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Abstract

:

The photovoltaic array has gained popularity in the global electrical market. At the same time, battery storage, which is recently being placed by energy consumers alongside photovoltaics, continues to fall in price. Domestic and community loads may be combined utilizing central battery storage and shared solar power through an integrated grid or microgrid system. One of the main targets is maximum self-sustainability and independence of the microgrid system and implemented solution. This research study looks at the energy flows in a single household system that includes solar arrays and battery storage. The analysed household system is represented by a model which uses real load profiles from experimental measurements, local solar distribution, and onsite weather data. The results show that depending on the system configuration, two important parameters, self-consumption and self-sufficiency, can vary significantly. For a properly designed photovoltaic system, the energy self-consumption can be up to 90.19%, while self-sufficiency can be up to 82.55% for analysed cases. As an outcome, a large sample size with a variety of setups is recommended for a thorough examination of self-sustainability. Regional variations can worsen under different weather conditions, different photovoltaic and battery capacities, and different municipal rules.
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1. Introduction


The global energy strategy at present is aimed at increasing the percentages of renewable energy sources in the global energy mix. Accelerating the transition to zero carbon energy is necessary given the current trends in the global energy market and the historic Paris Climate Agreement, which aims to reduce greenhouse gas emissions. The Kyoto Protocol and the Paris Climate Agreement, both of which were enacted twenty years ago, serve as the basic frameworks for accelerating global changes to renewable energy [1]. It is worth noting that several countries invest in both short- and long-term renewable energy initiatives. The European Union’s Europe 2030 policy aims to guarantee that renewable sources account for at least 32% of total electricity production by 2030 [2]. The United States created the Federal Energy Management Program with the goal of reducing CO2 emissions by 40% (compared with 2008). The Russian Ministry of Energy has developed the Energy Strategy-2035, which plays a significant role in renewable energy development in that region. According to the Russian Ministry of Energy, the contribution of renewable energy sources to the total Russian energy balance is expected to rise to between 3% and 4% within the scope of the Energy Strategy-2035 [3].



1.1. Literature Review


Several research studies have been carried out on the use of battery storage to improve the use of renewable energy systems and their stabilization. Seward et al. [4] calculate the contribution of distributed battery storage to the functioning of a grid power system. The study examines the energy exchange between decentralized battery storage and the national power grid using a bilevel optimization technique. The autonomous operational goals of battery storage systems are expressly addressed by analysing their influence on the functioning of a national electricity system. The results indicate that the centralized optimization technique overestimates the utility of dispersed battery storage in the power system. Furthermore, the results underscore the importance of the retail contract structure in optimizing the value of decentralized battery storage for the national electricity system. Karamov and Suslov [5] show methodological and technological strategies for improving the working environment for storage batteries. Each of these strategies focuses on the issue of equipment optimization in relation to battery storage categorisation. That method has been shown in practice to significantly enhance the lifespan of storage batteries. This paper describes the researchers’ findings based on several solar systems, including an examination of the working modes of battery storage and some other technical parameters.



1.1.1. Renewable Systems Analysis under Various Optimisation Criteria


Jindal and Shrimali [6] investigated the deployment of battery management at scale in grid power systems. The study was adopted into three categories. The first was the cost-competitiveness of renewable energy and battery storage in comparison with new coal-fired generation. The second, was to ensure that the essential battery storage deployment occurred. Finally, purchasing procedures were used for battery storage in conjunction with renewable energy. The results indicated that renewable energy and battery storage are cost competitive with new coal generation, which should implement battery or other efficient energy storage. Argyrou et al. [7] presented a power management model for a grid-connected building-integrated photovoltaic system with battery-supercapacitor storage to increase the self-sustainability of renewable energy. The presented results demonstrate that the model operates correctly and reacts remarkably quickly during mode transitions, with very rapid DC-bus voltage regulation and tiny ripple voltage. Additionally, both the battery and the supercapacitor stay within their specified operating ranges, which means that an efficient power-sharing mechanism is established between the PV system, the battery-supercapacitor storage system, the building load, and the grid. Chatzisideris et al. [8] studied the economic and environmental evolution of organic photovoltaic (PV)/battery energy storage (BT) for self-consumption in the residential sector. The frame interpolation of organic photovoltaic technologies was modelled from the experimental to industrial scale, and the authors identified probable trends using two different scenarios, for Denmark and for Greece. Economic analysis indicates that adding battery storage is not economically sustainable in Greece or Denmark until battery prices fall by more than 10% or 30%, respectively. Additionally, the authors determine OPV cost thresholds of 0.9 €/Wp in Denmark and 1.6 €/Wp in Greece, below which organic PV/BT systems are more cost-effective than organic PV only systems.



Researchers have discovered that battery storage can enhance the environmental and social performance of organic photovoltaic systems using particular criteria such as battery pricing, the capacity of cost-optimal organic photovoltaic systems, and the environmental effects. Furthermore, the configuration of the country’s power grid mix was shown to have a significant influence in determining whether organic PV self-consumption was ecologically advantageous. These results could assist energy policymakers in developing both energy policies and organic photovoltaic technology who take a methodical approach and include battery and systems balance in the development stages. Barzegkar-Ntovom et al. [9] evaluated the feasibility of battery energy storage systems in conjunction with photovoltaic systems to improve self-consumption. The authors searched for feasible alternative energy storage to examine the economic feasibility of hybrid photovoltaic energy systems with storage at the domestic building level in the framework of potential pure self-consumption that does not compensate for surplus photovoltaic energy injected into the grid. The investigated levelized cost of use (COU) is used to examine the profitability of hybrid PV-and-storage systems in the electricity sector, taking into account various hybrid power system capacities, BT prices, and consumer and enterprise types in six Middle Eastern countries.




1.1.2. Self-Consumption and Self-Sufficiency Analysis


Roberts et al. [10] examine the energy and capital flows through five Australian housing units equipped with photovoltaic and BT. The study uses real apartment interval-metered load profiles and simulated solar generation profiles generated using an open-source tool created for this purpose. The results demonstrated that central batteries with a capacity of between 2 and 3 kWh per apartment could improve energy self-consumption by approximately 19%, building self-sufficiency by approximately 12%, and total building peak demand of 16 kW by approximately 30%. Hassan et al. [11] developed a system with supercapacitors integrated with a photovoltaic array to improve self-consumption and self-sufficiency. The research study determined an average daily power load demand of 0.299 kW, with a daily energy consumption of 7.2 kWh/day at a maximum peak of 5.36 kW and an annual energy demand of 2620 kWh/year. The evaluated results indicated that using the supercapacitor module, fast peaks in electrical demand could be met, considerably increasing energy self-consumption and self-sufficiency. Using only five supercapacitor modules, yearly self-consumption increases from 21.8% to 28.1% and self-sufficiency increases from 28.1% to 40.8%. Jaszczur and Hassan [12] analysed the improvement in self-consumption by optimizing the size of the supercapacitor implemented in photovoltaic systems designed for single-family homes. The study was carried out using experimental load and local weather data. The presented results indicate that by combining small and fast-responding energy storage, self-consumption can be enhanced by approximately 83% on a sunny day and 114% on a cloudy day. The annual average of self-consumption growth for the proposed load exceeds 100% with reference to the system without any local energy storage. Muoz-Rodrguez et al. [13] present a novel method for the analysis of such systems. The study represents the energy used directly by the photovoltaic system and the energy supplied by the battery. This type of system is often analysed using complicated three-dimensional charts. As a result of the analysis, a novel and straightforward two-dimensional contour tool has been introduced called “industry standard self-consumption curves”. The proposed technique was tested during three house analyses in Spain. The results indicate that a total self-sufficiency of 51% is possible when the PV array size and rated capacities are less than 3.6 kWp and 1.1 kWh, respectively, and that the direct and battery self-sufficiency indices may approach 41% and 11%, respectively. Bayod-Rujula et al. [14] scaled the parameters of photovoltaic/wind turbine (WT) hybrid energy systems with the battery bank to improve self-consumption in relation to grid interaction. The case study system under consideration delivers energy to a typical house in Spain. Annual hourly measurements of total energy from wind turbines and photovoltaic systems in Aragon, Spain, were used as input parameters to a Matlab-developed model of the real system. On an hourly basis, annual energy balances for hybrid systems with multiple configurations and capacities of photovoltaic and hybrid renewable energy systems, including BT, were simulated. The index results documented that the use of BT could feed to or receive energy from the grid based on whether the energy generated exceeds or falls short of the house demand and its operating limitations are not exceeded. In the context of validating against moderate- and high-voltage distributors in the real world in Jordan using PV/BT for self-consumption improvement, the system presented by Alnaser et al. [15] was investigated. For the net metering case, the analysis indicates that approximately 41% of residential photovoltaic systems expect voltage difficulties. Additionally, it is determined that the use of batteries for customer satisfaction would not improve the outcomes of grid system penetration levels greater than 61%. Additionally, the results underscore the critical role of distribution network operators in managing battery adoption for the mutual benefit of consumers and distribution networks. In exchange for regulating batteries to resolve network faults, network operators can help consumers adopt larger battery storage capacities to achieve the necessary PV self-consumption. This allows 100% PV penetration and increases PV self-consumption to 51%.




1.1.3. Multiscale Simulations of Systems with Battery


Albouys-Perrois et al. [16] presented multiscale simulations to evaluate the impact of BT on large-scale self-consumption. The presented study provides a multiscale model to assess the effects of self-consumption on the domestic sector. It considers human activities to be the primary source of power consumption in houses. The investigation process added a layer to simulate interactions within a home association, as well as communal factors of production and storage, to find a multiscale model of social activities. The selected model was applied in several different investigations. In this model, in the first step, individual and communal storage were simulated to maximise self-consumption. The results demonstrated the influences of individual and community energy storage on energy flows as well as charged and discharged processes in a group of families and within each family. Ultimately, a complex structure was constructed that included energy exchanges among a group of families that comprised self-consumption. The facts clearly demonstrated the effects of energy exchange between neighbourhoods on mean self-consumption. Litjens et al. [17] assessed the economic advantages of increased self-consumption with the frequency recovery resources provided by PV/BT systems. The study evaluated the benefits of PV/BT integration in order to increase self-consumption and resuscitation reserves for residential and commercial buildings. Six battery storage dispatch techniques were created and tested against the technological and financial performance of 48 households and 42 commercial buildings. The systems were modelled with a temporal resolution of 5 min using historical energy consumption measurements and market prices over their economic lifespans. The results obtained showed that resuscitation generates an approximately 0.5% decrease in self-consumption. Annual revenues, on the other hand, have grown considerably. With the assumptions used in this analysis, using battery storage devices for self-consumption is not economical. Based on smart meter measurements, Al Khafaf et al. [18] assessed the influence of battery storage on energy at home. The study provided insight into how domestic battery installation contributes to behaviour change and the way energy is used in the Australian case. Moreover, data-driven suggestions are made toward both the transmission grid and regulators. More than 5000 energy customers with or without distributed generating systems such as photovoltaics and BT were included. The study analysed energy consumption for consumers with and without BT. Furthermore, an economic study of the benefits of implementing battery storage was offered, including payback time and residual income. The result showed that domestic energy storage devices improve the distribution network in a variety of ways. It is recommended that governments continue to encourage the deployment of such systems through subsidies and the implementation of essential policy requirements.



Reimuth et al. [19] evaluated the impacts of various battery charging procedures on residual power supplies and self-consumption percentages on a regional scale. The study examined the impacts of batteries on residential residual loads on a regional scale using spatial resolution with hourly time increments. A system model, a demand component, and a BT device were used to analyse energy flows. The case study was conducted for southern Bavaria, for 4907 residences with PV systems ranging from 3 to 10 kWp and an average battery storage capacity of approximately 6.2 kWh. Three charging techniques for residential BT are investigated: (1) self-consumption maximization, (2) a fixed feed-in limit of 70% of PV peak power, and (3) a daily dynamic feed-in limit based on optimal predictions. The third method is the best, with an average self-consumption rate of 79.5% and a 21% drop in grid flows by dampening grid excesses. A significant sample size with various configurations is suggested for a comprehensive assessment of battery charging procedures. Regional variances are exacerbated by weather factors, varying capacities and specifications of photovoltaic and BT, and municipal demand patterns.




1.1.4. Complex Systems with Fuel Cell or Battery


Hassan [20,21] presented a computational technique for optimizing a photovoltaic with battery storage and a hydrogen fuel cell energy system using experimental data for electrical load and weather data with a 1-min time step. The results clearly show that using an average daily energy of 6.9 kWh, the optimal fuel cell capacity is approx. 2.3 kW, ESB 1.7 kW in a 1.9 kW PV power system. Due to the integration of the photovoltaic system with ESB and fuel cells (FCs), the annual renewable energy component increased from 32 percent to 96 percent. Furthermore, the energy supply, which is the most cost-effective part of the optimal system, levelled the power costs by approximately $0.12/kWh. Lokar and Virti [22] investigate the feasibility of using hydrogen for total energy self-sufficiency in residential structures with solar photovoltaic and BT. The research work examines the production of energy in a pilot building in Slovenia, which is a normal residential house with a photovoltaic system and a BT system. Every 15 min, the power system collects data from smart meters. Because solar radiation is substantially lower in winter than in the summer, and snow may cover solar panels and prevent energy generation, solar photovoltaic systems could be supplemented with BT and hydrogen fuel cells to attain total self-sufficiency. The self-sufficiency share of the hybrid PV/BT/FC system would be 63%, which means that the prototype system cannot provide 100% self-sufficiency. However, a more efficient system could be built. A hybrid system that includes a solar system, a battery storage system, and hydrogen fuel cells may provide total self-sufficiency. Fioriti et al. [23] determined the size of battery systems for households using a multiyear dynamic and an innovative rain flow-based storage degradation model. The study proposes a multiyear optimization methodology for domestic applications in which the entire lifetime of battery systems is modelled at a 15-min time step using an improved nonlinear degradation model. In this work, the aging of the PV module is also taken into account. An examination of the economic and commercial sizes suitable for 400 selected load profiles in Italy is provided. According to the conclusions, the break-even price of storage is about 400 €/kWh, which is lower than the estimated commercial price. Household photovoltaic capacity is typically used for utilities but is less so because more batteries are required to reduce the monthly bill. Say et al. [24] studied the effects of residential photovoltaics and BT on energy production. The study used two open-source and two techno-economic models for situations in Western Australia. The study concluded that to avoid overinvestment, power system planners and investors in long-lived utility-scale renewable production and storage assets must carefully examine the expanding usage of prosumage. Li et al. [25] studied the performance of a grid-connected PV/BT household system with the purpose of increasing self-consumption. The study simulated the performance of the techno-economic criteria of a grid-connected residential PV/BT system. The results show that self-consumption ratios vary significantly between months, that they can be increased by subsequently increasing battery capacity, and that their rate of increase varies significantly between months, as well as being highly dependent on characteristics of the customer load and PV energy profiles. Optimal management solutions for domestic storage dispatch have the ability to reduce grid peak demand. Cumulative generation of a residential PV/BT system represents 2.0% of the total grid load. The study shows that the proposed grid-supporting PV/BT systems can contribute to a 1.1% decrease in peak grid demand. In short, a great deal of previous research has investigated how to obtain an optimal BT system that is integrated with parts of renewable energy [26,27,28,29,30].





1.2. Motivation


Although energy investments are usually recognized as long term, their viability must be evaluated over a one-year span. As a result, it becomes critical to comprehend and accurately predict the energy produced by the system under examination throughout one year. Given the drive to increase renewable penetration and achieve environmental standards, the development of smart residences is critical, but their optimum capacity has seldom been considered for one year, such as PV array and BT system deterioration modelling. Among these, modelling the battery unit is one of the most difficult.



As a result, it is important to address the optimal 1-year sizing of residential by BT by utilizing experimental load profiles at 1-min resolution based on a detailed model of battery deterioration and realistic data to provide a picture of the state-of-the-art profitability of BT systems. A thorough literature review was conducted to determine the most appropriate models for all components of the system, and a revised version was designed and implemented.




1.3. Significant Contributions


Based on the recommended literature study and the authors’ knowledge, the following are the major contributions of this work:



Development of a technique for selecting the optimal BT capacity from a variety of technical and commercial solutions, including operational impact modelling of battery and photovoltaic deterioration and comprehensive evaluations.



Estimation of home BT demands based on load profiles collected over a one-year period to provide a realistic picture of domestic consumption patterns.





2. Selected Case Study


In this study, we evaluate the advantages of adding a number of storage batteries to residential grid-connected applications in Baghdad, Iraq (latitude 33.3152° N, longitude 44.3661° E), where photovoltaic systems will be installed on their roofs. The design of the system is shown in Figure 1, reflecting the two distinct scenarios explored:




	
PV array only: This is the simplest scenario, in which each user is equipped with a photovoltaic system shown in Figure 1a.



	
PV array + BT: Each user is equipped with the same PV array as the standard case plus an ESS (shown in Figure 1b), whose size is determined by the technique of maximum self-sustainability (self-consumption and self-sufficiency) using commercially available varieties at the lowest possible cost.








The detailed specifications for the proposed system components are shown in Table 1.



2.1. Electrical Load Consumption


To present generalized results for the selected residential communities, a comprehensive measurement campaign was carried out in three residences over a one-year period (2021) at a 1-min temporal resolution, resulting in the collection of actual load profiles with 1.29 kWh, 16.1 kw peak, 30.8 kWh/day, and 11,237 kWh/year. Figure 2 shows the daily load profiles for four selected days during the year 2021.




2.2. Experimental Weather Data


The solar irradiance and ambient temperature data were measured using a weather station model f0300 located at the same selected site at a 1-min temporal resolution for the year 2021. The average daily ambient temperature was 23.8 °C, and the daily solar irradiance on the horizontal surface was found to be 4.6 kWh/m2/d. Figure 3 and Figure 4 show the daily measurements of solar irradiance and ambient temperature, respectively, for four selected seasonal days.



Figure 5 shows the monthly and yearly averages for energy consumption, solar irradiance, and ambient temperature. The average monthly energy consumption was 925.47 kWh, which fluctuated from month to month, and the total annual energy consumption for the year 2021 was 11,237 kWh. The daily average solar irradiance was recorded at 4.6 kWh/m2/day, the highest in current solar irradiance due to the summer months (May–October) and the lowest during winter months (November–February). Spring and fall seasons have higher solar irradiance than winter. The annual average of the ambient temperature is 23.71 °C, which is high during summer and low during winter.




2.3. System Modelling and Governing Equations


The selected system presented in Figure 1 consists of a PV array and storage batteries connected through the inverter to the grid system and the electrical load. The battery energy storage capacity was increased in each simulation to obtain the capacity that could serve the highest self-sustainability. By default, the storage batteries are designed to charge only from renewable energy (PV array) in case (1), charge from the grid in case (2), and charge from both PV array and the grid in case (3).



The power flow of the proposed systems can be described as follows:



For scenario (A)


   P L     , t   =  P  P V , t     +  P  B T , t   +  P  G r i d , t    



(1)







And for scenario (B)


   P L     , t   =  P  P V , t     +  P  B T , t   +  P  G r i d , t    



(2)




where PL,t is the load power of at time PPV,t is the PV array power, PBT,t is the battery power (kW) and PGrid,t is the power taken from the grid, all in (kW).



The power of the PV array in (kW) can be obtained as [34]:


   P  P V , t   =  [  1 +  α P   (   T  C , t   −  T  C , S T C    )   ]  ·  (     G  T , t      G  T , S T C      )  ⋅  C  P V    η  P V    



(3)




where CPV is the PV array capacity, αPV is the PV array capacity derating factor (%), GT,STC is the solar radiation at STC (standard conditions) (kW/m2), GT,t is the incident solar radiation (kW/m2), αP denotes the PV cell temperature coefficient of power (%/°C) [35,36], TC,t is the PV cell temperature (°C) and TC,STC is the PV cell temperature (°C) at STC.



The voltage battery model proposed in [29] may indeed be summarized as follows:


   V  b , t   =  V  C , t   −  (   R b  +  K  S o C    )  ·  D  S , t    



(4)




where Vb,t represents the battery voltage (V), VC,t represents the instant charge, Rb represents the terminal resistance (ohm), K represents the polarization constant, which is generally 0.1 (ohm), DS,t represents the discharge current (A), and SoC represents the state of charge (%).



The SoC has the greatest influence on battery power, and Pb,t is dependent on the level of charge of the battery and could be determined using the following formulae [26]:



charging,


   P  b , t   =  (   P n  ( t ) −  P k  ( t )  )  /  (   η N  ⋅  η b   )  +  P  b     ( t − 1 ) ⋅ ( 1 −  s d  )  



(5)




and discharging,


   P  b , t   =  (   P  b     ( t − 1 ) ⋅ ( 1 −  s d  )  )  −  (   P n  ( t ) / (  η b  ) ⋅  P k  ( t )  )   



(6)




where Pb(t − 1) is the power at the end of the interval t, Pk(t) the load demand at time t, Pn(t) is the total energy charged at time t, sd is the self-discharge factor, and ηb and ηN are the efficiency of the battery charger and the inverter, respectively.



Systems based on renewable energy, such as solar and wind energy, are strongly influenced by weather conditions. For this reason, in order to increase system stability as well as to gain energy, self-consumption energy storage devices (battery, supercapacitor, hydrogen tank, water pumping system, flywheel, flow batteries) are used. Without energy storage, further increase of renewable energy systems in national energy mixes will not be possible [37,38,39,40].



The synchronous load-balancing equation, which explains the flow of energy among parts of the system, is as follows.


   P  A , t   =  {     P  P V , t                                                                                    for     P  P V , t     ≥  P  L , t        P  B T , t                                                                                   for    P  B T , t     ≥    P  L , t   ;  P  P V , t   = 0      P  G r i d , t                                                                               for    P  P V , t     +  P  B T , t   = 0        P  G r i d , t   +  P  P V , t   +    P  B T , t                 for    P  P V , t   +    P  B T , t   <  P  L , t        P  G r i d , t   +  P  P V , t                                                    for       P  B T , t   = 0   and    P  P V , t   <  P  L , t          P  G r i d , t   +  P  B T , t                                                    for     P  P V , t   = 0   and    P  B T , t   <  P  L , t          P  P V , t   +  P  B T , t                                                        for     P  P V , t   +  P  B T , t   ≥  P  L , t        



(7)








2.4. Energy Metrics


The self-sufficiency metric (self-consumption and self-sufficiency) has been described in [41,42,43,44] as the fraction of the load profiles and generation profiles that intersect, with the values of ESC and ESS in (kWh) given as:


   E  S C ,   ( k W )   =   ∑  i = 1   i = n     E G    −   ∑  i = 1   i = n     E  F e d   t o   g r i d      



(8)






   E  S S , ( k W )   =   ∑  i = 1   i = n     E  L o a d     −   ∑  i = 1   i = n     E  F r o m   g r i d      



(9)







The percentages of ESC and ESS are given as:


   E  S C , ( % )   =    (    ∑  i = 1   i = n     E G    −   ∑  i = 1   i = n     E  F e d   t o   g r i d      )   /    ∑  i = 1   i = n     E G      ⋅ 100 %  



(10)






   E  S S , ( % )   =    (    ∑  i = 1   i = n     E  L o a d     −   ∑  i = 1   i = n     E  F r o m   g r i d      )   /    ∑  i = 1   i = n     E  L o a d       ⋅ 100 %  



(11)




where EG is the energy produced by (PV + BT) and ELoad denotes the electrical energy used (kWh), EFrom grid denotes the energy drawn from the grid (kWh), EFed to grid is the energy fed to the grid (kWh), and n denotes the number of simulation steps.



To optimize energy self-sufficiency and simplify system construction, it is assumed that the battery cannot be charged from the grid. This has a significant impact on power flows and the final outcome. The energy system simulation flow chart is shown in Figure 6.





3. Results and Discussion


The simulations were performed using experimental data pertaining to the desired electrical load, solar irradiance, and ambient temperature. The electrical load and weather data were collected using the same resolution as a 1 min modelling technique. The photovoltaic array consisted of 16 modules (8 kWp) installed on the roof of the selected building. The PV modules were oriented optimally (β = 30°, γ = 0° south-facing) to maximize annual solar radiation at the specified locations. The influence of module temperature on the produced energy was considered, with the coefficient of the PV cell temperature of power set to αp = −0.48%/°C and the overall system derating factor set to 95%. The analysis goals were to quantify the effect of storage units on the self-sustainability of energy in the systems under consideration as well as to analyse the energy flows within systems that include renewable energy PV and BT units.



3.1. Usage Only PV System


The results presented in Figure 7 show the daily power flows for four seasonal days and indicate the profitability of adding solar PV array systems in real residential applications. The daily power flow is highly dependent on the desired load and the power generated by the photovoltaic array. For the days of January 1 and October 1, the energy generated by the PV array was 10.48 kWh and 36.67 kWh, respectively. These values are strongly influenced by the amounts of incident solar irradiance (see Table 2). Due to the high incidence of solar radiation, the solar energy generated by the PV array on April 1 and July 1 was higher than the previous days, which were recorded at 40.16 kWh and 54.93 kWh, respectively (refer to Table 2). There is less energy taken from the grid when there is more solar energy produced (see Figure 7 and Table 2). There is more energy fed into the grid when there is more solar energy produced.



Figure 8 shows the daily energy self-consumption for the selected days using only the PV array: 1 January is 7.27 kWh, 1 April is 17.05 kWh, 1 July is 15.16 kWh, and 1 October is 6.15 kWh. The high energy generated by the photovoltaic array leads to high energy self-consumption considering the electrical load energy. This investigation demonstrates the profitability of combining a battery energy system with a photovoltaic system to increase the self-sustainability by a high percentage.




3.2. The Profitability of Battery Usage


Figure 9 shows the profitability of self-sustainability using various battery capacities to further illustrate the influence of changing battery capacities on the objective function (increasing self-sustainability). Self-sustainability varies from one day to another and is highly dependent on the load and amount of renewable energy generated by the designed system (BT-5 means five batteries connected in series according to the specifications presented in Table 1).



Figure 10 shows the energy self-consumption and energy self-sustainability for various battery bank capacities that are combined with a photovoltaic array for four seasonal days. On 1 January 2021, the optimum bank capacity that could match the highest self-consumption at 100% was BT-25, and the observed energy self-consumption was 37.68 kWh. For 1 April 2021, it was determined that the optimal battery bank capacity that could meet the maximum self-consumption at 100% was BT-20, with a self-consumption of 36.49 kWh. For 1 July 2021, it was calculated that the optimal battery bank capacity that could meet the maximum self-consumption at 100% was BT-10, with a self-consumption of 22.91 kWh. For 1 October 2021, it was found that the optimal battery bank capacity capable of meeting 100% self-consumption was BT-10, with a self-consumption of 16.03 kWh.



Figure 11 shows the monthly energy distribution at several battery capacities. Figure 11a presents the monthly energy fed to the grid generated by the photovoltaic array at various battery capacities. It can be inferred from this figure that more energy can be fed to the grid during the summer months than during the winter months. The net energy for each month is shown in Figure 11b. The positive value is the amount of energy that needs to be taken from the grid, while the negative value is the amount of energy fed to the grid, which is the amount of energy that exceeds the amount of energy that is needed to charge the battery and supply the load.



Determining the battery bank capacity that can provide the optimal self-sustainability for daily energy distribution is very difficult; however, this task is essential from a microgrid system point of view. Figure 12 shows the annual self-consumption of energy, with the highest energy value reaching 16,117.18 kWh at a rate of 90.19% at BT-35.



Figure 13 shows that the net energy is negative, which indicates that part of the energy goes back to the grid, ant this is the amount of energy that exceeds the local amount of energy that is required to charge the battery and feed the local load.





4. Conclusions


Systems based on renewable energy such as solar or wind energy are strongly influenced by weather conditions. A typical grid-on photovoltaic system from a photovoltaic array point of view due to modern inverters and MPPT algorithms can work with relatively high efficiency without any energy storage (battery, supercapacitor, hydrogen tank, water pumping system, flywheel, flow batteries). However, from the grid system point of view, as well as the local energy producer-consumer perspective, high system performance is not the only parameter that should be taken into account. To increase system stability as well as to gain energy self-consumption, energy storage is required. Without energy storage, it will not be possible to further increase the percentages of renewable energy systems in national energy mixes. The battery storage in a PV system acts as a link to the power grid, allowing more sustainable energy consumption. Backstage-dispersed battery storage devices are managed by their individual owners, who may have different interests than the national grid. This paper discusses methodological and technical techniques for enhancing the storage battery industry working environment. Among these solutions is addressing the issue of equipment optimization with respect to the categorization of storage batteries. In addition, consider the year-round operation of storage batteries in solar systems. This technology has been shown to use storage batteries more efficiently and much longer, as well as to be more self-sustaining in practice.



The analysed household system is a model that uses real load profiles from experimental measurements, local solar distribution, and onsite weather data. The results of system optimization show that a properly designed photovoltaic system such as that under analysis can have energy self-consumption up to 90.19% and self-sufficiency up to 82.55% in the analysed cases. As an outcome, a large sample size with a variety of setups is recommended for a thorough examination of self-sustainability. The presented technique for sizing battery energy storage systems in conjunction with photovoltaic systems for domestic applications was based on extensive one-year simulations supported by experimental measurements and enhanced self-sustainability; however, a longer period can be analysed including with more advanced ageing components (see [27] for references). The proposed approach is applied to the case of Iraqi houses, and the results offer a full overview of the battery requirements of Iraqi domestic users. Self-sustainability with an 8.0 kWp photovoltaic system and several battery capacities has been extensively investigated. In all cases, increasing self-consumption is positive for customers (less energy has to be purchased from the grid), and what is crucial on the large scale is also positive for the national grid (less energy is sent to the grid in an unpredictable way, avoiding local voltage increases).



The present research study could lay the groundwork for future research on the number of microgrid PV systems that work together locally. It could also give information to producers and regulators about how the demand for home systems changes.







Author Contributions


Conceptualization, Q.H.; Data curation, Q.H., A.H. and M.J.; Formal analysis, Q.H. and A.H.; Funding acquisition, M.J.; Investigation, Q.H. and A.H.; Software, Q.H.; Supervision, M.J.; Writing—original draft, Q.H., B.P., A.H. and M.J. All authors have read and agreed to the published version of the manuscript.




Funding


The present work was supported by the Polish Ministry of Science (Grant AGH No. 16.16.210.476).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Erbach, G. The Paris Agreement: A New Framework for Global Climate Action, European Parliamentary Research Service. 2016. Available online: http://www.europarl.europa.eu/RegData/etudes/BRIE/2016/573910/EPRS_BRI(2016)573910_EN.pdf (accessed on 1 March 2022).

	



Share of Renewables in Energy Consumption in the EU Reached 18%. In 2018 Eurostat News Release. 2020. Available online: https://www.europarl.europa.eu/RegData/etudes/BRIE/2016/573910/EPRS_BRI(2016)573910_EN.pdf (accessed on 1 March 2022).

	



The Forecast of the Minister of Energy of the Russian Federation on RES. Available online: https://rg.ru/2016/06/06/razvitiiu-alternativnoj-energetiki-vrf-nuzhen-stimul.html (accessed on 1 March 2022).

	



Seward, W.; Qadrdan, M.; Jenkins, N. Quantifying the value of distributed battery storage to the operation of a low carbon power system. Appl. Energy 2022, 305, 117684. [Google Scholar] [CrossRef]

	



Karamov, D.N.; Suslov, K.V. Storage battery operation in autonomous photovoltaic systems in Siberia and the Russian Far East. Practical operating experience. Energy Rep. 2022, 8, 649–655. [Google Scholar] [CrossRef]

	



Jindal, A.; Shrimali, G. At scale adoption of battery storage technology in Indian power industry: Enablers, frameworks and policies. Technol. Forecast. Soc. Chang. 2022, 176, 121467. [Google Scholar] [CrossRef]

	



Argyrou, M.C.; Marouchos, C.C.; Kalogirou, S.A.; Christodoulides, P. A novel power management algorithm for a residential grid-connected PV system with battery-supercapacitor storage for increased self-consumption and self-sufficiency. Energy Convers. Manage 2021, 246, 114671. [Google Scholar] [CrossRef]

	



Chatzisideris, M.D.; Ohms, P.K.; Espinosa, N.; Krebs, F.C.; Laurent, A. Economic and environmental performances of organic photovoltaics with battery storage for residential self-consumption. Appl. Energy 2022, 256, 113977. [Google Scholar] [CrossRef]

	



Barzegkar-Ntovom, G.A.; Chatzigeorgiou, N.G.; Nousdilis, A.I.; Vomva, S.A.; Kryonidis, G.C.; Kontis, E.O.; Papagiannis, G.K. Assessing the viability of battery energy storage systems coupled with photovoltaics under a pure self-consumption scheme. Renew. Energy 2020, 152, 1302–1309. [Google Scholar] [CrossRef]

	



Roberts, M.B.; Bruce, A.; MacGill, I. Impact of shared battery energy storage systems on photovoltaic self-consumption and electricity bills in apartment buildings. Appl. Energy 2019, 245, 78–95. [Google Scholar] [CrossRef]

	



Hassan, Q.; Jaszczur, M.; Abdulateef, A.M.; Abdulateef, J.; Hasan, A.; Mohamad, A. An analysis of photovoltaic/supercapacitor energy system for improving self-consumption and self-sufficiency. Energy Rep. 2022, 8, 680–695. [Google Scholar] [CrossRef]

	



Jaszczur, M.; Hassan, Q. An optimisation and sizing of photovoltaic system with supercapacitor for improving self-consumption. Appl. Energy 2022, 279, 115776. [Google Scholar] [CrossRef]

	



Muñoz-Rodríguez, F.J.; Jiménez-Castillo, G.; de la Casa Hernández, J.; Peña, J.D.A. A new tool to analysing photovoltaic self-consumption systems with batteries. Renew. Energy 2022, 168, 1327–1343. [Google Scholar] [CrossRef]

	



Bayod-Rujula, A.A.; Haro-Larrodé, M.E.; Martinez-Gracia, A. Sizing criteria of hybrid photovoltaic–wind systems with battery storage and self-consumption considering interaction with the grid. Sol. Energy 2013, 98, 582–591. [Google Scholar] [CrossRef]

	



Alnaser, S.W.; Althaher, S.Z.; Long, C.; Zhou, Y.; Wu, J.; Hamdan, R. Transition towards solar Photovoltaic Self-Consumption policies with Batteries: From the perspective of distribution networks. Appl. Energy 2021, 304, 117859. [Google Scholar] [CrossRef]

	



Albouys-Perrois, J.; Sabouret, N.; Haradji, Y.; Schumann, M.; Charrier, B.; Reynaud, Q.; Inard, C. Multi-agent simulation of collective self-consumption: Impacts of storage systems and large-scale energy exchanges. Energy Build. 2022, 254, 111543. [Google Scholar] [CrossRef]

	



Litjens, G.B.M.A.; Worrell, E.; Van Sark, W.G.J.H.M. Economic benefits of combining self-consumption enhancement with frequency restoration reserves provision by photovoltaic-battery systems. Appl. Energy 2018, 223, 172–187. [Google Scholar] [CrossRef]

	



Al Khafaf, N.; Rezaei, A.A.; Amani, A.M.; Jalili, M.; McGrath, B.; Meegahapola, L.; Vahidnia, A. Impact of battery storage on residential energy consumption: An Australian case study based on smart meter data. Renew. Energy 2022, 182, 390–400. [Google Scholar] [CrossRef]

	



Reimuth, A.; Prasch, M.; Locherer, V.; Danner, M.; Mauser, W. Influence of different battery charging strategies on residual grid power flows and self-consumption rates at regional scale. Appl. Energy 2019, 238, 572–581. [Google Scholar] [CrossRef]

	



Hassan, Q. Evaluation and optimization of off-grid and on-grid photovoltaic power system for typical household electrification. Renew. Energy 2021, 164, 375–390. [Google Scholar] [CrossRef]

	



Hassan, Q. Optimisation of solar-hydrogen power system for household applications. Int. J. Hydrogen Energy 2020, 45, 33111–33127. [Google Scholar] [CrossRef]

	



Lokar, J.; Virtič, P. The potential for integration of hydrogen for complete energy self-sufficiency in residential buildings with photovoltaic and battery storage systems. Int. J. Hydrogen Energy 2020, 45, 34566–34578. [Google Scholar] [CrossRef]

	



Fioriti, D.; Pellegrino, L.; Lutzemberger, G.; Micolano, E.; Poli, D. Optimal sizing of residential battery systems with multi-year dynamics and a novel rainflow-based model of storage degradation: An extensive Italian case study. Electr. Power Syst. Res. 2022, 203, 107675. [Google Scholar] [CrossRef]

	



Say, K.; Schill, W.P.; John, M. Degrees of displacement: The impact of household PV battery prosumage on utility generation and storage. Appl. Energy 2020, 276, 115466. [Google Scholar] [CrossRef]

	



Li, Y.; Gao, W.; Ruan, Y. Performance investigation of grid-connected residential PV-battery system focusing on enhancing self-consumption and peak shaving in Kyushu, Japan. Renew. Energy 2018, 127, 514–523. [Google Scholar] [CrossRef]

	



Jaszczur, M.; Hassan, Q.; Abdulateef, A.M.; Abdulateef, J. Assessing the temporal load resolution effect on the photovoltaic energy flows and self-consumption. Renew. Energy 2021, 169, 1077–1090. [Google Scholar] [CrossRef]

	



Ceran, B.; Mielcarek, A.; Hassan, Q.; Teneta, J.; Jaszczur, M. Aging effects on modelling and operation of a photovoltaic system with hydrogen storage. Appl. Energy 2021, 297, 117161. [Google Scholar] [CrossRef]

	



Abbas, M.K.; Hassan, Q.; Jaszczur, M.; Al-Sagar, Z.S.; Hussain, A.N.; Hasan, A.; Mohamad, A. Energy visibility of a modeled photovoltaic/diesel generator set connected to the grid. Energy Harvest. Syst. 2021. [Google Scholar] [CrossRef]

	



Hassan, Q.; Jaszczur, M. Self-Consumption and Self-Sufficiency Improvement for Photovoltaic System Integrated with Ultra-Supercapacitor. Energies 2021, 14, 7888. [Google Scholar] [CrossRef]

	



Hassan, Q.; Hafedh, S.A.; Hasan, A.; Jaszczur, M. Evaluation of energy generation in Iraqi territory by solar photovoltaic power plants with a capacity of 20 MW. Energy Harvest. Syst. 2022. [Google Scholar] [CrossRef]

	



Monocrystalline, Sunceco PV Module. Available online: https://sunceco.com/ (accessed on 1 March 2022).

	



Battery. Available online: http://www.vision-batt.com/ (accessed on 1 March 2022).

	



Absopulse Inverter. Available online: https://absopulse.com/ (accessed on 1 March 2022).

	



Hassan, Q.; Jaszczur, M.; Abdulateef, M.A.; Abdulateef, J.; Abdulmajeed, M. Assessment the potential solar energy with the models for optimum tilt angles of maximum solar irradiance for Iraq. Case Stud. Chem. Environ. Eng. 2021, 4, 100140. [Google Scholar] [CrossRef]

	



Styszko, K.; Jaszczur, M.; Teneta, J.; Hassan, Q.; Burzyńska, P.; Marcinek, E.; Samek, L. An analysis of the dust deposition on solar photovoltaic modules. Environ. Sci. Pollut. Res. 2019, 26, 8393–8401. [Google Scholar] [CrossRef]

	



Hassan, Q.; Jaszczur, M.; Juste, M.S.; Hanus, R. Predicting the Amount of Energy Generated by aWind Turbine based on the Weather Data. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2019; Volume 214, p. 012113. [Google Scholar]

	



Sun, C.; Negro, E.; Vezzù, K.; Pagot, G.; Cavinato, G.; Nale, A.; Di Noto, V. Hybrid inorganic-organic proton-conducting membranes based on SPEEK doped with WO3 nanoparticles for application in vanadium redox flow batteries. Electrochim. Acta 2019, 309, 311–325. [Google Scholar] [CrossRef]

	



Behabtu, H.A.; Messagie, M.; Coosemans, T.; Berecibar, M.; Anlay Fante, K.; Kebede, A.A.; Mierlo, J.V. A review of energy storage technologies’ application potentials in renewable energy sources grid integration. Sustainability 2020, 12, 10511. [Google Scholar] [CrossRef]

	



Zhang, H.; Sun, C. Cost-effective iron-based aqueous redox flow batteries for large-scale energy storage application: A review. J. Power Sources 2021, 493, 229445. [Google Scholar] [CrossRef]

	



López-Vizcaíno, R.; Mena, E.; Millán, M.; Rodrigo, M.A.; Lobato, J. Performance of a vanadium redox flow battery for the storage of electricity produced in photovoltaic solar panels. Renew. Energy 2017, 114, 1123–1133. [Google Scholar] [CrossRef]

	



Abdulateef, A.M.; Jaszczur, M.; Hassan, Q.; Anish, R.; Niyas, H.; Sopian, K.; Abdulateef, J. Enhancing the melting of phase change material using a fins–nanoparticle combination in a triplex tube heat exchanger. J. Energy Storage 2021, 35, 102227. [Google Scholar] [CrossRef]

	



Hassan, Q.; Jaszczur, M.; Hafedh, S.A.; Abbas, M.K.; Abdulateef, A.M.; Hasan, A.; Mohamad, A. Optimizing a microgrid photovoltaic-fuel cell energy system at the highest renewable fraction. Int. J. Hydrog. Energy 2022, 47, 13710–13731. [Google Scholar] [CrossRef]

	



Hassan, Q.; Jaszczur, M.; Al-Jiboory, A.K.; Hasan, A.; Mohamad, A. Optimizing of hybrid renewable photovoltaic/wind turbine/super capacitor for improving self-sustainability. Energy Harvest. Syst. 2022. [Google Scholar] [CrossRef]

	



Jaszczur, M.; Hassan, Q.; Al-Anbagi, H.N.; Palej, P. A numerical analysis of a HYBRID PV + WT power system. In E3S Web of Conferences; EDP Sciences: Les Ulis, France, 2019; Volume 128, p. 05001. [Google Scholar]








[image: Energies 15 03845 g001a 550][image: Energies 15 03845 g001b 550] 





Figure 1. The energy system scenarios: (a) PV array only, (b) PV + BT. 
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Figure 2. The experimental load profiles for four selected days. 
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Figure 3. Daily measurements of solar irradiance for four selected days. 
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Figure 4. Daily measurements of ambient temperature for four selected days. 
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Figure 5. The monthly and yearly averages of the energy consumption, solar irradiance, and ambient temperature. 
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Figure 6. The flow chart for simulating an energy system. 
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Figure 7. The daily power flows for four seasonal days. 
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Figure 8. The daily self-consumption energy for four seasonal days using only a photovoltaic array. 
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Figure 9. The ESC for various battery bank capacities for four days. 
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Figure 10. The ESC and ESS in kWh and percentage for four different days: (a,b) January 1, (c,d) April 1, (e,f) July 1, (g,h) December 1, at various battery bank capacities. 
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Figure 11. Monthly energy flows: (a) energy fed to the grid, (b) net energy. 
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Figure 12. The annual (a) ESC in kWh, (b) ESC and ESS in percentage. 
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Figure 13. The net annual energy for different battery capacities. 
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Table 1. The specifications of the selected system components.
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	Component
	Rated Power
	Model
	Ref.





	PV module
	0.5 kWp
	Monocrystalline, Sunceco
	[31]



	Battery
	200 A
	Visionbat
	[32]



	Converter
	40 kW
	Absopulse
	[33]
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Table 2. Daily energy flow (kWh) for four seasonal days.
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	Day
	Load
	PV Energy
	From Grid
	Fed to Grid





	1-Jan
	37.68
	10.48
	30.62
	3.21



	1-Apr
	36.47
	40.16
	20.23
	23.11



	1-Jul
	22.9
	54.93
	8.83
	39.76



	1-Oct
	16.03
	36.67
	10.61
	30.51
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