.




4.3. Main Findings of Grid Cost Analysis


The optimizer evaluated the cost charged by the grid for both models, and a cost comparison was made for one-day, monthly, and yearly basis after optimization of off-grid and on-grid models.



4.3.1. One-Day Grid Costing Profile


For the off-grid model, the optimizer evaluated the cost charged by the grid of a day as PKR 677.08 of household load as shown in Figure 13. During on-peak timing when grid cost is higher, the part of energy shared by the grid is very low, and in off-peak timing, the grid utilization is higher keeping in view the low cost of the grid. Meanwhile, in the on-grid model, with the same load and solar generation, the optimizer-generated cost of a day is PKR 467.08 as shown in Figure 14.



Grid intake cost = PKR 1253.4;



Grid payback cost = PKR 786.3238;



Total on-grid model cost = Grid intake cost-Grid payback cost = PKR 467.08.




4.3.2. Month-Wise Grid Costing Profile


The load and solar data of the complete year profile for analysis started in June 2018 and ended in May 2019. Month-wise billing and seasonal impacts on the bills are clearly understandable in Figure 15 and Figure 16 for the off-grid and on-grid models, respectively.




4.3.3. Findings for the Comparative Month-Wise Grid Costing


The cost of each day is calculated in both models, and the difference is very clear that the on-grid modeling approach is much more suitable for customers, and no compromise or sacrifice is made by the end-user. Monthly billing and the total annual saving plan are shown in Table 4 which shows the lower and optimized cost for the on-grid model throughout the year. Meanwhile, monthly bills compared on the grid and off the grid are shown in Figure 17.



Figure 17 indicates that the proposed scheme results in an optimized and low cost for the on-grid model throughout the year, and it is an optimum strategy for the implementation of residential microgrids. For instance, grid costing for the month of Jun-18 is PKR 16,755 by using the off-grid model, whereas the on-grid model costing is PKR 7511 only for the same month with the same load profile. Overall, the results specify that the daily average saving is about 32.0% by using the proposed on-grid scheme, where an FiT does exist.






5. Conclusions


A cost-effective microgrid-based energy management system was designed for off-grid and on-grid schemes integrated with solar PV generation and batteries. Linear programming (LP)-based optimization was utilized to formulate the off-grid and on-grid models for the cost analysis on a daily, monthly, and annual basis. One year of real-time load data was extracted from residential load, and solar data were taken from the NREL site of the subjected residential area. The state of charge (SoC) of the battery bank is controlled by allowable limits in the proposed model to maintain the battery’s health. The obtained results of grid costing in the proposed models for on-grid and off-grid consumers for the same load were compared for a better understanding of the revenue saving by using on-grid modeling. Grid cost calculations of the whole year with the same model on real-time load data were carried out for comparative analysis. These schemes are effective for the island as well as grid-connected modes. A quantitative framework analysis was carried out in which the simulation results clearly describe the battery efficient utilization and support in minimization of grid cost via on-grid modeling.




6. Limitations and Future Work


The proposed work only considered the baseline parameters common for residential, commercial, and industrial building microgrids. However, industrial and commercial microgrids may offer an additional layer of complexity that may be included in the additional layer of optimization; for instance, the efficiency of the battery can be included in the charging and discharging constraints for accurate energy balance. For future work, online optimization can be taken into account for updating the load values in real-time and feeding to the optimizer for efficient and scheduled usage of the grid. It will classify the users according to their energy sharing plan and cost-saving strategy that will ultimately result in a low cost of operation. Extensive research work on hardware using PLC and SCADA as discussed in [33,34] for implementation purposes is required in this field to implement the EMS in every residence and industry. Moreover, the solar output may vary based on the incident irradiance and weather conditions, while the current scheme relies on deterministic off-line data; therefore, for accurate estimations, the stochastic solar output can be used for future extensions of the proposed scheme. Lastly, in larger power networks where distribution is challenging, temporal network constraints need to be considered to avoid congestions and avoidance of voltage sags/swells.
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Nomenclature




	
Acronyms




	
HEMS

	
Home energy management system




	
BEMS

	
Building energy management system




	
LP

	
Linear programming




	
DR

	
Demand response




	
DRL

	
Deep reinforcement learning




	
TRPO

	
Trust region policy optimization




	
MDP

	
Markov decision process




	
DER

	
Distributed energy resources




	
ESS

	
Energy storage system




	
RES

	
Renewable energy resource




	
MPPT

	
Maximum power point tracking




	
PAR

	
Peak-to-average ratio




	
MACS

	
Multi-agent control system




	
HEMCS

	
Home energy management control system




	
FiT

	
Feed-in tariff




	
SoC

	
State of charge




	
NREL

	
National Renewable Energy Laboratory




	
MG

	
Microgrid




	
Variables




	
t

	
Index for time




	
    g l    

	
Grid to load




	
    s l    

	
Solar to load




	
    s b    

	
Solar to battery




	
    θ l    

	
Battery to load




	
    θ g    

	
Battery to grid




	
    g b    

	
Grid to battery




	
  θ  

	
Battery charging state




	
    g  m a x     

	
Maximum value of available grid capacity




	
   s  ( t )    

	
Solar available at time t




	
    s  m a x     

	
Solar maximum available capacity




	
    θ  m a x     

	
Battery maximum capacity




	
    θ  m i n     

	
Battery minimum state of charge




	
at

	
Load




	
   θ  (  t + 1  )    

	
Next state of charge of battery




	
eini

	
Battery initial state when day starts




	
efin

	
Battery final state when day ends




	
P(t)

	
Unit price charged by grid at time t




	
    g  m a t     

	
Unit price offered by grid at time
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Figure 1. Off-grid unidirectional model. 
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Figure 2. On−grid bidirectional model. 
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Figure 3. Grid utilization to load (off−grid). 
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Figure 4. Battery utilization to load (off−grid). 
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Figure 5. Battery states of charge (SoCs) in off−grid. 
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Figure 6. Solar total generation and utilization (off−grid). 
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Figure 7. Load demand and resource utilization (off−grid). 
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Figure 8. Grid utilization to load (on−grid). 
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Figure 9. Battery utilization profile (on−grid). 
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Figure 10. Battery states of charge (SoCs) in on−grid. 
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Figure 11. Solar total generation and utilization (on−grid). 
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Figure 12. Load demand and resource utilization (on−grid). 
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Figure 13. Off−grid costing for one day. 
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Figure 14. On−grid costing for one day. 
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Figure 15. Monthly off−grid model costing. 
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Figure 16. Monthly on−grid model costing. 






Figure 16. Monthly on−grid model costing.



[image: Energies 15 06266 g016]







[image: Energies 15 06266 g017 550] 





Figure 17. Monthly grid costing comparative of a complete year. 
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Table 1. Comparison with state-of-the-art works.
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	Reference(s)
	Technique(s)
	Objective(s)
	Limitation(s)





	Optimal power scheduling for DR in HEMS [29]
	GA
	Grid cost reduction
	High computational time



	An optimal heuristic approach to utilize EMCU with PV [30]
	Heuristic algorithm
	Electricity bill minimization
	User comfort is compromised



	Residential power scheduling for DR [31]
	ILP
	Trade-off minimization between grid bill and discomfort
	System complexity and execution time increased



	A novel concept of cost-efficiency-based residential load scheduling framework [32]
	Fractional programming
	Grid cost minimization
	User comfort compromised



	Optimal energy management system for residential and industrial microgrids (proposed scheme)
	LP
	Grid cost minimization with less computational time
	The baseline for the optimization on basic parameters and additional layer required to handle the complexity of power quality
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Table 2. Off-grid pricing.
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	Interval
	Timing
	Unit Cost (PKR/kWh)





	Off-peak
	23:00–19:00
	13



	On-peak
	19:00–23:00
	18










[image: Table] 





Table 3. On-grid pricing.
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	Interval
	Timing
	Unit Cost (PKR/kWh)





	Off-peak
	23:00–19:00
	17



	On-peak
	19:00–23:00
	23










[image: Table] 





Table 4. Month-wise costing comparative analysis.
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	Sr. No
	Month
	Cost (Off-Grid) PKR
	Cost (On-Grid) PKR





	1
	Jun-18
	16,755
	7511



	2
	Jul-18
	16,358
	7135



	3
	Aug-18
	19,841
	10,923



	4
	Sep-18
	13,285
	4751



	5
	Oct-18
	6360
	−1323



	6
	Nov-18
	3592
	−4338



	7
	Dec-18
	7427
	−366



	8
	Jan-19
	11,987
	3851



	9
	Feb-19
	13,855
	5095



	10
	Mar-19
	16,155
	8372



	11
	Apr-19
	10,007
	1101



	12
	May-19
	14,335
	6266



	
	Total annual grid cost
	149,958
	48,978



	
	Annual saving
	
	PKR 100,979
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