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Abstract

:

Over the last decade, the importance of electricity in the overall energy mix has been increasing. Trends show that by 2030, half of the electricity production will be from renewable energy sources, such as wind or solar energy. To complete and underpin such robust growth, the EU policies and national legislations related to the electricity market must introduce new instruments, taking into account new market players and cutting-edge technologies such as energy storage devices. The sustainability and security of the European electricity supply are strongly dependent on the successful integration of photovoltaic energy. This paper examines the deviation between day-ahead and intraday photovoltaic power generation forecasts compared to the real production regarding 1000 MWp photovoltaic systems. The aim was to determine the photovoltaic balancing requirement through real data relative to the day-ahead and intraday forecasts. Another goal was also to establish the photovoltaic grid balancing reduction potentials of lithium-ion-based and vanadium redox flow battery storage systems. As a result of this research, it was possible to present the magnitudes of the balancing power, the energy divergence, and the frequency in the examined 5-year period. In addition, by a second modeling concept, several energy storage capacity sizes (nominal net storage capacity) were simulated from the values of 10 to 10,000 MWh to estimate these grid balancing reduction potentials by using real, measured photovoltaic data.
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1. Introduction


1.1. Photovoltaic Trends in the World and in the European Union


Due to today’s energy trends, it is necessary to reorganize the existing energy systems, mainly due to the increasing greenhouse gas emissions of the world, the scarcity of fossil fuels, and the increasing demand for electricity. The electricity sector plays an important role in the reduction of anthropogenic greenhouse gas emissions. Therefore, the use of less carbon-intensive technologies is necessary to meet challenging emission reduction targets [1,2,3]. The renewable energies have an increasing role in the process of energy production in the 21st century [4]. Besides numerous other benefits, energy production based on photovoltaic technologies can significantly contribute to sustainable energy management. By a one-time investment in photovoltaic technology, it is possible to produce CO2-free green energy without producing any waste for several decades [5,6].



Worldwide, the development of variable renewable energy (VRE) sources (wind, solar) is expanding rapidly because they are clean, safe, widely available, sustainable and economical [7]. Photovoltaic (PV) technologies use photovoltaic modules that transform the electromagnetic solar radiation from the Sun into electricity. A large-scale growth in photovoltaic energy production has been observed in recent years and in most countries the reasons are [8]:




	
Rapid technological development,



	
Falling investment costs, and



	
The introduction of state subsidies [9].








The share of renewable electricity production represented 26.5% of all electricity produced globally in 2017, of which PV systems accounted for 1.9% [10]. PV technologies have largely penetrated the global energy market. In 2018, the global built-in PV capacity amounted to 509.3 GW, with the largest proportions being China’s 175.1 GW, Europe’s 125.8 GW, the USA’s 62.1 GW, Japan’s 55.8 GW, and India’s 27.3 GW [11]. Nowadays, in the energy sector, PV technology is considered to be a cost-competitive source for increasing electricity production and for providing energy access. Nonetheless, markets in most locations continue to be driven largely by regulations or government incentives [12,13,14,15]. Germany (45.9 GW/2018), Italy (19.9 GW/2018), France (8.9 GW/2018), Spain (5.9 GW/2018), and the Netherlands (4.1 GW/2018) have a prominent role in the spread of photovoltaic technology in the European Union (EU). Based on the European Network of Transmission System Operators for Electricity (Entso-E) scenarios, by 2040, the net PV production capacity in the EU will be about 231–625 GW higher than in 2017 (108 GW) [11,16,17] (Figure 1).




1.2. The Importance of Energy Storage Systems


The need for energy storage systems in electricity networks is becoming increasingly important as more and more generating capacity uses VRE sources [18,19,20]. The ideal ratio between the necessary and unnecessary amount of VRE power depends on balancing and storage resources [21,22,23], transmission [24,25,26,27], and the characteristics of the load and the climate [28,29,30].



The key to addressing the variability and uncertainty of VRE integration is the increasing of the overall flexibility in the power systems. Energy storage technologies can provide a variety of flexibility services, including the provision of operating reserves and shifting energy over time to better match generation and load [31,32,33,34,35,36,37,38]. This technology can provide both downward and upward flexibility, storing energy either when there is a generation surplus or lower demand and discharging in the opposite case [38,39,40,41]. With respect to solutions for the load balancing of demand and supply in the electricity system large-scale storage options, such as molten-salt thermal storage, pumped hydro storage (PHS), battery, flywheel, or compressed air storage systems are of main interest (Figure 2) [42,43,44,45,46]. However, the specific details of the features of these energy storage technologies are not included in this manuscript.



The global stationary, grid-connected energy storage capacity was about 159 GW in 2017, most of which was provided by PHS with 153 GW. Around 0.5 GW new utility-scale energy storage capacity was added in 2017 of an estimated 5.9 GW in operation. Most of the growth was in electrochemical (battery) storage, which increased by 0.4 GW to a total of 2.3 GW [10,38,47,48,49]. Nowadays, the battery storage systems are attractive because they are compact, mostly safe, easy to deploy, and already economical in many countries, and they provide a virtually instant response to network disturbances [38,42,50]. Current forecasts and analyses [42] show that the total energy capacity of stationary storage technologies will grow from an estimated 4.67 in 2017 to 6.62–15.89 TWh by 2030 if the share of VRE in the energy system is to be doubled by 2030. According to optimistic estimates and different scenarios [42], the non-PHS will grow from an estimated 162 GWh in 2017 to 5.8–8.4 TWh in 2030. The large increase in storage will be driven by the rapid growth of utility-scale and behind-the-meter applications; therefore, the total battery capacity in stationary applications will grow from an estimated 11 GWh in 2017 to 100–421 GWh by 2030. From the Global Energy Storage Database (DOE) [51] and the International Renewable Energy Agency (IRENA) (2017) [42] data, it can be concluded that 20–80 GWh of global electromechanical storage energy capacity will be built by 2030, of which 20%–30% will be in the EU. The economics of stationary battery electricity storage applications could improve significantly in the 10 next years. As an increasing number of countries begin to introduce market reforms to support higher shares of VRE, more transparent and new markets for ancillary services are emerging, often at a very granular level. This market situation will open up new opportunities for electrochemical storage deployment, given that battery storage will increasingly offer competitive services to these markets. Besides, frequency regulation, electric energy time shift, or renewable capacity firming from battery storage technologies will also expand. The cost reduction potential for new and emerging electricity storage technologies (such as vanadium redox flow battery (VRFB)) is significant [17,42,52]. In 2020, the average price of a utility-scale lithium-ion-based energy storage system (without tax, customs, shipping, authorization, installation costs, etc.) was 300–400 $/kWh, while in the case of VRFB technology, the price decreased to 200–295 $/kWh. This means that the VRFB energy storage technology has become a real, competitive alternative to Li-ion-based (lithium titanate, lithium iron phosphate, nickel manganese cobalt oxide, lithium nickel cobalt aluminum) storage systems [52,53,54]. Table 1 shows the expected energy installation cost reference values for 2030 [42]. In the recent period, the market perception of utility-scale Li-ion energy storage systems in the USA has changed somewhat. In the summer of 2019, there was a major fire at a 2-MW lithium-ion battery system in the state of Arizona (USA). This was the second such case in the state. As a result, the state is exploring the available economical, more sustainable, and secure alternatives. From a security standpoint, the VRFB technology has no risk of thermal runaway [55,56]. The advantage of VRFB is the indefinite-depth discharge cycle, while the rate of physical degradation of the Li-ion battery varies from 2% to 18% after 2500 cycles compared to the new state. The disadvantage of the VRFB technology is the approximately 10%–20% lower round-trip efficiency compared to Li-ion technology [57,58,59,60,61].




1.3. Grid Integration Challenges of Variable Renewable Energy Sources and Storage Systems


Integrating the PV technologies into the EU grid system will address the need for a more flexible electricity grid [62]. At present, the integration of PV power into the electricity grid is a challenge due to the variable nature of power generation, since the existing grids and their capacities were established to comply with less or non-variable energy sources, predictable load peaks, and dispatchable power generation. Nowadays, the flexibility of the grid is an indispensable economic–technical aspect that is required to handle the network constraints caused by PV generation during the peak hours of the demand [17,33,63,64,65]. One of the most important steps is to evaluate existing rules to determine whether new approaches to design, planning, and operation are needed for higher penetrations of PV technologies. Real market examples show that the EU countries do not have a unified approach to this situation. For example, the Spanish Government has developed a regulation for deploying a net-metering system that will allow restraining energy demand on the system. This concept focuses not only on generation, but also on generation and demand management [66,67]. In contrast, the Czech and Polish transmission system operators (TSOs) have installed phase-shifting transformers (PSTs) at their borders with Germany to prevent the loop flows of northern German VRE power meant for Bavaria and Austria flooding their networks. The interesting thing about the situation is that Austria buys wind power to fill its pumped hydropower storage systems, and ideally 35% of the electricity flowing from Germany to Austria passes through the Czech Republic [67,68]. Strbac et al. [40] showed by a UK network example that the addition of 5 GW of storage in the case of a 60 GW average grid demand reduces the transmission expansion needs by 20% using 24-h storage [39]. The examples help to understand that it is necessary for each country to develop their own policies and system operations to achieve the safe system flexibility and reliability needed for successful PV power integration. For a given power system, the planning consists of an inherently complex set of activities that are undertaken by multiple jurisdictions and groups. The PV technology can be accommodated by integrating the planning of system performance, generation, and transmission. To achieve this, institutions and markets need to be designed to allow access to physical capacity [67]. Energy storage is practically equivalent to grid enhancements in a country because this should be integrated into the network and/or the entire transformer area. This means that not only the transmission capacity and interconnection should be analyzed, but also the network development features (also local smart grid, low- and medium-voltage developments, virtual power plant concepts, transmission reliability margin) and the costs for each country. Based on the energy storage capacities, power capacities, discharge time, and capacity factor values, it is possible to calculate the role of energy storage in the energy mix. In this way, the declining role of peak power plants or the load-reducing role of VRE can be examined/calculated, too. This makes it possible e.g., to determine some reduction of interconnection values. Due to increased VRE, local energy storage is a security issue for each country, which also serves the interests of the market. Due to the heterogeneous installations and weather dependence of PV energy within a country, an opposite energy flow can occur in the local electricity network. This problem can only be effectively managed by a local storage system to optimize the electrical parameters of the entire transformer area. The main purpose of the new storage systems is to keep the voltage within the permitted range by charging and discharging according to the local VRE systems [67,69,70].




1.4. Energy Storage Systems for the Energy Management of Variable Renewable Energy Sources in the Distributed Generation Systems


In the energy sector nowadays, the electricity market liberalization and distributed generation (DG) have been the key drivers for the expansion of the concept of small-scale energy sources. Regarding the fight against global climate change, the use of variable renewables such as wind and PV energy are important to ensure sustainability and energy conservation. Integrating VRE sources is turning out to be a real challenge for the smooth operation of DGs. Grid operators face immense issues in scheduling the generated power from the DGs, especially due to variable renewable energy sources (VREs), which are difficult to be forecasted. An effective management of the generating resources in the DG network is currently very important. It can be said that the energy storage solutions can be incorporated for energy management in many ways, and the conventional usage of energy storage devices was mostly for long-term storage applications. Today, these devices can be used for energy storage and delivery from millisecond to months. These systems can act as spinning reserves for providing short-term power supply to manage instant variability in DG-generated power. Energy storage solutions can compensate for the intermittency and variability of PV and wind energy sources and improve the power reliability and quality. On the other hand, energy storage systems (ESSs) can also provide ancillary services to enable quality power delivery to the end users. The optimized selection in the sizing and siting of ESSs is an important challenge for engineers. The dynamic management of energy generated in a DG system can enhance the performance of the system, thereby enabling reliable and quality energy delivery. National regulations or features such as Feed-in-Tariff (FiT), bond yield interest rates, and other economic dynamics have great impact on the operation of DGs, in which case ESSs can act as added assets to achieve better economic dispatch solutions. The effective usage and implementation of energy storages in the distributed grid requires flexible and intelligent energy management strategies that are capable of handling the dynamics of distributed systems, while ensuring the efficient and effective usage of storage devices. However, the further implementation of hardware-in-the-loop optimization, simulations, weather forecasts, algorithms, and other intelligent techniques and tools have now been attempted to propose advanced energy management scheme strategies to improve storage lifetime and operability [71].




1.5. Policy Proposals and Trends in the Energy Storage Market in the European Union


In the EU’s Energy Union strategy, there are five closely mutually reinforcing and interrelated dimensions:




	
A fully integrated European energy market,



	
Energy efficiency contributing to the moderation of demand,



	
The decarbonization of the economy,



	
Trust, energy security, and solidarity, and



	
Competitiveness, research and innovation [72].








The energy storage systems have the potential to play an increasing role in achieving each of these dimensions. The need for new energy storage capacity is limited, and the economic perspective is currently not very favorable for new installations. However, in the longer term, more grid flexibility will be needed if higher shares of VRE sources are integrated. The European Union should invest more in research and development activities and product development into promising directions to become competitive in storage technologies, and it is also an important aspect to constantly analyze the most effective options. Storage innovations can generate opportunities and create new employment for the EU. Demand side management, flexible generation units, energy storage, and interconnections can all act as flexibility options. For the future, the development of capacity markets should be harmonized at the European level with clear guidelines to ensure neutrality in relation to technology choices for flexibility storage options and following an integrated energy market approach. The energy storage technologies in support of the transmission and distribution networks could provide greater reliability, stability, and resilience for the EU. Thereby, energy storage can help to reduce, defer, or even avoid investments in transmission and distribution infrastructure when it is a more economical choice. The use of energy storage technologies by national grid operators is very limited nowadays. According to some opinions, access should be provided to storage technologies with new business models. It would be necessary to allow grid operators to invest, exploit, and use energy storage services together with residential and industrial customers of the energy sector to strengthen the flexibility, resilience, and reliability of the grids [72].



Published in June 2019, Regulation (EU) 2019/943 on the internal market for electricity is considered as one of the last but most important documents of the Clean Energy Package with special regard to its provisions shaping the future of energy storage. The inclusion of consumers in the electricity market by enhancing the demand-side response and energy storage will be a significant step toward a more flexible electricity system that can keep up with the intense deployment of renewable energy technology and respond to the continuously growing energy demand [73].



The rapid deployment of renewable energy technologies is closely linked to the EU’s long-term goal to achieve carbon neutrality by 2050. Such a shift toward clean energy urges increased electrification, entailing a growing need for upgrading energy storage solutions. Under the new regulation, balancing markets shall ensure non-discrimination between market actors, taking into account different technical capacities of sources of electricity generation, storage, and demand-side response. Moreover, the non-discrimination of energy storage facilities should also be considered in terms of access to electricity networks. Energy storage, as defined in the common rules for the internal electricity market, is one of the numerous novelties of the new regulation, including not only reconversion into electricity, but also into other energy carriers. The new policy framework is also setting up expectations toward distribution system operators (DSOs), highlighting their key role in the better integration of renewable energy sources, distributed power generation, and other resources embedded in the electricity network, such as energy storage solutions. On the other hand, close and effective cooperation among TSOs and DSOs will be of great importance in order to ensure coordinated access to such resources [74,75].




1.6. The Main Business Levels of Energy Storage


The Rocky Mountain Institute has summarized several battery energy storage services based on reports, expert interviews, and internal analysis. This work described 13 energy storage services by the stakeholder groups: independent system operators (ISOs)/regional transmission organizations (RTOs), utilities, and customers. Energy storage can be classified at three different levels: behind the meter, distribution, or transmission level (Figure 3) [76].



ISO/RTO services:




	
Energy Arbitrage: In this case, the wholesale electricity needs to be purchased when the locational marginal energy price is low (for example at night) and the electricity is sold back to the wholesale market when locational marginal prices are high [76].



	
Frequency Regulation: This is the automatic and immediate response of power to a change in local grid frequency. The regulation is important to ensure that system-wide generation is perfectly matched with system-level load on a moment-to-moment basis to avoid system-level frequency dips or spikes, which can create grid instability [76].



	
Spin/Non-Spin Reserves: In the case of an unplanned generation outage, the spinning reserve generation capacity is able to serve the load immediately. The non-spinning reserve (not instantaneously available) is a generation capacity that can respond to contingency events within a short period (<1 min) [76].



	
Voltage Support: This regulation ensures continuous and reliable electricity flow across the grid. Voltage on the transmission and distribution system need to be maintained within an acceptable range to ensure that real and reactive power production are matched with the demand [76].



	
Black Start: In the case of a grid outage, black start generation assets are needed to restore operation to larger power plants in order to bring the regional grid back online [76].








Utility services:




	
Resource Adequacy: In this case, instead of investing in new gas combustion turbines to meet generation requirements during peak electricity consumption hours, utilities and grid operators can pay for other solutions (including energy storage) to incrementally reduce or defer the need for new generation capacity and minimize the risk of overinvestment in that area [76].



	
Distribution Deferral and Transmission Deferral: Reducing, delaying, or entirely avoiding utility investments in distribution system upgrades is necessary to meet the projected load growth on specific regions of the grid [76].



	
Transmission Congestion Relief: In this case, the ISOs charge utilities to use congested transmission corridors during certain times of the day. The energy storage devices can be deployed downstream of congested transmission corridors to charge/discharge the energy during congested periods and minimize congestion in the transmission system [76].








Customer services:




	
Time-of-Use Bill Management: During peak electricity consumption periods when time-of-use rates are the highest, by shifting these purchases to periods of lower rates, behind-the-meter customers can use energy storage systems to reduce their bill [76].



	
Increased PV Self-Consumption: This means minimizing the export of electricity generated by behind-the-meter PV systems to maximize the financial benefit of PV systems in areas with utility rate structures that are unfavorable to distributed PV [76].



	
Demand Charge Reduction and Backup Power: In the case of grid failure, battery energy storage systems with local generators can provide backup power at multiple scales (industrial operations, daily backup for residential customers) [76].









1.7. Electricity Trading


Nowadays, most of the electricity is traded on power exchanges. Below, there are some examples where day-ahead contracts dominate [78]:




	
Europe: Nord Pool, European Energy Exchange (EEX),



	
Asia: India Energy Exchanges (IEX),



	
USA: Pennsylvania New Jersey Maryland Interconnection LLC (PJM), New York Independent System Operator (NYISO) [78].








The day-ahead prices are set around noon on the day preceding the delivery. In case of changing weather conditions and unplanned events, the day-ahead markets are supplemented by balancing and intraday markets. The intraday markets are typically organized by power exchanges in the form of auctions or continuous trading. Under the control of the system operators, the final balancing of the demand and supply is achieved through the balancing markets [78].





2. Methods and Details of the Technical Assessment


2.1. Technology-Specific Energy Storage Considerations for Balancing PV Systems


Today, PHS is very effective for grid balancing, but its use is geographically limited to certain countries, and it also has a significant impact on the environment. In Europe, the largest potential of PHS is located in the Alps, and current PHS systems already play a role in balancing the intermittency of renewables at a European level. In addition, the construction of PHS facilities can take up to a decade (Table 2) [20,42,79]. From an economic point of view, compressed-air energy storage (CAES) systems are competitive with batteries; however, for their profitability, caverns need to built or unused salt caverns have to be used, which also creates geographical constraints. Flywheel systems can only be utilized in short-term grid balancing regulation, and their investment needs are still high [80,81]. Nowadays, battery storage systems are attractive because they are compact, easy, and fast to deploy, and their prices have fallen significantly in the last few years. They also provide a quick solution for controlling the weather dependence of a PV system locally [42,52].




2.2. The Aspects of the Analysis


Our study deals with the deviation between day-ahead and intraday PV power generation forecasts compared to the real production. The aim is to determine the balancing requirement through real data relative to the forecasts related to 1000 MWp PV system. This research also focused on Li-ion-based and VRFB energy storage systems in connection with the PV grid balancing reduction potential, because these technologies allow an effective, fast, and better integration of VRE sources into the power system, avoiding PV or wind generation curtailment in the case of exceeding generation compared to grid transport capacities [20,52,79].



2.2.1. The Circumstances of the Modeling


For the analyses, the Elia Group’s (EG) 15-min-based PV power data (measured data, day-ahead, and intraday forecasts) were used for the period of 30/09/2014–30/09/2019 [82]. The EG has been developing PV power forecasting systems since 2012 to maximize the grid integration of PV technology, primarily to the day-ahead and intraday market. The size of the monitored system was 2.9 GW in 2012 and had reached the value of 3.9 GW by September 2019 [82]. The frequency of the database measurement periods is continuous with 15-min intervals. The day-ahead PV data are a snapshot of day + 1 forecast, which is updated at 11:35 based on 11:00 meteorological forecast input information. The most recent forecast provides an opportunity to update the PV electricity production forecasts in the intraday market; this is updated four times a day, at 06:00, 11:00, 16:00, and 21:00. About a 1 to 2-h delay is to be applied for the application of those updates into the grid model and intraday grid calculations from Elia [82,83]. In this article, the analyses were converted to 1-GW PV system. The EG has been developing a wind power forecasting system also, but this research focuses only on PV technology.



In this manuscript, a 0% divergence limit was analyzed with 15-min frequency measurement periods. This model approach fits the “Transmission Congestion Relief” [76] utility services category. For example, today in Hungary, PV system operators need to create 15-min-based PV day-ahead electricity production forecasts for every single day for the Hungarian TSO [84]. Intraday PV forecasts are optional. However, it should be noted that PV system owners need to pay a kWh-based surcharge for any intervals of 15 min if the divergence is more than ±50% between measurements and forecasts from 1 July 2018. For this reason, creating intraday PV forecasts is highly recommended, because it can reduce the rate of the surcharge [8,84,85,86]. According to the new regulatory model, the ±50% divergence limit will be 0% within a few years due to the rapid growth of PV systems [11,16,87,88]. This is because when the real energy output of the PV system in the 15-min time interval does not reach the day-ahead or intraday forecast, then officially the TSO needs to regulate in a positive direction [85]. From the perspective of the PV system operators, this means that the positive TSO regulation equals a negative divergence because of the difference between real power and day-ahead or the most recent power data, which is caused by the official calculation method. This logic (Figure 4) was illustrated by real data of 12/07/2019. This European market example shows that tightening the legal framework for PV forecasting accuracy in the day-ahead and intraday market can make investors economically interested in using energy storage systems to achieve more accurate daily energy generation by PV.



Today, it has become a relevant question how effectively battery storage systems can be used to maintain day-ahead and intraday PV electricity production forecasts, because the current PV-battery management technology is capable of programmed energy generation [89,90,91,92]. Table 3 shows the efficiency features associated with battery technologies.




2.2.2. Data Processing


With the help of the EG database, the negative and positive power divergence for every 15 min and the summarized daily amount of the energy of these time periods were determined between the real and forecasted data (from the perspective of the PV system operators) for a 1000-MW PV system for the period of 30/09/2014–30/09/2019. The purpose of this was to show the magnitudes of the power divergences and their percentage distributions in the examined 5-year period. In addition, the daily sizes of the negative and positive balancing energy requirements were also determined from the above-mentioned database. This information showed the occurrences of the daily balancing energy requirement amounts and their percentage distributions in the examined period. Knowing these, for example, provides information about scaling an inverter performance and the energy storage capacity for the battery on a probability basis.



A second modeling approach has also been developed for the period of 30/09/2014–30/09/2019. With the help of Elia’s real and forecasted PV data, several energy storage capacity sizes (nominal net storage capacity) from the value of 10 to 10,000 MWh were simulated in connection with a 1000-MW PV system grid balancing reduction potential. In this case, the batteries were charged only by PV power when a positive power divergence occurred (from the perspective of the PV system operators) between the real and the day-ahead/intraday forecast within a quarter of an hour. In contrast, the batteries were discharged when a negative power divergence occurred between the real and the day-ahead/intraday PV forecast within a 15-min period. Maximum charging and discharging times of 2 h were considered. At the beginning of the 5-year simulation, the battery charge level was 100%. However, in order to understand the logic, the day 12/07/2019 was separately simulated (Section 3.2), and the battery charge level started from 0% in this case. The results were determined on the basis of the average of the 5-year examined period of TSO regulations and battery usages. Therefore, the energy storage capacity change (physical amortization) after charge/discharge in the case of Li-ion technology was not considered. The power consumption of the air conditioner was provided by the network to reach the optimal temperature range of the batteries. The goal was always to try to keep the day-ahead or most recent (intraday) PV forecast. In the case of a discharged or fully charged battery, the balancing energy was provided by the grid.






3. Results


3.1. Features of the Negative and Positive Power-Energy Divergence


Based on 5 years of data of the EG database, the magnitudes of divergences between the real PV power data and those of the day-ahead and most recent PV power forecasts and their percentage distribution were summarized in the range of 0 MW < x ≤ 550 MW (Table 4, Figure 5). The negative results were given in absolute values. According to the data, it can be concluded that the most recent forecast reduced the MW size of regulation compared to the day-ahead data. For example, a maximum deviation of 50 MW occurred in 72%–76% of the day-ahead cases, whereas this figure increased to 82%–84% in the most recent forecasts. However, it should be noted that the negative power divergence can be up to about 50% of the nominal PV power. In 0.002% of the day-ahead forecast cases, 400 MW < x ≤ 550 MW negative divergence occurred, which increased to 0.004% in the cases of the most recent ones.



In addition, the results showed that the most recent forecast reduced the MWh regulation size of the daily positive divergence above 10 MWh compared to the day-ahead data. In the negative case, this effect occurred only above 60 MWh. In the case of the 100 < x ≤ 200 MWh range, the best forecast resulted in a 6.4%–6.5% improvement in regulation compared to the day-ahead one. The examination of the negative divergence showed that there were rare cases (0.05%) where 2500 MWh < x ≤ 3000 MWh deviations had to be regulated daily. The most common categories for regulation were the 0 MWh < x ≤ 10 MWh and the 100 MWh < x ≤ 500 MWh, because they accounted for 62% of the positive and 61% of the negative divergences, respectively (Table 5, Figure 6).



Overall, the method showed that the accuracy of PV power and energy forecasting improved with the use of the most recent (intraday) forecast method. The best forecast reduced the MW size of regulation compared to the day-ahead data. However, in this way, it is not possible to determine the positive and negative divergence reduction value of a given storage size. That can only be determined by a 15-min based charge/discharge simulation.




3.2. Simulation Results of the Positive and Negative Divergence Reduction Potential of a Given Storage Size


At the beginning of the research, the annual positive and negative TSO regulation need for a 1000 MWp PV system was summarized based on 15-min data during one year (Figure 7). The purpose of this was to determine the magnitude of the MWh differences between the years. The positive day-ahead regulation need varied between 78 and 89 GWh in the examined 5-year period. These values decreased by 20–30 GWh thanks to the most recent forecast method, and the average improvement reached 28%. In the case of the negative day-ahead data, the regulation need was between 76 and 92 GWh, and the best forecast reduced these values by 21–34 GWh. In this case, the average improvement was 31% (Figure 7).



To understand the results of the simulations, the day of 12/07/2019 was separately simulated and the battery charge level started from 0% in this case (Figure 8). In the example, the black line represents the simulated PV power with a 1000 MWh Li-ion battery, and the goal was to try to keep the day-ahead or the most recent (intraday) PV forecast. In the case of a positive divergence (from the perspective of the PV system operators), because of the difference between the PV power without battery and the forecasted power data, the energy storage had been charged with this difference. Battery discharging happened to eliminate the need for positive TSO regulation. In the case of a discharged (or fully charged) battery, the balancing energy was provided by the grid (Figure 8).



In Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, the negative and positive TSO regulation needs in the case of day-ahead and most recent forecasts with different Li-ion and VRFB energy storage capacities related to a 1000 MWp PV system were summarized for the period of 30/09/2014–30/09/2019. These results were determined from the 5-year average values of TSO regulations and battery usage. In Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, 100% data meant the situation without the battery. The 100% average TSO regulation values in MWh are contained in Figure 7 presented above. In the simulations, the batteries were charged only by PV power when positive power divergence occurred (from the perspective of the PV system operators). The results showed that the battery was more effective in negative TSO regulation need than in the positive case. The main reason for that was the energy storage round-trip efficiency phenomenon (Figure 13 and Figure 14) and to a lesser extent the characteristics of the battery charge status. The latter case is important because e.g., it is not possible to cover the negative TSO regulation requirement with a fully charged battery. The round-trip efficiency effect was more visible in the case of the VRFB technology. For this type of battery, the response to negative TSO regulation need was a few percent more efficient because of the higher charging loss compared to the Li-ion one. In the case of the most recent forecast, a 1 MWp PV system with an >8000 MWh VRFB battery eliminated 99% of the negative TSO regulation requirement (Figure 12), whereas this characteristic was 0.9% to 1.6% worse (Figure 11) for the Li-ion battery. In contrast, the positive TSO situation was more difficult to regulate with the VRFB technology.



The exponential relationship between TSO regulation need and energy storage capacity is more clearly shown in Figure 13 and Figure 14:




	
There is an accelerating decrease up to about 1000 MWh of energy storage capacity.



	
There is a slowing decrease between about 1000 and 3000 MWh of energy storage capacity.



	
The decrease is very slight over about 3000 MWh energy storage capacity.








These relationships, for example, provide information for investment decisions.





4. Conclusions


This study examined the deviation between day-ahead and intraday PV power generation forecasts compared to the real production in connection with a 1000-MWp PV system. It also analyzed and presented the lithium-ion based and vanadium redox flow battery storage technologies in connection with the photovoltaic grid balancing reduction potential. The aim was to determine the photovoltaic balancing requirement through real data relative to the day-ahead and intraday forecasts. Another goal was also to establish the photovoltaic grid balancing reduction potentials of lithium-ion based and vanadium redox flow battery storage systems. The results made it possible to present the occurrence of the balancing power and energy divergence magnitudes and their percentage distributions in the examined 5-year period. Overall, this method showed that the accuracy of PV power and energy forecasting has improved with the usage of the most recent (intraday) forecast method. The best forecast reduced the MW size of regulation compared to the day-ahead data. In summary, the analytical results indicate the probability of balancing power and energy divergence magnitudes and their percentage distributions in the examined 5-year period.



The simulation results showed the grid balancing reduction potentials related to the energy storage value of 10 to 10,000 MWh. It was found that the battery technology and its energy storage capacity have a significant impact on the regulation needs of TSOs. Generally, the frequency of need for positive regulation by the TSO was higher than that of the negative ones, thus, ensuring the positive value is a greater challenge. The main reason for this was the energy storage round-trip efficiency phenomenon and to a lesser extent the characteristics of the battery charge status. For example, the exponential relationship between TSO regulation need and energy storage capacity provides information for investment decisions.



This paper gives a comprehensive review on the energy issue. The results of this research refer to the Belgian TSO; however, the limitations of PV grid integration are well demonstrated. The developed simulation procedure allows the method to be adapted to any country; therefore, our goal is to develop this concept into an easy-to-use application to help the work of TSOs facing the challenge of PV integration.
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Abbreviations


The following abbreviations are used in this manuscript:



	CAES
	Compressed-air energy storage



	DG
	Distributed Generation



	DOE
	Global Energy Storage Database



	DSO
	Distribution system operators



	EEX
	European Energy Exchange



	EG
	Elia Group



	Entso-E
	European Network of Transmission System Operators for Electricity



	ESS
	Energy Storage System



	ESSs
	Energy Storage Systems



	EU
	European Union



	FiT
	Feed-in-Tariff



	IEX
	India Energy Exchanges



	IRENA
	International Renewable Energy Agency



	ISOs
	independent system operators



	LFP
	Lithium-Iron-Phosphate



	Li-ion
	Lithium-Ion



	LTO
	Lithium titanate



	NCA
	Nickel cobalt aluminium



	NMC
	Nickel manganese cobalt oxide



	NYISO
	New York Independent System Operator



	PHS
	Pumped hydro storage



	PJM
	Pennsylvania New Jersey Maryland Interconnection LLC



	PST
	Phase-shifting transformer



	PV
	Photovoltaic



	RTO
	Regional transmission organizations



	SMES
	Superconducting magnetic energy storage



	TES
	Thermal energy storage



	TSO
	Transmission system operator



	USA
	United States of America



	VRE
	Variable Renewable Energy



	VREs
	Variable Renewable Energy Sources



	VRFB
	Vanadium redox flow battery
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Figure 1. Net photovoltaic (PV) production capacity forecast in the EU based on Entso-E scenarios in 2040 based on [16]. 
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Figure 2. Utility-scale energy storage technologies by typical discharge time and power capacity ranges based on [39]. 
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Figure 3. Battery energy storage value chain based on [76,77]. 
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Figure 4. Explanation of the interpretation of real, day-ahead (a) and most recent (b) PV power by a transmission system operators (TSO) and a PV system operator based on real data of a 1000-MWp PV system [82]. 
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Figure 5. The magnitude of the day-ahead PV power forecast divergence (15 min-based) compared to the real PV power data for the period of 30/09/2014–30/09/2019. 
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Figure 6. The magnitude of the day-ahead PV energy forecast divergence (24 h-based) compared to the real PV power data for the period of 30/09/2014–30/09/2019. 
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Figure 7. The summarized results of the positive and negative TSO regulation needs based on the day-ahead and most recent PV energy forecasts in the case of a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 
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Figure 8. Illustration of the PV plus battery power simulation results by real 1000 MWp PV input data on 12/07/2019, (a) day-ahead, (b) intraday. 
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Figure 9. Negative and positive TSO regulation needs in the case of day-ahead forecast with different Li-ion energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 
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Figure 10. Negative and positive TSO regulation needs in the case of day-ahead forecast with different VRFB energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 
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Figure 11. Negative and positive TSO regulation needs in the case of most recent forecast with different Li-ion energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 
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Figure 12. Negative and positive TSO regulation needs in the case of most recent forecast with different VRFB energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 






Figure 12. Negative and positive TSO regulation needs in the case of most recent forecast with different VRFB energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019.



[image: Applsci 10 01472 g012]







[image: Applsci 10 01472 g013 550] 





Figure 13. The relationship of negative and positive TSO regulation needs in the case of day-ahead and most recent forecast with different Li-ion energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 
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Figure 14. The relationship of negative and positive TSO regulation needs in the case of day-ahead and most recent forecast with different VRFB energy storage capacities related to a 1000 MWp PV system for the period of 30/09/2014–30/09/2019. 
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Table 1. Energy installation cost reference values of Li-ion and vanadium redox flow battery (VRFB) batteries for 2020 and 2030 based on [42].
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	Battery Technology
	Reference Energy Installation Cost in 2020 [USD/kWh]
	Expected Reference energy Installation Cost in 2030 [USD/kWh]





	VRFB
	282
	119



	* LTO
	887
	478



	* LFP
	477
	224



	* NMC
	348
	167



	* NCA
	279
	145







* LTO = lithium titanate, LFP = lithium iron phosphate, NMC = nickel manganese cobalt oxide, NCA = nickel cobalt aluminum.
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Table 2. New pumped hydro storage (PHS) storage projects in the EU based on [20].
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	Entso-E Project Number
	Country
	Expected Commission Date
	Current Status





	1011
	Spain
	2020
	in permitting



	1000
	Austria
	2022
	under construction



	1002
	Belgium
	2022
	planned but not permitted yet



	1006
	Greece
	2023
	in permitting



	1012
	Spain
	2023
	in permitting



	1009
	Lithuania
	2024
	under construction



	1030
	Ireland
	2024
	planned but not permitted yet



	1003
	Bulgaria
	2025
	in permitting



	1015
	UK
	2025
	under construction



	1026
	Austria
	2025
	in permitting



	1025
	Ireland
	2026
	under construction



	1014
	UK
	2027
	in permitting



	1019
	Spain
	2027
	in permitting



	1029
	Slovenia
	2027
	in permitting



	1004
	Estonia
	2028
	in permitting



	1027
	Spain
	2028
	in permitting



	1001
	Austria
	2034
	in permitting
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Table 3. Main technical–economic parameters for simulations using different battery technologies [58,60,91,92,93,94,95,96,97,98].
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Battery Technology

	
Li-ion

	
VRFB






	
Maximum battery charging/discharging efficiency [%]

	
98/98

	
94/88




	
Hybrid inverter maximum efficiency [%]

	
95




	
Other system losses [%]

	
2




	
Charge/discharge time [h]

	
2/2
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Table 4. Magnitudes of the day-ahead/intraday PV power forecast divergence (15 min-based) compared to the real PV power data for the period of 30/09/2014–30/09/2019.
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	The Magnitude (x) of the Day-Ahead PV Power Forecast Divergence Compared to the Real PV Power Data [MW]
	Frequency of Positive Divergence in the Case of Day-Ahead Forecast [%]
	Frequency of Negative Divergence in the Case of Day-Ahead Forecast (Absolute Value) [%]



	0< x ≤10
	27.2
	35.9



	10< x ≤20
	16.2
	15.0



	20< x ≤30
	12.3
	10.8



	30< x ≤40
	9.6
	8.3



	40< x ≤50
	7.0
	6.4



	50< x ≤60
	5.4
	5.0



	60< x ≤70
	4.2
	3.9



	70< x ≤80
	3.3
	3.0



	80< x ≤90
	2.5
	2.3



	90< x ≤100
	2.2
	1.8



	100< x ≤150
	6.5
	5.0



	150< x ≤200
	2.4
	1.7



	200< x ≤250
	0.8
	0.6



	250< x ≤300
	0.2
	0.3



	300< x ≤350
	0.06
	0.1



	350< x ≤400
	0.01
	0.03



	400< x ≤450
	0
	0.02



	500< x ≤550
	0
	0.002



	The Magnitude (x) of the Most Recent (Intraday) PV Power Forecast Divergence Compared to the Real PV Power Data [MW]
	Frequency of Positive Divergence in the Case of Most Recent Forecast [%]
	Frequency of Negative Divergence in the Case of Most Recent Forecast (Absolute Value) [%]



	0< x ≤10
	35.4
	43.3



	10< x ≤20
	18.0
	16.4



	20< x ≤30
	12.7
	10.8



	30< x ≤40
	9.0
	7.7



	40< x ≤50
	6.5
	5.7



	50< x ≤60
	4.8
	4.1



	60< x ≤70
	3.5
	3.0



	70< x ≤80
	2.5
	2.4



	80< x ≤90
	2.0
	1.7



	90< x ≤100
	1.4
	1.2



	100< x ≤150
	3.2
	2.7



	150< x ≤200
	0.7
	0.7



	200< x ≤250
	0.20
	0.2



	250< x ≤300
	0.01
	0.1



	300< x ≤350
	0.02
	0.02



	350< x ≤400
	0
	0.02



	400< x ≤450
	0
	0.01



	500< x ≤550
	0
	0.004










[image: Table] 





Table 5. The magnitude of the day-ahead/intraday PV energy forecast divergence (24 h based) compared to the real PV energy data for the period of 30/09/2014–30/09/2019.
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	The Magnitude (x) of the Day-Ahead PV Energy Forecast Divergence Compared to the Real PV Energy Data [MWh]
	Frequency of Positive Divergence in the Case of Day-Ahead Forecast [%]
	Frequency of Negative Divergence in the Case of Day-Ahead Forecast (Absolute Value) [%]



	0< x ≤10
	13
	17



	10< x ≤20
	4
	5



	20< x ≤30
	4
	4



	30< x ≤40
	3
	4



	40< x ≤50
	4
	3



	50< x ≤60
	2
	3



	60< x ≤70
	3
	3



	70< x ≤80
	3
	3



	80< x ≤90
	3
	2



	90< x ≤100
	2
	2



	100< x ≤200
	17
	15



	200< x ≤300
	13
	13



	300< x ≤400
	7
	8



	400< x ≤500
	6
	5



	500< x ≤600
	4
	4



	600< x ≤700
	2
	3



	700< x ≤800
	3
	2



	800< x ≤900
	2
	1



	900< x ≤1000
	1
	0.4



	1000< x ≤1500
	3
	2



	1500< x ≤2000
	1
	1



	2000< x ≤2500
	0.2
	0.3



	2500< x ≤3000
	0
	0.05



	The Magnitude (x) of the Most Recent (Intraday) PV Energy Forecast Divergence Compared to the Real PV Energy Data [MWh]
	Frequency of Positive Divergence in the Case of Most Recent Forecast [%]
	Frequency of Negative Divergence in the Case of Most Recent Forecast (Absolute Value) [%]



	0< x ≤10
	12
	13



	10< x ≤20
	5
	6



	20< x ≤30
	4
	4



	30< x ≤40
	4
	4



	40< x ≤50
	4
	4



	50< x ≤60
	3
	3



	60< x ≤70
	3
	4



	70< x ≤80
	3
	3



	80< x ≤90
	3
	3



	90< x ≤100
	3
	2



	100< x ≤200
	24
	22



	200< x ≤300
	14
	13



	300< x ≤400
	8
	8



	400< x ≤500
	4
	5



	500< x ≤600
	3
	2



	600< x ≤700
	1
	1



	700< x ≤800
	1
	1



	800< x ≤900
	0.2
	0.3



	900< x ≤1000
	0.2
	0.2



	1000< x ≤1500
	0.5
	0.4



	1500< x ≤2000
	0
	0



	2000< x ≤2500
	0
	0.05



	2500< x ≤3000
	0
	0
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