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Abstract

:

This paper addresses the issue of the abolition of annual net metering in Slovenia and compares the electric energy costs for the studied active user after the abolition. The article also provides an exploration of the role played by an aggregator, which serves as a central entity that enables individuals to participate in the electric energy market. An analysis of the case study of an active user was made, where an analysis was made of the measurements of household consumption and photovoltaic plant production for the year 2022. This article presents an economic analysis with and without net metering and an analysis of the aggregator involvement strategies. In addition, a battery energy storage system was also considered in the analysis. An important part of the article is the identification of the flexibility potential for shiftable loads, which enable an aggregator to acquire insight into the energy consumption profile and energy production profile of active users. The following indicators were used to compare the strategies: annual electric energy cost and the indicators including self-sufficiency, self-consumption, and grid dependency. The findings indicate that, even in the absence of annual net metering, the active user can lower their costs for electric energy with the help of an aggregator.
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1. Introduction


The flexibility potential of active users is ever increasing due to the growth in the use of the following power-consuming and/or power-producing appliances in households: heat pumps (HPs) for heating, electric vehicles (EVs), battery energy storage systems (BESSs), and renewable energy sources (RESs) such as solar power plants. An active user is an individual or a group of end-users who provide services for adjusting consumption and/or production. The integration of home appliances with home energy management systems (HEMSs) does present some challenges for households due to the complexity of the underlying processes and technologies [1,2], but also helps to improve the energy efficiency in households. The lack of awareness among active users about the sustainable use of electric energy decelerates the usage of HEMSs in households [3].



The EU countries have a variety of programs to encourage households to install photovoltaic systems (PVs) in their homes, as discussed in [4,5,6]. One of the programs that encourage households to install PV plants in Slovenia is net metering, which is described later. In [7], a method for the sizing of a PV plant and the environmental perspective are presented for a case study in Slovenia. The support laws and regulations of countries that encourage PV plants are some of the key factors in the economic feasibility of investing in a PV plant. An overview of the supporting policies in five EU countries through investment profitability is provided in [8]. This paper offers a detailed analysis of the support policies for photovoltaic installations in the residential sector across major European markets such as Flanders (Belgium), Germany, Italy, Spain, and France. It evaluates the economic viability of a household investment in a photovoltaic installation through a model based on the discounted cash flows of the installation over its lifetime. The study suggests that Italy’s support system has been the most profitable among the countries studied since 2010. Despite decreasing support levels, residential installations are still profitable in most cases under the current support policies, except for Spain. The study further highlights the potential of self-consumption to increase profits, especially in Spain and Germany. However, Flanders’ policy has no impact on levels of self-consumption. Finally, a comparison of past and present policies indicates varying levels of success in keeping the profitability of investments stable over the years, depending on the efficiency of the support policy. Germany’s support system stands out as the most balanced one over the last five years. The results of the study show that the supporting policies have a significant impact on investments’ profitability. Household users can also sell their electric energy and have different options, as discussed in [9], which compares the following three electric energy sales mechanisms: feed-in tariffs, net metering, and net purchase with sale. Each mechanism has been described using a simple microeconomic model. The mechanisms have been compared in terms of social welfare and the retail electric energy rate.



Annual net metering allows the solar power plant to cover the household’s electric energy needs while surpluses and deficits are regulated by the grid. When production exceeds consumption, the power plant sends the excess energy to the grid, while, during lower production time, the household receives electric energy from the grid. The annual calculation is made only once a year, at the end of the calendar year, and is based on the difference between the supplied and received electric energy. The decision as to whether any excess energy that arises after the end of the billing period will be handed over to the supplier for a fee or free of charge is a matter of agreement between the customer and the supplier. Several studies have been performed to optimize the size and operation of PV plants. In [10], the researchers were focused on the optimal design of PV systems in light of the specificity of Polish regulations. Since the annual net metering was valid, the annual consumption was relevant in the dimensioning of the PV plant. With the abolition of net metering, the methods for sizing PV plants will change.



The Directive 2019/944 EU [11] requires that the network fee must be non-discriminatory, regardless of whether the household user is included in the net metering policy. With the new regulation, the household user will be required to pay a network fee for all the electric energy delivered from the distribution grid [12]. Therefore, Slovenia coordinated its legalization with the EU legislation and adopted the Act on Promoting the Use of renewable energy sources [13] and the regulation on self-supply with electric energy from renewable energy sources [14], which will enter into force in 2024. Legislations will bring major changes in Slovenia’s network fee tariffs and abolish the concept of annual net metering, and cause many households in Slovenia to wonder about the profitability of investments in a PV plant. Households with installed PV plants need to consider their energy management strategies.



There is always a discrepancy between produced energy and household consumption. Therefore, for a reliable power supply, it is essential to connect the PV plant to the distribution grid or energy storage system. With the development and massive integration of BESS, many studies have been conducted to address the advantages of BESS in PV applications. A study performed by [15] is being carried out to provide household and commercial users with the optimal size of a PV plant based on their yearly consumption. In [16], the researchers proposed a multi-objective optimal sizing of a grid-connected household with a PV plant and BESS to minimize the total electric energy cost and grid dependency. In [17], the optimal size for a PV-BESS system is considered by the depth of discharge value and the optimal tilt angle of the PV panels. The BESS degradation was ignored. In [18], a framework is presented of a two-stage optimization model for the planning and operation for a household with a PV-BESS system. As a result, it is necessary to choose the optimal size of the PV and BESS to achieve the minimum cost of the system.



Active users can vary their electric energy consumption according to their needs and preferences, taking advantage of dynamic pricing and generation from renewable energy sources. Price-based programs are based on dynamic tariffs, where the prices of the tariff values change depending on the electric energy market circumstances and network conditions. Price-based programs based on time and power demand can be classified as the following [19]: time-of-use pricing, real-time pricing, and critical-peak pricing. In [20], a self-scheduling model for a HEMS is presented considering time-of-use pricing and real-time pricing, aiming to reduce the users’ electric energy costs. Additionally, various scenarios with the inclusion of BESSs are studied, to examine their impact on optimal performance. A HEMS optimization model for scheduling home appliances effectively under a time-of-use pricing tariff is presented in [21]. The HEMS optimizes the performance of multiple household appliances, including BESSs, EVs, air conditioners, and water heaters, to minimize electric energy costs.



The HEMS allows active users to manage their consumption and/or production actively, and to participate in new energy services and new opportunities in flexibility markets [22,23]. New energy services are implemented by combining consumers and producers. A more active involvement of active users will also require a new concept of the flexibility market. In [24], the trends in the new flexibility market were selected and compared, where the results showed that the new market platforms present promising models regarding technical and economic justification. Aggregator platforms for local trading between active users, like promoting peer-to-peer trading, were also analyzed in the article.



Demand-side flexibility (DSF) mechanisms can be classified into implicit and explicit DSF mechanisms [25]. Under the implicit DSF mechanism, active users increase or decrease consumption or production in response to electric energy price signals. Under the explicit DSF mechanism, active users increase or decrease consumption or production in response to the aggregator signal, which is based on energy market needs and ancillary products. The aggregator is a retailer of flexibility and has different roles: they aggregate, and coordinate flexibility provided by users, trade with flexibility, and conclude contracts with active user and flexible users (Flex Requesting parties), the transmission system operator, the distribution system operator, and the balance responsible party (BRP). In response, new aggregator platforms and flexibility market models are being developed and analyzed in [24]. The regulatory framework for the aggregator role is still under discussion, and is implemented differently in several EU countries. The status of explicit DSF for active users in the 26 EU Member States was examined in [26].



Consumption in households consists of different types of power-consuming appliances. In [27], home appliances are categorized as shiftable, interruptible, weather-based, and non-manageable. Shiftable appliances have flexible delays with specific energy consumption profiles, e.g., washing machines, dishwashers, etc. Interruptible appliances have fixed energy consumption when they are switched on and non-energy consumption when they are switched off, e.g., water heaters, refrigerators, etc. Weather-based appliances depend upon the weather and dimensions of the premises, e.g., heating, ventilation, and air conditioning appliances. Non-manageable appliances do not have the option to adjust their consumption, e.g., TVs, lights, etc. The home appliances in [28] are divided into two groups, shiftable and non-shiftable, and this division of home appliances is used in the following.



The HEMS requires the development of a framework for handling the energy needs and demands of an active user without compromising the comfort level and without greater involvement of the active user, so the process must be as automated as possible. The increasing use of RESs and BESSs in households can have significant benefits to the operations of HEMSs. The advantage of using a BESS is to store produced energy with the RES, and to use energy when the electric energy price is high. In [29], a HEMS with a RES and BESS is presented, where the findings obtained by simulating the problem using household data thoroughly confirm the efficiency of the provided HEMS in lowering the electric energy cost while keeping the appropriate level of consumer discomfort.



This work aims to examine the possibilities for an active user after the abolition of net metering and explore the economic analysis of households with solar PV plants in Slovenia, comparing the cost-effectiveness of households with and without net metering policies. An integral aspect of the article involves calculating the flexibility potential of an active user, which is technologically available using algorithms for detecting flexible loads. The focus is on a case study of a single-family home with an installed PV plant. In the study, a comprehensive analysis is carried out with and in the absence of net metering, as well as investigating strategies with aggregator involvement. The self-sufficiency indicator (SS), self-consumption (SC) indicator, grid-dependency indicator (GD), and annual electric energy costs (PEB) are calculated to determine the economic viability of each strategy. Two main contributions are provided in this work. Firstly, the identification algorithms for identifying shiftable loads are included, which offers a robust methodology for the recognition of such loads. Secondly, it presents an analysis encompassing scenarios with and without net metering alongside strategies involving aggregators.



The paper is organized as follows. An introduction to the discussed problem is given in the first section. The case methodology is discussed in the second section. In the third section, a case study description is presented, whereas the fourth section presents and discusses the obtained results. The fifth section gives a conclusion, where the outline is presented for future work.




2. Methodology


2.1. Electric Energy Cost Calculation Model


Understanding the electric energy cost can help active users to make informed decisions about their energy consumption and to optimize their energy use to reduce costs. Electric energy costs consist of the following: the market price of electric energy, the network charge (transmission network charge and distribution network charge), contributions (a contribution for a market operator (C1), a contribution for energy efficiency (C2), a contribution to support the production of electric energy from renewable energy sources (RES), and high-efficiency co/generations (C3)), and the excise duties on electric energy (C4). The network charge represents the amount that an active user of the transmission system must pay for utilizing the system. Its purpose is to cover the costs incurred by the electricity system operators in each year of the regulatory period. The Energy Agency establishes the network charge for the electricity system in accordance with the Legal Act on the methodology for determining the regulatory framework for electricity system operators. The prices set by the Energy Agency for contributions and charges, which were valid in 2022, were used. In Slovenia, there is a two-rate tariff system, which is shown Figure 1. The low tariff (LT) is applied during off-peak hours, which last from 00:00 to 5:59 and from 22:00 to 23:59. The LT is also used on holidays and weekends. The high tariff (HT) is applied during peak hours, which last from 6:00 to 21:59.



The prices for LT (PLT) and price HT (PHT) are shown in Table 1. The network charge for LT (NCLT) is lower than the network charge for HT (NCHT). The capacity charge (CC) is a fixed charge based on the contracted capacity of the discussed household user. The capacity charge must be paid monthly. The rated power is determined by the current limiter, while the connection power and billing power are determined by the network regulation. The billing power (PB) of the user is determined by the contract with the user based on the network regulation, according to which the billing power may also be lower or higher than the connection power. The billing power determines the amount of two charges on the electric energy bill: CC and C3. The CC and C3 factors are paid monthly and are not related to the electric energy consumption, but rather to the contracted power. Table 1 presents prices for tariffs and different charges for calculating the final price of electric energy without VAT.



The annual electric energy costs (PE) for a user are calculated using Equation (1), where factor 12 is used for the CC and C3 factors because we are calculating the consumption for the whole year. To allocate    E L c    to the different tariff rates accurately, it is necessary to segregate the total load consumption based on the time of the day. The    E G c    data were divided into corresponding periods to determine the energy consumption under LT (   E G  cLT    ) and HT (   E G  cHT    ), and can be written by (1).




    E G c   ( t )  =  E G  cLT    ( t )  +  E G  cHT    ( t )    



(1)






      P E  =  E G  cLT   ⋅  P  LT   ⋅  C  LT   +  E G  cHT   ⋅  P  HT   ⋅  C  HT   + 12 ⋅  P B  ⋅  C c  +     +  E G c  ⋅  C 1  +  E G c  ⋅  C 2  + 12 ⋅  P B  ⋅  C 3  +  E G c  ⋅  C 4      



(2)






2.2. Calculation of the SS, SC, and GD Indicators


The self-sufficiency (SS), self-consumption (SC), the grid-dependency (GD) indicators are calculated and can be used to assess the level of energy independence of a system. The SS indicator is used to estimate how much energy a PV plant can provide for its own needs without relying on external resources. The SS indicator describes the relationship between the energy produced from the PV plant for the observed time period and the total consumption of the household for an observed time period, and can be calculated using (3). The observed time period (T) can be a day, a month, a year, or any period of time.


  S S =     ∑  t = 1  T    E  PV  p   ( t )        ∑  t = 1  T    E L c   ( t )      ⋅ 100  



(3)







The SC indicator is used to estimate how much electric energy generated from the PV plant is actually used in a 15 min time interval. The SC indicator describes the relationships between the energy actually consumed from the PV plant for the observed time period and the total consumption of the load for the observed time period, and can be written by (4).


  S C =     ∑  t = 1  T    E  PV  c   ( t )        ∑  t = 1  T    E L c   ( t )      ⋅ 100  



(4)







When the BESS is included in the household, the SC indicator is used to estimate how much electric energy is generated from the PV plant, and the BESS is actually used in a 15 min time interval. Equation (5) is used to calculate the SC indicator with the inclusion of the BESS in the household.


  S S =     ∑  t = 1  T    E  PV  p   ( t )    +   ∑  t = 1  T    E  BESS  c   ( t )        ∑  t = 1  T    E L c   ( t )      ⋅ 100    [ % ]   



(5)







The difference between the SS in the SC indicators is that the SS indicator is used to calculate a ratio between the total energy produced from the PV plant and the total consumption of load for the observed time. The SC indicator is used to calculate how much energy produced electric energy from a PV plant is actually consumed in a 15 min interval by a household user. The GD indicator is used to estimate the level of grid dependency. It is defined by (6) and describes the ratio between the consumption from the grid and the total load consumption.


  G D =     ∑  t = 1  T    E G c   ( t )        ∑  t = 1  T    E L c   ( t )        ⋅ 100    [ % ]   



(6)







The mentioned parameters, particularly the SS and GD indicators, assume a crucial role under the new accounting system, as the network no longer serves as virtual storage for produced energy. In ideal scenarios, our goal is absolute independence from the grid (SS = 100%). However, achieving this would necessitate an economically unjustifiably large BESS capable of maintaining such autonomy, especially during the winter months. Conversely, we aim to minimize the GD indicator, implying a shift in the load profile. Active users are encouraged to align their consumption with daily production, thereby reducing the GD indicator. Both parameters, therefore, wield significant influence in the decision-making process for individuals when determining the placement of the RES and BESS.




2.3. Description of the Aggregator Role


Household consumers and active users are becoming more equipped (PV plants and advanced metering) and have the potential to provide new services of flexibility. Flexibility is described as a movement in the active user’s load profile caused by changes in the load profile. Although the flexibility potential of household active users is limited, an effective grouping of active users may be sufficient to keep the power system balanced. A new role—the aggregator—is required in the energy value chain for the consumers and prosumers to have access to this flexibility market. The aggregator connects numerous modest flexibility resources into a usable flexibility volume by working between active suppliers and active users. With the participation of active users in the energy value chain, an understanding of new relationships, services, and programs will be required. Any legal or natural person who wishes to participate actively in the electric energy market will have to join the Balance Scheme. Balance Schemes and electric energy market operators are connected through a set of procedures, regulations, and market mechanisms that ensure an efficient and reliable supply of electric energy. This connection is critical for maintaining the balance between electric energy generation and consumption in the power grid. The electric energy market in Slovenia is organized hierarchically into a Balance Scheme, which is managed by the electric energy market operator, Borzen, and d.o.o.



Document [30] addresses several possible aggregator implementation models that can be used to implement the aggregator role in current energy markets. The document presents six aggregator models, and one of these models was adopted for further research. The relationships between an active user, a new entity in the future electric energy market aggregator, and supplier are shown in Figure 2. The aggregator establishes all the contractual relations necessary to participate in the flexibility market and establishes connections with customers who own flexible resources. Active users will be compensated according to the degree of asset flexibility they provide. In order to adhere to the size and temporal requirements of particular flexibility products, the aggregator constructs a portfolio of assets. A balance responsible party (BRP) is in charge of balancing demand and supply actively for its portfolio. The aggregator is in charge of activating flexibility, while the active user is in charge of energy change. It is important to emphasize that, in order to participate in market mechanisms where active users can offer their flexibility potential, the active user must/can have separate contracts with the electric energy supplier and the aggregator. Aggregators empower active users to participate actively in DSF mechanisms to obtain incentives to reduce the load during peak periods. It is crucial to emphasize that aggregators play a key role in optimizing energy consumption. By managing and coordinating the various resources in their portfolios actively, aggregators can help active users implement energy conservation strategies, demand response initiatives, and redeployment practices.



Electric energy trading involves buying and selling electric energy in various forms, such as power contracts, futures, options, and swaps. This trading can occur between different market participants, including active users, aggregators, and energy service providers. Electric energy markets are structured differently in different regions and countries, but they all aim to provide an efficient and reliable electric energy supply at a reasonable price. Generally, electric energy markets operate based on supply and demand, where the price is set by the intersection of the supply curve (i.e., the amount of electric energy producers are willing to generate at a given price) and the demand curve (i.e., the amount of electric energy consumers are willing to buy at a given price).



Electric energy trading can occur in various markets, including wholesale markets, balancing markets, capacity markets, and futures markets. Wholesale markets are used for large-scale transactions between electric energy producers and consumers, while spot markets allow for the real-time trading of electric energy at current prices. Futures markets allow market participants to trade contracts for the future delivery of electric energy.



An electric energy market model requires crucial data from previous trading periods. Patterns and trends in electric energy demand and supply, as well as the prices at which electric energy is traded on the market, can be identified by analyzing the data. This information can then be utilized to develop a model that simulates the behavior of the electric energy market under different conditions. Energy exchanges such as the BSP South Pool Energy Exchange serve as an important source of data for data acquisition. The BSP South Pool Energy Exchange allows electric energy trading in the Slovenian and Serbian electric energy on the day-ahead, intraday, and balancing markets. Furthermore, the BSP Energy Exchange offers various other services and products, such as capacity reserve auctions, balancing market services, and the trading of guarantees of origin certificates. These products and services aim to provide a comprehensive platform for market participants to manage their electric energy portfolios and risks efficiently. BSP stands for the “BSP Regional Energy Exchange”, which is a Slovenian energy exchange company that operates a trading platform for trading electric energy. A market model for electric energy trading was developed based on day-ahead trading annual data. The hourly trading price (Tp) data were employed in our analysis. This information was used to develop a model that simulates the behavior of the day-ahead electric energy market. Figure 3 offers a detailed overview of the hourly trading price fluctuations that occurred throughout 2022.



The patterns in the prices at which electric energy is traded on the day-ahead market were identified by analyzing the data. The analysis of the trading price on the day-ahead market revealed that the peak trading price of electric energy on the day-ahead market was observed in August, while the minimum trading price of electric energy on the day-ahead market was noted in December.




2.4. Identification of Flexibility Potential for a Shiftable Load


By defining the flexibility potential, an active user’s appliances and sources can be utilized optimally. This enables the aggregator to gain insight into the active user’s energy consumption profile and energy production profiles. The ability of an active user to consume or produce electric energy in response to an external signal is referred to as positive and negative flexibility. The positive flexibility potential represents the capability to increase energy consumption or decrease electric energy production as needed. The negative flexibility potential relies on the ability to decrease electric energy consumption or increase electric energy production as needed. Both types of flexibility potential are crucial and can be offered to an aggregator. The flexibility potential of the active user is determined by evaluating the flexibility potential for each shiftable household load. Shifting the active user’s appliances and sources can help reduce the cost of electric energy. However, these changes require some level of compromise in terms of daily electricity pattern usage routines. This compromise can result in discomfort, which can be defined as a loss or impairment of energy comfort. The literature has identified three types of discomfort that have been discussed in this context [31]: delay or waiting time due to shifting time-flexible appliances, temperature deviation due to thermostat settings of temperature-based appliances, and power deviation resulting from reduced power of instant power-based appliances. To ensure the active user’s comfort in strategy 2, a strategy was implemented where shiftable loads were manipulated only once a day, with each activation lasting just 30 min. The approach aimed to minimize the active user’s discomfort while still achieving a reduction in cost for electric energy.



The flexibility potential of EVs is defined by the EV charging habits that are analyzed throughout the year. The flexibility potential of EVs is defined with (7), where    E  EV  c    is the electric energy consumption of the EV. The assumptions considered in defining the flexibility potential of the EV are as follows: the EV is charged every day and the EV is available every day after 16:00. The positive flexibility potential of the EV is defined by allowing the reduction and rescheduling of EV charging during charging periods, and changing the positive flexibility potential on an annual basis, as can be seen in Figure 4a. The negative flexibility potential of the EV includes identifying instances when the EV has not yet been fully charged within the day, and if it is past 16:00, the charging can be rescheduled. The negative flexibility potential of the EV throughout the year can be seen in Figure 4b.


  E =  {         E +   ( t ) =   E  EV  c  ( t ) ,   i f   t >  16 : 00  &   ∑  t = 0  t    E  EV  c  ( t )   = 0        E −   ( t ) = −   E  EV  c  ( t ) ,       ,  



(7)







The flexibility potential of the HP is defined by (8), where    E  HP  c    is the electric energy consumption of the HP. The negative flexibility potential of the HP on an annual basis can be seen in Figure 4b, while the positive flexibility potential of the HP on an annual basis can be seen in Figure 4d. The fHP weighting factor is a parameter that typically ranges between 0 and 1, determining the degree to which we want to adjust the power of the HP.


  E =  {      E  + ( t ) =   E  HP  c  ( t ) ⋅  f  HP           E  − ( t ) = −   E  HP  c  ( t ) ⋅  f  HP         ,  



(8)







The flexibility potential of the PV is defined with (9), where    E  PV  p    is the electric energy produced from the PV and    E L c    is the consumption of the load. The negative flexibility potential of the PV size is defined as the difference between the energy produced from the PV and the consumed energy, and can be seen in Figure 5a. The positive flexibility potential of the PV is defined as zero, because PV plant systems are dependent on solar irradiance, which cannot be controlled by an active user, and can be seen in Figure 5b. The amount of produced energy from the PV plant is determined primarily by the environmental conditions.


  E =  {      E  + ( t ) =  0         E  − ( t ) =   E  PV  p  ( t ) −  E L c  ( t ) > 0       ,  



(9)







The flexibility potential of a BESS can be quantified based on its capacity to store and release energy at specific times, its efficiency in these processes, and its ability to respond to various grid events and signals. The operation and dynamics of the charging and discharging of the BESS are different for different strategies, which are described below. The flexibility potential of the BESS is defined by (10), where SOCmin and SOCmax are changing according to the strategy and different modes. The flexibility potential of the BESS is offered to an aggregator only in strategy 2. The negative flexibility potential of the BESS on an annual basis can be seen in Figure 5c, while the positive flexibility potential of the BESS on an annual basis can be seen in Figure 5d.


  E =  {      E  + ( t ) =    ( S O C ( t ) − S O  C  max   ) ⋅  C  BESS     100           E  − ( t ) =    ( S O C ( t ) − S O  C  min   ) ⋅  C  BESS     100         ,  



(10)








2.5. Definition of Strategies


The research aims to explore the possibilities for active users after the abolition of net metering, and two strategies were designed for this purpose. Engaging in the electric energy market is a viable option for an active user. Nonetheless, since direct participation in the electric energy market is not possible, the active user needs to establish a connection with an aggregator. Two strategies were formulated to evaluate the advantages for an active user in collaborating with an aggregator. Given the recent approval of subsidies by the state for the construction of a BESS, there has been a notable increase in their adoption in households. Consequently, the upcoming analysis focuses on testing the strategy on two active user cases: one with the PV plant and another with both the PV plant and BESS. The operation for strategy 1 involves offering only excess energy from the PV plant to the aggregator. Strategy 2 offers a shiftable household load in addition to excess energy from the PV plant to the aggregator.



2.5.1. Strategies for an Active User with a PV Plant Only


In Figure 6a, the presentation shows strategy 1, which shows the scenario where the engaged active user provided excess energy from the PV plant to the aggregator. In Figure 6b, the presentation shows strategy 2, which shows the scenario where the engaged active user provided excess energy from the PV plant and shiftable load to the aggregator. Shiftable loads in strategy 2 are identified using the identification algorithm for shiftable loads presented in Section 2.3. Strategy 2 offers the flexibility potential of the HP and the flexibility potential of the EV to an aggregator. By incorporating shiftable loads, the active user’s flexibility potential can be increased, providing the aggregator with more flexibility potential.



Operation during strategy 1 for an active user with a PV plant only: The electric energy produced from the PV plant (   E  PV  p   ) is divided into two energies: the energy consumed directly by the load (   E  PV  c   ) and the excess energy (   E   PV _ e     ) which is offered to an aggregator, and, further, to the electric energy market, and can be written with (11).


   E  PV  p   ( t )  =  E  PV  c   ( t )  +  E   PV _ e     A   ( t )   



(11)







The load consumption    E L c    is equal to the energy taken from the grid (   E G c   ) and the energy produced with the PV plant that is actually consumed directly by the load (   E  PV  c   ), and can be written by (12).


   E L c   ( t )  =  E G c   ( t )  +  E  PV    c   ( t )   



(12)







In strategy 2, the following three modes of operation are distinguished: operation before activation, operation during activation, and operation after activation. Operation during activation is the same as in strategy 1, as the active user’s flexibility potential is offered to an aggregator. Operation before and after activation will be presented in the following. The energy produced from the PV plant (   E  PV  p   ) is divided into the following two energies: the energy that supplies the load directly (   E  PV  c   ) and the excess energy (   E   PV _ e     G   ) which is sent to the grid, and can be written by (13). The distribution of the load consumption (   E L c   ) remains the same as in (13).


   E  PV  p   ( t )  =  E  PV  c   ( t )  +  E   PV _ e     G   ( t )   



(13)








2.5.2. Strategies for an Active User with a PV and BESS


In Figure 7a, the presentation shows strategy 1, which shows the scenario where the engaged active user provided excess energy from the PV plant that remained after charging the BESS to the aggregator. In Figure 7b, the presentation shows strategy 2, which shows the scenario where the engaged active user provided excess energy from the PV plant, BESS, and shiftable load to the aggregator. The shiftable loads in strategy 2 are identified the same as in the previous example.



Operation during strategy 1 for an active user with a PV and BESS: the energy produced from the PV plant (   E  PV  p   ) is divided into the following two energies: the energy that supplies the load directly (   E  PV  c   ) and the excess energy (   E   PV _ e     ) which is offered to an aggregator, and can be written by (14).


   E  PV  p   ( t )  =  E  PV  c   ( t )  +  E   PV _ e       ( t )  +  E   PV _ e    BESS    ( t )   



(14)







The load consumption (   E L c   ) is equal to the energy taken from the grid (   E G c   ) and the energy produced with the PV plant that is actually consumed directly by the load (   E  PV  c   ), and can be written by (15).


   E L c   ( t )  =  E G c   ( t )  +  E  PV    c   ( t )  +  E  BESS    c   ( t )   



(15)







Excess energy from the PV plant    E   PV _ e      is equal to the energy sent to the aggregator (   E   PV _ e   A   ) and the energy that charges the BESS (   E   PV _ e    BESS    ).


   E   PV _ e     ( t )  =  E   PV _ e   A   ( t )  +  E   PV _ e    BESS    ( t )   



(16)







Three modes of operation are discussed for operation during strategy 2 for an active user with a PV and BESS. The operation before and after activation will be presented in the following. The energy produced from the PV plant (   E  PV  p   ) is divided into two energies: the energy that supplies the load directly (   E  PV  c   ) and the excess energy (   E   PV _ e     ) which is offered to an aggregator, and can be written by (17). The distribution of the load consumption (   E L c   ) remains the same as in (15).


   E  PV  p   ( t )  =  E  PV  c   ( t )  +  E   PV _ e     G   ( t )  +  E   PV _ e    BESS    ( t )   



(17)







The excess energy from the PV plant    E   PV _ e      is equal to the energy sent to the aggregator (   E   PV _ e   A   ) and the energy that charges the BESS (   E   PV _ e    BESS    ).


   E   PV _ e     ( t )  =  E   PV _ e   G   ( t )  +  E   PV _ e    BESS    ( t )   



(18)







Operation of the BESS during strategy 1: The efficiency of charging (   η c   ) and discharging (   η d   ) are considered when energy is stored in the BESS. The BESS is charged when there is excess energy available. The energy stored in the BESS (   E  BESS  s   ) is positive in the case of charging the BEES, and is calculated according to (19).


   E  BESS    ( t )  =  E   PV _ e    BESS    ( t )  ⋅  η c   



(19)







Discharge begins when the energy from the PV plant is not sufficient to consume the load.    E  BESS  c    is negative in the case of discharging the BEES and is calculated according to (20).


   E  BESS    ( t )  =  E  BESS  c   ( t )  ⋅  η d   



(20)







The energy stored in the BESS    E  BESS  s    is calculated using (21), where    E  BESS  s   (  t − 1  )    is the energy stored at the previous moment and the    E  BESS    .


   E  BESS  s   ( t )  =  E  BESS  s   (  t − 1  )  +  E  BESS    ( t )   



(21)







The state of charge (SOC) is the ratio between the energy stored in the BESS and the size of the BESS, and is calculated using (22).


  S O C  ( t )  =    E  BESS  s   ( t )     C  BESS     ⋅ 100  



(22)







The operation of the BESS during strategy 1 can be described using (23), and operates between the lower limit (SOCmin), which is 20%, and the upper limit (SOCmax), which is 90%.


  S O  C  min   ≤ S O C  ( t )  ≤ S O  C  max    



(23)








2.5.3. Elaboration on the Distinction in the Operation of the BESS between Strategy 1 and Strategy 2


In strategy 1, the BESS operates within the range of the lower limit of the SOCmin set to 20% and the upper limit of the SOCmax set to 90%, as shown in Figure 8a. The operation of the BESS in strategy 2 is divided into the following 3 modes: before the operation, during the operation, and after the operation of the BESS. Before the activation, the SOCmax is set to 60%, as seen in Figure 8b. Therefore, the BESS remains available for charging or discharging during the activation mode. During the activation, the BESS undergoes charging or discharging based on the aggregator signal. The BESS is operated during the activation within the range of the lower limit of the SOCmin set to 10% and the upper limit of the SOCmax set to 90%. After the activation mode, two cases can be distinguished based on the action during activation. The BESS was discharged when a signal for negative flexibility was received from the aggregator. Subsequently, after the activation, the BESS underwent recharging from the grid. In a case where a signal for positive flexibility was received from the aggregator, and the BESS was charged from the grid; subsequently, after the activation, the BESS underwent discharging to the grid. A more detailed presentation of the BESS performance during and after activation will be elucidated in the Results section.





2.6. Profit Determination


The profit from the sale of excess energy from the PV plant, PPV_e is calculated using (24), where    E   PV _ e   G    is the excess energy from the PV plant, Tp is the trading price, and fA is a weighting factor that indicates how much the aggregator reduces profit relative to the Tp. Factor fA is in the range of 0 to 1. If factor fA is equal to 1, it signifies that the aggregator compensates in alignment with the prevailing electric energy prices on the day-ahead market.


   P  PV    _ e     ( t )  =  E   PV _ e   G   ( t )  ⋅  T p   ( t )    ⋅  f A   ( t )     [ € ]   



(24)







The difference between the electric energy payment PEB and the profit from the sale of excess energy PPV_e is calculated using (25), which is represented as Pd. Pd signifies the actual costs for electric energy that the active user is obligated to pay subsequent to the sale of excess energy.


   P d  =  P  EB   -  P   PV _    e    



(25)









3. Case Study Description


The case study involved an active user in a single house with an installed PV plant of 11 kW. The house was equipped with an HP for central heating and a charging station for an EV. The research process consisted of several critical stages, as shown in Figure 9, starting with data acquisition. Information on electric energy consumption and energy produced from the PV plant in the 15 min interval was obtained on the “Moj elektro” platform. The data from the platform were exported in Excel and processed further in Matlab. The next step was data analysis, focusing on the consumption and production patterns. Following that, the identification of shiftable loads was conducted, and, additionally, a BESS was included. Important data-driven results were derived as a result of this comprehensive analysis. The results were divided into the following 3 categories: the analysis with net metering, the analysis without net metering, and the analysis to evaluate the advantages of a collaboration between an active user and an aggregator, where two strategies were tested.



3.1. Analyzing the Data


The analysis was conducted by examining the daily energy consumption and PV plant production records from the previous years. An analysis was carried out of the active user electric energy consumption and PV production for the year 2022. The daily    E L c    of each month is presented in Figure 10a. It can be seen how    E L c    changed depending on the season. The average daily    E L c    was 31.26 kWh, with a total yearly    E L c    of 11.17 MWh. In Figure 10b, the average    E  PV  p    of each month is presented, with higher production during the summer months. The average daily    E  PV  p    was 29.81 kWh, with a total yearly    E  PV  p    of 11.97 MWh. Based on the data, it can be inferred that the winter consumption is higher than the summer consumption due to the use of an HP for heating. Additionally, PV production is at its peak during the summer and at its lowest during the winter.




3.2. Algorithm for Shiftable Load Identification


Active users must estimate their flexibility potential to provide flexibility services. The identification of flexible loads in an active user profile is key in the estimation of the flexibility potential. It is also necessary to determine the degree of flexibility of the associated loads with a weighting factor. The algorithm for the identification of the EV and HP is presented below. The Algorithm 1: Identification of EV is designed to identify the moment with the highest electric energy consumption within each day. After the moment with the highest consumption is identified, the consumption for four moments before and after are examined to determine the EV consumption.



	
 Algorithm 1: Identification of EV




	

	
 Load input parameter (   E L c  ,   t  )




	

	
 for t = 1,..,tend(365) → days in year




	

	

	
  if t== tLT → max    E L c    for that day




	

	

	
     [   E  Lmax  c  ,  t  EV    ]  = max (  E L c  ( t ) )   → find max consumption and index for that moment

  for every day




	

	

	
  End




	

	
 calculate the consumption of EV if    t  EV   − 4 ≤ t ≤  t  EV   + 4  

    E  EV    ( t )  =  E L c   ( t )  ⋅  c 1   




	

	
 calculate the consumption of EV   1 <  t  EV   − 4 ,  t  EV   + 4 >  t  end        E  EV    ( t )  = 0  




	

	
    E  EV    ( t )    is a vector of EV consumption for every 15 min for a whole year









The Algorithm 2: Identification of HP was designed to compare the consumption between summer and winter days. The first step is to deduct the consumption of the EV from the total consumption. The average consumption for the summer dates is calculated next. Then, the algorithm subtracts the average summer consumption from the consumption in the heating season to determine the HP consumption. The summer season was defined from 21 June 2022 to 23 September 2022 and the heating season was defined from 1 January 2022 to 10 March 2022 and from 1 October 2022 to 31 December 2022.



	
 Algorithm 2: Identification of HP




	

	
 Load input parameter (   E L c  ,   t  )




	

	
    E  LW  c  ( t ) =  E L c  ( t ) −  E  EV   ( t )  →EV consumption is subtracted from the consumption of all loads




	

	
 Find summer dates (21 June 2022 till 23 September 2022)→   t  sd    




	

	
 For t =    t  sd    




	

	

	
      E ¯   LW  c  ( t )   = mean(   E  LW  c  ( t )  )→average summer profile for every 15 min




	

	
 End




	

	
 Find dates for the heating season (21 June 2022 till 23 September 2022) →   t  hd    




	

	
 for t = 1,..,thd → days in year




	

	

	
     E  HP  c  ( t ) =  E  LW  c  ( t ) −   E ¯   LW  c  ( t )  




	

	
 End




	

	
 calculate consumption of HP    E  HP    ( t )  =  E  HP  c   ( t )  ⋅  c 1   




	

	
    E  HP    ( t )    is a vector of EV consumption for every 15 min for a whole year









The results of the algorithm for the identification of shiftable loads are presented in Figure 11, providing a comprehensive overview of the energy consumption patterns. The results of the EV recognition algorithm can be observed in Figure 11a,c. The highest point of total consumption during the day was located and is marked in Figure 11a,c with a gray dashed line. There is no noticeable difference between the EV consumption during the summer months in Figure 11a and the winter months in Figure 11c. The performance of the HP recognition algorithm is observed in Figure 11b,d. On the selected summer day, there was no HP consumption, while, on the selected winter day, the HP consumption was detected.



With the help of the identification algorithms, the consumption was divided into the following three categories: EV consumption and HP consumption, which both can be referred to as the consumption of shiftable loads and non-shiftable loads, as seen in Figure 12, where the consumption is presented for each month. The annual consumption of the EV amounted to 2 MWh, with the electric energy consumption remaining relatively consistent throughout the year, with a slight increase during the winter months due to the cold weather impacting to the travel range of the EV. The annual consumption of the HP amounted to 3 MWh, while the annual consumption of the non-shiftable household load amounted to 6 MWh.





4. Results and Discussion


4.1. Analysis with Net Metering


The analysis carried out using net metering revealed that the active user involved in net metering only has to pay the difference between the consumed and produced electric energy if the user consumed more energy than produced. Based on the analyzed data, the annual load consumption of    E c L    was 11.17 MWh, while the energy produced from the PV    E  PV  p    was 11.97 MWh. Since the active user produced as much energy as they consumed, they only needed to pay the monthly fixed fees, which include the capacity charge and contribution C3. As a result, the active user involved in net metering paid EUR 96.07 without VAT for PE, which is calculated using (26).


   P E  = 12 ⋅  P B  ⋅  C c  + 12 ⋅  P B  ⋅  C 3   



(26)







Despite its proven benefits, the net metering policy in Slovenia is set to be abolished. This upcoming change is expected to transform the financial landscape for active users. As a result, it has become crucial to evaluate the economic feasibility of PV plants in the absence of net metering and explore the benefits of the active user’s collaboration with an aggregator, where two strategies were investigated.




4.2. Analysis without Net Metering


With the upcoming abolition of net metering, the active user will no longer be enrolled in the net metering policy, which means that annual accounting will no longer be available. Therefore, an analysis of the consumed and produced energy was conducted in 15 min time intervals without net metering, which yielded the results shown in Table 2. The analysis of 15 min time intervals showed that the    E  PV  c    was only 1.92 MWh, which means that minimal electric energy was consumed in the 15 min interval. Without involvement in the net metering policy, the active user with a PV plant would only have to pay EUR 1401.2 for the PEB, and the PPV_e would be EUR 0, which means the Pd would be EUR 1401.2.



The grid is often perceived as a vast storage system due to the implementation of net metering policies. However, this perception fails to acknowledge the inherent limitations of the grid in storing excess energy generated by PV plants effectively, particularly during peak production periods in the summer. As a result, mismatches between energy production and consumption arise, notably during the winter months, when the demand escalates due to increased use of heat pumps for heating purposes. Such discrepancies pose challenges to system stability. This article has introduced indicators such as SS, GD, and SC to provide a more accurate representation of the level of self-sufficiency exhibited by active users and their dependence on the power grid. The SS indicator was 107%, indicating that the PV plant produces more electric energy annually than the active user consumes. However, only 17% of the electric energy produced by the PV plant was consumed, resulting in an SC indicator of 17%. The GD indicator was 83%, indicating that the majority of the electric energy consumed was from the grid. The GD indicator was very high because the produced energy from the PV was not consumed at the same 15 min interval. In the absence of net metering, the results of the indicators remained unchanged when compared to the results obtained through strategy 1. Therefore, no distinct outcomes were mentioned for strategy 1. Figure 13a–c represent the variations in the SS, GD, and SC indicators over the entire year. The SS indicator was highest in the summer months, where the values reached up to 300%, which means that the PV plant produced more electric energy than the active user consumed. However, in the winter months, particularly in January and December, the amount of the SS indicator decreased drastically to 20%, which was the lowest point throughout the year. The GD indicator was higher in the winter months and lower in the summer months, while the SC indicator was lower in the summer months and higher in the winter months. In the month of August, the SS indicator showed that the active user had produced more electric energy than they had consumed, with a percentage of 300%. However, taking a closer look at the GD indicator for the same month, it was observed that it was only 67%, while the SC indicator was 33%. This implies that, despite producing more electric energy than it consumed on a monthly basis, the active user still relied heavily on the grid for the majority of the 15 min intervals.



An active user with a PV plant and BESS would have to pay less for the PEB, which can be seen in results displayed in Table 2. The active user with a PV plant and BESS paid EUR 285.2 less for the Pd, and the PPV_e was EUR 0 because the excess electric energy was not sold. The SC indicator was higher than in the case with the PV only, since a certain part of the excess energy from the PV plant was stored in the BESS and then consumed when needed. Therefore, the GD indicator was lower in the case with the PV plant and BESS.



Figure 14 shows the energy exchange with the grid for each day of the year. The blue color indicates the case without the included BESS and the red color indicates the case with the included BESS. Figure 14a shows how much energy is taken from the grid for each day, where it can be observed that, in the case without the BESS, more energy from the grid was taken compared to the case with the BESS. For the    E G c    for the whole year without the BESS, it amounts to 9.25 MWh, and for the case with the BESS included, it amounts to 7.35 MWh. Figure 14b shows how much excess energy from the PV plant is sent to the grid, where can be observed that, in both cases, more excess energy is sent to the grid during the summer months. In the case without the BESS, more excess energy is sent to the grid. For the whole year without the BESS included, it amounts to 10.05 MWh, and for the case with the BESS included, it amounts to 7.95 MWh.



To evaluate the potential benefits of combining an active user and an aggregator, the following two strategies were taken into account for two different active users: an active user with a PV only and an active user with a PV and BESS. Through this analysis, the costs for electric energy and the benefits of these strategies can be evaluated, and the optimal strategy can be determined for an active user. The results of implementing both strategies are presented as follows: a comparison of the results obtained with the analysis for the active user with a PV plant only with the results obtained with the analysis for the active user with a PV plant and BESS for each strategy separately. Finally, a comparison of the results is presented in terms of the price, profit, and indications between the results obtained without using net metering and the results obtained from implementing the strategies.




4.3. Analysis of Strategy 1


Figure 15 presents a comparison of the flexibility potential between an active user with a PV plant only and an active user with a PV plant and BESS for strategy 1. The positive flexibility potential was equal to zero, since only excess energy was offered to the aggregator. A comparison between the flexibility potential of two active users, one with a PV plant and the other with a PV plant and BESS, is presented in Figure 15. Figure 15a shows the daily flexibility potential for the selected summer day, while Figure 15c shows the corresponding flexibility potential for the winter day. The active user with a PV plant and BESS had a lower negative flexibility potential of the PV plant than the active user with the PV plant only, because the excess energy generated by the PV must first charge the BESS before being offered to the aggregator. Figure 15b shows a comparison of the sum of the flexibility potential for each month. For an active user with a PV plant, the annual negative flexibility potential was 10.05 MWh. However, for an active user with both a PV plant and BESS, the annual negative flexibility potential was lower, and it was 7.68 MWh.



An analysis of strategy 1 was performed, yielding the results shown in Table 3. For an active user with a PV plant, only the PPV_e was greater than in the case with an active user with a PV and BESS, because an active user with a PV plant has more excess energy that can be sold to the aggregator. The PPV_e was dependent on the factor fA and agreed with the aggregator, and the higher the factor is, the greater the PPV_e that can be obtained.




4.4. Analysis of Strategy 2


Figure 16 presents a comparison of the flexibility potential between an active user with a PV plant only and an active user with a PV plant and BESS for strategy 2. Figure 16a shows the daily negative potential for the selected summer day, while Figure 16c shows the positive potential for the same day. The flexibility potential for an active user with a PV plant consists of the sum of individual flexibility potentials: the flexibility potential of the PV plant, the flexibility potential of the EV, and the flexibility potential of the HP. In addition to the previous ones, the potential for an active user with a PV plant and BESS also contains the potential of the BESS. Figure 16b shows a comparison of the sum of the negative flexibility potential for each month, while 16d shows a comparison of the sum for the positive flexibility potential for each month. The annual negative potential for an active user with a PV plant was 15.34 MWh, while the annual positive potential was 4.4 MWh. The annual negative potential for an active user with a PV plant and BESS was 66 MWh, while the annual positive potential was 22 MWh. The flexibility potential represents the capacity for active users to adjust their electric energy consumption patterns, especially in response to external signals. However, the extent to which this flexibility potential is harnessed and offered to aggregators varies from one individual to another, depending on their willingness to adapt and optimize their energy consumption patterns. Therefore, this flexibility potential serves as the basis for assessing the amount of potential that the active user can offer to the aggregator.



Figure 17 and Figure 18 were created to provide a clearer understanding of how the flexibility potential was composed. Figure 17 shows the composition of the flexibility potential for an active user with a PV only. Figure 17a shows the negative flexibility potential for the selected summer day, while Figure 17b shows the negative flexibility potential for the selected winter day. The negative flexibility potential for active user with the PV consists of the negative flexibility potential of the PV, the negative flexibility potential of the EV, and the negative flexibility potential of the HP during the heating season. The negative flexibility potential of the PV was evident during the electric energy generation. The negative flexibility potential of the HP was present during the heating season, and the power of the HP can be manipulated. The negative flexibility potential of an EV occurs when the EV is charging and can be rescheduled. Figure 17c shows the positive flexibility potential for the selected summer day, while Figure 17b shows the positive flexibility potential for the selected winter day. The positive flexibility potential of the PV is not present, since the input power of the PV plant cannot be manipulated. As a result, active users with PVs do not have any positive flexibility potential. However, during the heating season, the positive flexibility potential of the HP arises, as its power can be manipulated.



Figure 18 shows the composition of the flexibility potential for an active user with a PV and BESS. Figure 18a shows the negative flexibility potential for the selected summer day, while Figure 18b shows the negative flexibility potential for the selected winter day. The negative flexibility potential for an active user with a PV and consists of the same negative flexibility potential as an active user with a PV only with the addition of the negative flexibility potential of the BESS. The BESS possesses negative flexibility potential, which can be utilized by discharging the BESS from 60% to 10% of the SOC. Figure 18c shows the positive flexibility potential for the selected summer day, while Figure 18b shows the positive flexibility potential for the selected winter day. The positive flexibility potential of the BESS is present, and it can be charged from 60% to 90% of the SOC. The main difference between the flexibility potential of an active user with a PV and an active user with a PV and BESS is that the active user with the BESS constantly has access to the BESS, which is available for the aggregator’s use.



The following results are presented to provide a clearer understanding of what occurs during the activation mode/aggregation signal. Figure 19 shows the load consumption for the selected day during two responses to the aggregator signal. In Figure 19, activation 1 was marked at 7:15, when the aggregator sent a signal for positive flexibility. Similarly, activation 2 was marked at 17:15, when the aggregator sent a signal for negative flexibility. Figure 19 displays the changes during and after activation 1 in the box on the left corner, where the load consumption changed by 0.50 kWh during activation 1. After the activation, the load consumption for activation 1 was lower than in the case without activation, due to the fact that, during activation, the house was heated more than normal, so, after activation, the heating of the house was reduced. Changes during and after activation 2 are shown in Figure 19 in the box in the middle. The load consumption changed by 3.73 kWh during the activation.



The consumption from the grid for the selected day during two responses to the aggregator signal is displayed in Figure 20. The changes during and after activation 1 are shown in Figure 20 in the box in the left corner. The change in consumption from the grid during the activation 1 was 3.34 kWh. The changes during and after activation 2 are shown in Figure 20 in the box in the middle. The change in consumption from the grid during the activation 2 was 6.17 kWh.



Figure 21 shows the excess energy sent to the grid, and Figure 22 shows the SOC for the selected day during two responses to the aggregator signal. The BESS was charged to 90% SOC during activation 1, which means that, as part of its operational requirements, it must subsequently be discharged down to 60% SOC. This ensures that the BESS operates within the specified SOC range and is ready for activation. Therefore, after activation 1, the excess energy from the BESS is sent to the grid. During activation 2, the BESS is discharged from 60% to 20% SOC. Hence, not only the load consumption was reduced during activation 2, but also excess energy was sent to the grid.



An analysis of strategy 2 was performed, yielding the results shown in Table 4. For a case with an active user with a PV plant and BESS, the PPV_e was 56% higher than in the case of an active user without the BESS. It is important to consider that an amount of profit was generated through 365 activations, each lasting only 30 min. After the activations, there was still excess energy left. In the case of an active user with a PV plant, the excess energy was higher than in the case of an active user with a PV and BESS. In the case of strategy 2, the Pd for the active customer was lower as compared to strategy 1. However, strategy 2 involved offering significantly less excess energy than in strategy 1. Excess energy was still left post-activation and represents the potential for the sale of excess energy. Active users have an exciting opportunity to make the most of their excess energy, either by selling it or exploring alternative ways to use it effectively. This not only helps them to maximize their renewable energy investments, but also presents an intriguing prospect to contribute towards a sustainable future. The SS indicator remained the same. The GD indicator increased by 2% compared to the previous strategy, because the operation of the BESS changed during activation.




4.5. Limitations and Usability


The presented results cater to two primary audiences: potential active users on the one hand and potential aggregators (flexibility providers) on the other. For the first group, active users, it is crucial to have a clear and transparent understanding of the implications of their potential inclusion in the flexibility system. By doing so, they can actively engage in the flexibility market using their investment inputs (PVs and BESSs), thereby attaining economic benefits through relatively minor adjustments in energy consumption. On the active user’s side, limitations arise from the permitted connection power of the PV system and BESS, along with financial constraints. We also highlight that active users can engage in multiple daily activations in both energy transmission and reception directions, contingent upon their capacities.



There is compelling potential for flexibility and the activation of energy needs among a larger number of active users. This collective energy could prove valuable for balance groups, the distribution network, or the transmission network. The essence of this segment lies in securing adequate capacity, enabling the aggregator to present a compelling offering to the flexibility market on behalf of active users.



As the European flexibility market aims for uniformity across the entire European Union, the outcomes of the case at hand are valuable not only for the current users but also for other potential users of this service.





5. Conclusions


This study focused on investigating the economic feasibility of households with PV plants in Slovenia in light of the abolition of net metering policies. One of the important parts of this article was conducting a preliminary analysis based on a case study. The highest electric energy consumption is in the winter season and the highest PV production is in the summer season. Assuming that the active user is generating more electric energy from their PV plant than they consume, without net metering they would be forced to sell any excess electric energy to the grid for a relatively low price and buy electric energy from the grid when they need it at a higher price. This can result in a significantly higher cost of electric energy. To explore options for active users after the abolition of net metering, two strategies were designed, including engaging in the electric energy market. The recent approval of subsidies for the BESS led to the testing of two active users’ cases: an active user with a PV plant only and an active user with a PV and BESS. Collaboration with the aggregator is necessary, since direct participation in the electric energy market for active users is not possible.



In order to provide flexibility services, active users need to estimate their flexibility potential, which involves identifying shiftable loads. The identification algorithm outlined in the study for identifying the EV and HP emerges as a pivotal component, offering a robust methodology for discerning such loads. This aspect of shiftable load identification assumes paramount importance within the broader context of resource management and sustainability initiatives, as it lays the groundwork for optimizing energy usage and facilitating the integration of renewable energy sources. Moreover, shiftable load identification plays a crucial role in DRP and grid flexibility initiatives.



We highlight various economic aspects comparing scenarios with and without net metering, with the latter carrying an exceptional cost burden. The economic advantage of using battery energy storage systems (BESSs) becomes apparent, particularly when coupled with collaboration with an aggregator.



Without net metering, we introduced two strategies to address high electricity bills. Strategy 1 focuses on maximizing revenue by selling excess energy generated by renewable sources, such as a PV plant. Strategy 2 involves activations through an aggregator, presenting a potential for profit despite offering less excess energy. In strategy 1, profit depends on the agreed factor fA and is higher for active users with a PV plant.



In the article, new indicators such as SS, GD, and SC have been introduced to provide a more precise representation of the level of self-sufficiency shown by active users and their reliance on the grid. The SS indicator remained the same, regardless of the chosen strategy, indicating that the PV plant generated more electric energy annually than the active user consumed. The GD indicator was higher, and, therefore, the SC indicator was lower in the case of strategy 2 due to the modified operation of the BESS.



This work contributes to the understanding of the potential of renewable energy sources and the BESS as an alternative to traditional energy sources. The results of this analysis can guide active users in making informed decisions regarding their investment in PV systems and energy management strategies. Future work will be based on production and consumption forecasts and detailed economic analysis, with the inclusion of the price of the investment.
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Abbreviations




	C1
	A contribution for a market operator [EUR]



	C2
	A contribution for energy efficiency [EUR]



	C3
	A contribution to support the production of electric energy from renewable energy sources and high-efficiency co-generations [EUR]



	C4
	Excise duties on electric energy [EUR]



	CBESS
	BESS capacity [kWh]



	Cc
	Billing power [kW]



	EBESS
	Instantaneous energy in the BESS [kWh]



	    E  BESS  c    
	Energy consumed from the BESS [kWh]



	    E G c    
	Energy taken from the grid [kWh]



	    E  PV  c    
	Energy that supplies the household load directly from the PV [kWh]



	    E L c    
	Load consumption energy [kWh]



	    E  PV  p    
	Energy produced from the PV plant [kWh]



	    E   PV _ e   G    
	Excess energy sent to the grid [kWh]



	    E   PV _ e    BESS     
	Excess energy from the PV plant that supplies the BESS [kWh]



	    E  BESS  s    
	Energy stored in the BESS [kWh]



	    E G  cLT     
	Energy used under LT [kWh]



	    E G  cHT     
	Energy used under HT [kWh]



	    f A    
	Weighting factor that represents the reduction in profit, and it must be agreed upon with the aggregator



	    f  HP     
	Weighting factor that determines the extent to which we need to modify the power of the HP



	GD
	Grid-dependency indicator [%]



	NLT
	Network charge for LT [EUR/kWh]



	NHT
	Network charge for HT [EUR/kWh]



	PEB
	Initial costs for electric energy [EUR]



	Pd
	Costs for electric energy after deduction of the costs for    P  PV    _ e      [EUR]



	    P  PV    _ e      
	Profit from selling the excess energy [EUR]



	PLT
	Cost for LT [EUR/kWh]



	PHT
	Cost for HT [EUR/kWh]



	SC
	Self-consumption indicator [%]



	SOC
	State of charge [%]



	SOCmin
	Minimum state of charge [%]



	SOCmax
	Maximum state of charge [%]



	SS
	Self-sufficiency indicator [%]



	Tp
	Trading price on the day-ahead market [EUR/kWh]



	    η c    
	Charging efficiency



	    η d    
	Discharging efficiency
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Figure 1. LT and HT on (a) weekdays (Monday to Friday) and (b) weekends (Saturday and Sunday) and national holidays. 
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Figure 2. The assumed relationship between active user, new entity aggregator, and supplier in the future electric energy market. 
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Figure 3. Hourly trading price on the day-ahead market for electric energy. 
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Figure 4. Positive and negative flexibility potential for the EV (a,b) and HP (c,d). 
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Figure 5. Positive and negative flexibility potential for a PV (a,b) and a BESS (c,d). 
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Figure 6. Strategy 1 (a) and strategy 2 (b) for an active user with a PV plant only. 
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Figure 7. Strategy 1 (a) and strategy 2 (b) for an active user with a PV plant and BESS. 
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Figure 8. Performance of the BESS for strategy 1 (a) and strategy 2 (b). 






Figure 8. Performance of the BESS for strategy 1 (a) and strategy 2 (b).



[image: Energies 17 01501 g008]







[image: Energies 17 01501 g009] 





Figure 9. Process of the research. 
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Figure 10. Daily load consumption (a) and PV production distributed (b) by month. 
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Figure 11. Results of the EV (a,c) and HP (b,d) recognition algorithm for the selected summer and winter days. 
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Figure 12. Load consumption for the shiftable (EV in HP) and non-shiftable household loads for every month. 
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Figure 13. Analysis of the SS (a), SC (b), and GD (c) indicators for every month without the net metering policy and strategy 1 for an active user with a PV only. 
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Figure 14. Energy exchange with the grid: (a) energy taken from the grid and (b) energy sent to the grid. 
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Figure 15. Comparison of the flexibility potential between an active user with a PV plant only and an active user with a PV plant and BESS for strategy 1: (a) for the selected summer day, (b) annual monthly flexibility potential, and (c) for the selected winter day. 
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Figure 16. Comparison of the flexibility potential between an active user with a PV plant only and an active user with a PV plant and BESS for strategy 2: (a) negative flexibility potential for the selected summer day, (b) annual monthly negative flexibility potential, (c) positive flexibility potential for the selected summer day, and (d) annual monthly positive flexibility potential. 
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Figure 17. Composition of the flexibility potential for an active user with a PV: (a) the negative flexibility potential for the selected summer day, (b) the negative flexibility potential for selected winter day, (c) the positive flexibility potential for selected summer day, (d) the flexibility potential for selected winter day. 
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Figure 18. Composition of the flexibility potential for an active user with a PV and BESS (a) the negative flexibility potential for the selected summer day, (b) the negative flexibility potential for selected winter day, (c) the positive flexibility potential for selected summer day, (d) the flexibility potential for selected winter day. 
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Figure 19. Changes in load consumption during the aggregation signal, where activation 1 is marked with first black box and activation 2 is marked with the second black box. 
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Figure 20. Consumption from the grid during the aggregator signal for positive and negative flexibility signals, where activation 1 is marked with first black box and activation 2 is marked with the second black box. 
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Figure 21. Excess energy sent to the grid during the aggregator signal for positive and negative flexibility, where activation 1 is marked with first black box and activation 2 is marked with the second black box. 
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Figure 22. SOC during the aggregator signal for positive and negative flexibility, where activation 1 is marked with first black box and activation 2 is marked with the second black box. 
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Table 1. Charges and prices that are used to calculate the final price of electric energy for Slovenian households.
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	PLT [EUR/kWh]
	PHT [EUR/kWh]
	NCLT [EUR/kWh]
	NCHT [EUR/kWh]
	CC [EUR/kW]
	C1 [EUR/kWh]
	C2 [EUR/kWh]
	C3 [EUR/kW]
	C4 [EUR/kWh]





	0.118
	0.082
	0.03215
	0.04182
	0.77417
	0.00013
	0.0008
	0.36948
	0.00153










 





Table 2. Results of analysis without net metering.
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	Strategy
	Pd [EUR]
	CBESS

[kWh]
	SS [%]
	SC [%]
	GD [%]





	Without
	1401.2
	-
	107
	17
	83



	Without
	1116.0
	10
	107
	36
	64










 





Table 3. Results from strategy 1 analysis.
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	Strategy
	CBESS

[kWh]
	fA
	PPV_e

[EUR]
	Pd

[EUR]





	1
	-
	0.2
	599.7
	801.5



	1
	-
	0.4
	1199.5
	201.7



	1
	-
	0.6
	1.799.2
	−397.9



	1
	10
	0.2
	459.8
	656.1



	1
	10
	0.4
	919.7
	196.3



	1
	10
	0.6
	1379.5
	−263.54










 





Table 4. Results for strategy 2.
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	Strategy
	CBESS

[kWh]
	fA
	PPV_e

[EUR]
	Pd

[EUR]
	    E   PV _ e   G     [kWh]
	SS [%]
	SC [%]
	GD [%]





	2
	-
	1
	26.6
	1346.0
	8.29
	107
	15
	85



	2
	10
	1
	148.8
	967.2
	6.01
	107
	32
	68
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