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Abstract

:

Population growth has brought an increase in energy demand and cost that has a meaningful impact on personal and government expenses. In this respect, governments attach importance to investments in renewable energy resources (RER), which are a sustainable and clean energy source. However, the unpredictable characteristics of RER are a major problem for these clean sources and RER need auxiliary assets. Battery energy storage systems (BESS) are one of the promising solutions for these issues. Due to the high investment cost of BESS, governments act cautiously about accepting and implementing BESS in their power network. Recently, with the improvement of technology, the cost of BESS has been reduced, and therefore battery technologies have begun to be applied to conventional systems. In this study, first, we will review and discuss the current globally state-of-the-art BESS and their applications. Later, attention will be turned to a country-specific study for Turkey.






Keywords:


battery energy storage systems; energy storage; hybrid energy storage systems; renewable energy resources; frequency regulation; congestion management; energy arbitrage












1. Introduction


The process of evolution has continued since the beginning of the universe and positions energy among the top essential components for all creatures. Undoubtedly, electric energy is one of the essential requirements for civilization that is founded and raised by humans which is the most advanced species in the universe. However, humans have realized that our way of generating electricity has become one of the leading environmental problems that endanger the future of rising civilizations. According to [1], nearly 30% of the greenhouse gas emissions in the atmosphere are due to the fossil fuels used in the generation of electrical energy. Fortunately, as a result of social responsibility movements that have been carried out on a global scale intended to reduce the impact of this problem that threatens our future, the share of fossil fuels used in electricity generation decreases day-by-day. Especially in the last decade, the share of renewable energy resources in power networks has been increasing rapidly under the leadership of wind and photovoltaic (PV) power [2]. However, the problems arising from the chaotic behaviors of renewable energy resources are still a major obstacle to their large scale integration into the power grid [3,4]. Although methods such as forecast studies have made serious progress minimizing the uncertainties of the renewable energy resources (RER), the accuracy and practical applications of these methods have not yet reached the desired point. Therefore, such problems have made it necessary for traditional energy systems to enter into an important evolutionary process. As a result of this evolutionary process, energy storage systems (ESS) have a potentially significant role in the modern power grid as a solution, especially to the problems arising from RER.



The concept of energy storage systems includes many different storage technologies. Battery technologies are not the cheapest ESS. However, when the basic features such as energy density, fast response time, round trip efficiency, cycles, lifetime and current technological maturity, and potential future progress are evaluated together, battery technologies have emerged as the most logical ESS choice for grid applications in the last decade. The most popular battery types used in the network at present are lead-acid, nickel-cadmium, sodium-sulfur, lithium-ion, vanadium redox, zinc-bromine, and metal-air [5,6,7].



Although only 1% of the globally installed energy storage capacity belongs to BESS, it is a storage technology that has received the most investment among these systems in the last decade [5,6,7]. The BESS contribute by stabilizing the grid when load levels are high, as well as support the grid when RER deliver insufficient power output. In addition, these systems serve in a wide range of application areas such as primary/secondary frequency control, congestion management, loss reduction, demand response, etc. [8]. Thus, operational features such as the use and control of the BESS differs according to the purpose needed. However, the planning of BESS investments to serve the desired purpose depends directly on the location and size features of these systems.



One aim of this study is to identify the potential contribution of BESS in the Turkish power network (TPN). The TPN does not yet have any storage system. Therefore, economic and technological feasibility studies are being conducted to determine storage investments. Within the scope of these studies, interest in the transmission and distribution system operators has focused on batteries as a promising technology. Primarily, the battery systems are expected to contribute to the TPN in the fields of ancillary services, congestion management, and energy arbitrage. This article presents a broad review of the literature on the approaches used in BESS technologies in terms of size and selection of a location according to their responsibilities in the power grid. Additionally, as a real-world application of BESS, three different case studies from the Turkish Power Network are presented. This paper is organized as follows: Section 2 gives brief information about battery technologies; Section 3 describes the solutions presented by the BESS in a power network; Section 4 is reserved for challenges and opportunities in this area; real-world cases from TPN are given in Section 5; and finally, the conclusion is drawn in Section 6.




2. Battery Energy Storage Technologies


A battery energy storage system is a storage unit that act as a source in the power network by converting the energy they store into electrical energy for use in case of a need. Since BESS are relatively small and portable, they often do not encounter location problems in the grid.



2.1. Lithium-Ion Batteries


The most common form of lithium-ion batteries is comprised of positive electrode (cathode) of lithium oxides, negative electrode (anode) of graphite, electrolytes of lithium salt, and resolvent. The structure of a lithium-ion (Li-ion) battery is shown in Figure 1.



Since they are highly efficient and have no memory effect and high energy density, lithium-ion batteries are frequently used in portable electronic equipment [10]. Charging and discharging management of these batteries is quite flexible, and therefore they do not have to be fully charged or fully discharged. Over the years, with the development of technology, the number of life cycles has also increased. Today, 3000 to 4000 cycles are reached thanks to more durable materials. In fact, with the help of some new Li-ion technologies, values exceeding 15,000 cycles are achieved. The specific energy of the battery cell can reach 200–300 Wh/kg [11]. When it is examined in terms of security, there are some risks when the Li-ion batteries are overloaded, or the temperature limits are exceeded [12].



The optimum operating temperature of Li-ion batteries is 25 °C [13]. In addition, in the literature, Li-ion batteries were tested at –70 °C and results showed that they continued to work even at these temperatures [14].




2.2. Redox Flow Batteries


Redox flow batteries are systems where some or all of the energy is stored together with chemicals in tanks outside the battery. The chemical reaction required for the charging or discharging process is the result of stored chemicals contacting the electrodes. Some examples of redox flow batteries are the zinc-bromide redox flow battery, the vanadium redox flow battery (VRB), and the polysulfide bromide battery. The structure of the redox flow battery is shown in Figure 2.



One of the most important advantages of this technology over Li-ion batteries is that it is easier to reuse liquid electrolytes. In addition, it has a greater extended life period than that of Li-ion batteries. However, its efficiency is lower [16]. Redox batteries are generally preferred in applications where large areas are available and power needs are lower [17].



Flow batteries store energy in electrolyte solutions as opposed to conventional batteries. The power and energy values of the flow batteries are independent of the storage capacity determined by the amount of electrolyte used and the active area of the cell stack. The stored energy depends on the size of the storage tanks. The power depends on the size of the battery cell. Thus, it is possible to adjust the energy/power ratio.




2.3. Lead-Acid Batteries


The oldest and most advanced battery, lead-acid batteries, are rechargeable battery types. Production simplicity and rapid electrochemical reaction are important advantages of this type of battery. The specific energy is approximately 25–40 Wh/kg, and the energy density is between 70 and 100 Wh/L [18]. These types of batteries are most commonly used as a power source for starting the engine in vehicles. The disadvantage of lead-acid batteries is the damage to the environment due to the heavy metals contained in these batteries [19]. The use of lead-acid batteries in large-scale projects is not suitable due to its battery life and practical difficulties. The efficiency of the lead-acid batteries is around 80% [20]. The number of life cycles varies between 50 and 1500 depending on usage [21]. Thanks to ongoing studies, technological maturity, and cost-effectiveness, lead-acid batteries are the bestselling battery type in the world, as well, lead-acid batteries have a flexible structure that can be used for different needs. The structure of the lead-acid battery is shown in Figure 3.




2.4. Nickel-Cadmium Batteries


Nickel-cadmium and nickel metal hydride batteries are the most commonly used types although their efficiency is lower than other nickel-based batteries. Nickel-cadmium (NiCd) batteries have 50 Wh/kg practical, specific energy density, high reliability, and meager maintenance requirements [23]. They also has a relatively long life [24] and are used in electrical hand tools, portable devices, emergency lighting, UPS, telecommunication, and generator applications [25]. The disadvantages of NiCd batteries are the relatively high costs due to an expensive manufacturing processes [26] and cadmium is a toxic heavy metal that is produced during the disposal of NiCd batteries that damages the environment [25,26].




2.5. Sodium-Sulfur Batteries


Although relatively new in power system applications, it is the most advanced battery for high temperatures. The life cycle of sodium-sulfur batteries is around 4500 cycles, and their efficiency is around 85% [27].



Superior energy density, charge/discharge efficiency, service life up to 15 years, and inexpensive materials makes it attractive to use in applications requiring a relatively large-scale BESS [25]. However, it is reported that several conditions limit the use of it in large-scale applications. For example, as sulfur must remain in the molten state to increase efficiency and the high-temperature condition poses a small threat to operators and the environment. The reaction typically requires a temperature of 574–624 K to ensure that the electrodes are in a liquid state, leading to high reactivity. Pure sodium should be protected from the reaction of the system with the atmosphere as there is a risk of explosion when it comes into contact with air [28]. The structure of the sodium-sulfur battery is shown in Figure 4.




2.6. Sodium-Nickel Chloride Batteries


In comparison to sodium-sulfur batteries, sodium-nickel chloride batteries have a better safety level and higher cell voltage (2.58 V). Their disadvantages are lower specific energy (120 Wh/kg) and lower specific power (150 W/kg) [23].




2.7. Metal-Air Batteries


Metal-air batteries are the most compact and potentially the most expensive batteries, and these batteries have a profound impact on the environment. The most significant disadvantage of such batteries is that they are difficult to charge [30,31]. The structure of the metal-air battery is shown in Figure 5.



The rechargeable metal-air batteries that are being developed have only a few hundred charges/discharge life cycle, and their efficiency is below 50%. Large metals that have higher energy density, such as aluminum and zinc, are used in these types of batteries.




2.8. Comparison of Battery Energy Storage Technologies


The comparison of battery energy storage technologies for distribution networks is summarized in Table 1 and Table 2.





3. Objective of BESS


In this section, the methods used in the planning and control of BESS are reviewed in order to find solutions to some problems that are experienced in power networks.



3.1. Loss Reduction


The primary purpose of power systems throughout history has been to meet the power needs of consumers reliably and economically. In this respect, the energy industry and academic studies have made significant progress in order to increase efficiency. Studies to reduce losses in distribution and transmission networks have also resulted because of this goal.



Chad Abbey and Géza Joós [4] determined the battery capacity using the stochastic optimization method by considering wind penetration levels, storage efficiency, and diesel operation strategies. The results showed a significant reduction in losses with optimum storage capacity. In [42], the authors obtained the most suitable location, capacity, and control strategy for the battery system using a mixed-integer linear programming-based analytical method. The researchers in [43] made significant advances in power loss reduction of distribution networks using mixed integer nonlinear programming to determine the role, size, and placement of battery storage systems. A study by [44] discussed how to optimally operate the distributed energy storage devices in a power system with large amounts of wind generation. T. Funabashi et al. [45] used the tabu search-based evolutionary technique for cost and capacity planning of the battery system. Jun Xiao et al. [46] used a two-level optimization method to determine the optimum location and capacity for the battery system and then minimized the losses with the help of the optimal power flow method. In [47], the authors determined battery location and size using the mixed integer second-order cone programming technique. In another study by [48], the fuzzy particle swarm optimization method was used to obtain the optimum location and size for the BESS and they developed a control system to reduce the required battery size.



One study, [49], determined the size of the battery by using the heuristic-based particle swarm optimization technique. In this study, with the help of a novel algorithm, the most suitable location for BESS was determined. In [50], taking into account the uncertain characteristics of renewable energy resources, the optimum location and capacity for the storage system was obtained using the hybrid multiobjective particle swarm optimization method. In [51], researchers developed the optimal operational strategy for the BESS in order to increase the voltage quality of the system and to maintain the quality according to different scenarios by using the distributed energy sources. In [52], a unique control algorithm was proposed in order to increase the efficiency of the network by reducing the power losses and voltage imbalances in the distribution and transmission network with the help of battery storage systems. In the study [53], the optimum location and size were obtained for the BESS by the genetic algorithm and fuzzy logic techniques to reduce the imbalances and power losses in the network caused by the nonlinear load characteristics. M. G. Ippolito [54] applied various optimization strategies on the BESS to minimize losses, electricity generation costs, and greenhouse gas emissions. Among the strategies applied, they found that multiobjective optimization and NSGA-II (non-dominated sorting genetic algorithm II) techniques yield the most successful results.




3.2. Demand Control


By modernizing electricity networks it is possible to increase the efficiency of energy generation and usage, reduce the carbon footprint, and make the whole energy network more reliable. Modern power grids give utilities more control capability. This section provides a literature review of the roles of battery storage systems for demand control.



In [55], a composite battery storage system was proposed that included a high energy density battery and a high power density ultracapacitor to maintain balance in energy consumption. G. Hug-Glanzmann in [56] presented a control system that coordinated the use of storage systems, distributed energy sources, traditional electricity generation and loads to mitigate emissions and tolerate the uncertain behaviors of renewable energy resources, as well as used the multi-time step optimization method to optimize the control system. In [57], the noncooperative game theory method was used to determine the optimal strategy for each user based on the data from the user’s smart meters. In this respect, it is clear that this is a different study than the existing optimization studies. In addition, the data obtained from the algorithm and optimization study were tested in real time. A study by [58] discussed the responses of customers to electricity spot market prices and used linear programming to develop a fast, optimal algorithm system that could be used during the use of storage systems. This study is considered one of the oldest and fundamental studies in the field of demand control.



Longbo Huang et al. [59] developed a low-complex algorithm in order to optimize demand control with battery energy storage systems. The algorithm system presented operated without requiring energy prices, system dynamics, or any statistical data. A study by [60] developed a building automation system that optimized the electricity demand of the consumer with a battery system in Zurich, Switzerland and examined the effect of demand control techniques on the cost of electricity for users in regions with different user habits. In the approach presented in [61], maximum benefit was obtained for both users and the network operator by reaching the network operator’s access to the energy storage systems owned by the users. In C. Gouveia’s work [62], when a microgrid is in islanded mode, the operating strategies required for BESS are discussed in order to continue the operations stably while taking into account factors such as electric vehicles and load characteristics. In [63], the optimum battery capacity was determined for a power system in Vermont in order to optimize the relationship between the battery system, solar panels, and the grid, taking into account the load characteristics. In order to achieve this, a novel hierarchical algorithm was developed. In [64], with the help of BESS and a model based on mixed-integer programming, an approach was developed to minimize the operation costs of a microgrid and the number of carbon emissions released into the atmosphere. In addition, the method developed was easily applied to the control system of any microgrid. H. M. Soliman and A. Leon-Garcia [65] used two different game theory methods. In the first stage, as a noncooperative player, each user planned strategies to minimize their costs by optimally planning their electricity demand. In the latter, utilities tried to maximize its earnings using the Stackelberg game while users tried to minimize their costs as a group with successful results.




3.3. Microgrid Energy Management


Microgrid systems, one of the solutions that emerged to meet the concerns about greenhouse gas emissions causing global warming, are developing rapidly in recent years. Since the role of renewable energy resources in microgrids is vital, energy storage systems are one of the main components of these systems. In this section, a literature review of the roles of battery energy storage systems on energy management in microgrids is given.



In [66], a central energy management system (EMS) has been designed with the help of the heuristic-based multi-stage optimization method, and an energy control system has been designed to provide optimum performance when a microgrid operates in islanded mode. As well, several test protocols have been proposed to analyze the performance of the system and the effects of the relevant parameters. In [67], an energy management system for the microgrid was proposed, where a mixed integer optimization problem based on prediction models is solved for each decision step. In addition, the energy management system determined the online setpoints for each unit and transferred the demand management-based control information to the consumers. The authors of [68] provided a decentralized control architecture based on a real-time, agent-based decision-making mechanism for microgrids. The results obtained were tested separately for islanded mode and grid mode. The presented systems and formulations demonstrated the applicability and success of the decentralized agent-based control for microgrids. H. Kanchev et al. [69] proposed an energy management system with embedded storage units and PV generators, which were divided into two sections as central power management for the microgrid and local power management for the customer. In [70], mixed integer, nonlinear optimization systems, renewable energy generation, storage technologies, electric cars, dynamic pricing and demand management are discussed, and an optimization-based energy management solution is presented for a hospital in the Netherlands.



In Q. Jiang’s study [71], a novel microgrid energy management system with two different layers of coordinated control approach was proposed. The authors [72] presented a fuzzy logic-based planning system for BESS. When the results obtained were examined, the proposed approach could easily overcome the uncertainties of the parameters which are difficult to predict during the operation of the microgrid. C. Jin and P. K. Ghosh [73] identified the energy planning algorithm where optimum results were obtained by testing the performance of three different planning methods, including real-time energy demand and pricing, day-ahead estimation, and model predictive control methods. In [74], a control architecture consisting of two layers for the control of multiple microgrids was presented and a symmetrical assignment problem based on the naîve auction algorithm was defined and solved in order to provide the balance in the energy market. The data obtained from different scenarios showed that agent-based management is an extremely economical and profitable technique in energy planning. The study by [75] presented a real-time energy management system that aimed to minimize the energy costs of microgrids by optimizing the charge and discharge processes of energy storage systems on a network of distributed microgrids. In [76], an optimal planning strategy was developed using the distributed algorithm technique that optimized the balance between production and consumption in order to reduce the adverse effects of the uncertainty characteristics of renewable energy sources on the power quality of the microgrid.




3.4. Investment Deferral


The primary objective of energy distribution planning is undoubtedly a system design which has the qualifications to economically and safely meet the demand growth that occurs over time. In recent years, with the technological development of battery storage systems, we are starting to see a significant increase in their role in distribution and transmission networks. In this section, the role of the BESS in the distribution and transmission networks for the investment deferral are presented.



In C. Mateo’s study [77], a cost-benefit analysis was performed in order to meet the peak energy demands with the battery systems in medium voltage level distribution networks. Lastly, the study sets the target cost for battery storage systems in order to become a profitable investment in distribution networks. W. F. Su and S. J. Huang [78] reviewed the cost analysis of a hybrid energy storage system consisting of PV power and BESS for demand-side applications in Southern Taiwan. In addition, various input data and output data were proposed and discussed for three different investment plans. In [79], the amount of distributed energy storage required to delay the capacity upgrades of transmission and distribution networks in New Mexico was evaluated. The authors in [80] proposed a new method for determining the optimum capacity of wind generators and energy storage systems using mixed integer programming and genetic algorithm methods to defer investment in substations. S. Wogrin and D. F. Gayme [81] proposed a DC optimum power flow method for storage portfolio optimization using linear programming methods for the networks with limited transmission infrastructure. As well, [82] aimed to find a suitable location and size for battery storage systems with the help of a genetic algorithm method in order to reduce the weakness that occurs in the power systems over time.



In [83], the authors demonstrated the optimum location and capacity for BESS with the help of a methodology based on a nonlinear multiperiod optimal power flow and shifting algorithm and concluded that the network investments could be postponed. In the report [84], which wasa prepared under the Electricity Storage Systems program of the United States Department of Energy (DOE) and the Sandia National Laboratories (SNL), contributions of energy storage systems for the deferral of the upgrades required in the transmission and distribution networks were discussed from different angles. There were two objectives presented by [85]. First, the network investment deferral function, which includes the growth rate of energy demand and renewable energy penetration, was established. Secondly, the model was then used to formulate an optimization problem that could optimally plan the location, capacity, and charge-discharge profiles of the energy system. This model was implemented in a mid-level distribution network in Australia using a general algebraic method. In F. Zhang’s study [86], energy storage systems were introduced to reduce the total cost of the network, and their positioning and sizing were determined by the nodal power balance and the load duration curve. The potential of reducing the network’s investment costs through the proposed model and BESS was demonstrated by simulated studies in two test systems.




3.5. Reactive Power Support


Reactive power support is one of the primary methods for improving the performance of AC power systems. Reactive power support covers a wide range of both system and customer issues, particularly power quality. In this section, various studies about the reactive power support and applications of battery systems are described.



In [87], the authors focused on improving the voltage quality through reactive power support for an active distribution system, by finding the optimum location for the distributed storage system. The required formulations were developed using the mixed integer linear programming method. This paper [88] provided an overview of the challenges of integrating PV power systems and BESS into the power grid. It also examined various operating modes for ancillary services that are provided by battery systems in solar applications. In [89], the researchers proposed an optimal power flow formulation with wind energy and battery storage systems for active and reactive power flow in distribution networks. M. N. Kabir et al. [90] focused on a droop control-based approach that coordinated control of the PV and battery systems in order to address problems such as sudden voltage rise and decrease. In [47], the authors focused on the optimal allocation of distributed storage systems in active distribution networks and defined a multipurpose optimization problem that sought to find the optimal balance between the technical (reactive power support, etc.) and economic goals of the network.



M. Nick et al. [91] focused on the optimal placement and sizing of distributed storage systems to support the voltage quality, reduce power losses, etc. and benefited from genetic algorithm-based formulations for the required optimization procedures. The article by [92] illustrated the optimal planning of the STATCOM and BESS in a network with high levels of PV and wind power integration and [93] was based on the microgrid including different distributed energy sources. The authors modeled a 34 bus microgrid and showed that a reduction of the voltage quality of the microgrid was prevented by determining the optimal strategies for the distributed energy sources. The integration of BESS into a doubly fed induction generator design that was activated for a short time to soften the rapid power changes caused by wind power was discussed in [94]. This storage device was also used to reinforce the DC bus during transients and to increase the generator’s low-voltage ride through (LVRT) capacity. The results showed that short-term power swings are effectively reduced and provide superior performance as compared to traditional topologies.




3.6. Congestion Management


Electrical energy is transferred from suppliers to consumers through transmission lines. The congestion in the networks occurs when the transmission lines are not sufficient to transmit the energy. In this section, a literature review of the contributions of BESS to congestion management is presented.



The study by [95] provides the optimal planning and timing of battery storage systems for congestion management in power systems that include various renewable energy resources. The storage units were optimally charged and discharged to overcome the uncertainties associated with wind-PV power, as well as to overcome congestions in the transmission lines. The formulations required for the study were performed using the particle swarm optimization method. In [96], an optimal power flow approach for storage systems to overcome congestion problems in a network where renewable energy resources play an essential role was proposed and the feasibility and economic impact analysis of the system are discussed. In [47], the authors focused on the optimal allocation of BESS in distribution networks using mixed integer second-order cone programming to overcome network congestion management problems. M. Nick et al. [97] proposed a multipurpose procedure for the optimum location and size of BESS. The proposed procedure minimized the cost of energy from the grid and power losses with congestion management.



In [98], authors provided an optimal plan for locations that require a minimum size for the BESS to reduce uncertainties of renewable energy resources when managing congestion and voltage levels. The work of [99] provided a solution for the optimal placement of the battery storage system in the grid to solve the congestion in transmission lines. The authors of [100], while optimally preparing the energy storage system to maximize its contribution to congestion management, proposed a new real-time optimal distribution algorithm that seeks to generate revenue by taking advantage of the electricity price arbitrage opportunities in the day-ahead electricity market. A. D. Del Rosso and S. W. Eckroad [101] examined the technical feasibility and potential benefits of energy storage systems to increase the efficiency of congestion management in networks serving regions of the United States with vast renewable energy generation assets. In [102], the authors provided a comprehensive analysis of dynamic interactions between wind energy sources and an energy storage system by examining the effects of different methods that reduce the adverse effects of transmission line congestion on the network and the user.




3.7. Ancillary Services


Ancillary services help to ensure reliable operation of the electrical transmission and distribution systems. In this section, a brief literature review of the roles of battery storage systems in the field of ancillary services is presented.



In [103], a method was presented based on the PI control principle to determine the optimal size of the battery storage system required for primary frequency control of the microgrid. In [91], a multipurpose procedure for the optimum location and size of energy storage systems was proposed using a procedure that minimizes the cost of energy from the grid by ancillary services such as voltage support and loss reduction. A. Oudalov et al. [104] provided a method for determining the optimum size of the battery energy system to provide primary frequency control and used data based on the historical frequency measurements to determine the minimum capacity possible. P. Mercier et al. [105] proposed the optimum size and operation plan for a battery storage system, which provided spinning reserve services in an isolated network with the help of a novel control algorithm. A study by [87] focused on installing the BESS in optimum locations to maximize the support of storage systems to the voltage control and the optimum planning procedure was carried out using formulations based on mixed integer nonlinear programming. A study by [47] made significant improvements in various issues such as voltage fluctuations and energy losses by finding the optimum location and size for BESS with the help of the mixed integer second-order cone programming technique.



In another study [106], the mechanism for battery systems in the Southern California region allowed the system to test the concept of system stabilization using the output modulation of the power source instead of reactive power modulation. The results of the battery control mechanism and the data recorded in the field tests were presented in the study. The study by [107] relates to load frequency control of a system which is connected using a battery energy storage system and the results showed that the battery storage system can easily meet the immediate requirements of the load demand and provide useful improvements for reducing the peak deviations of frequency. In G. Delille’s work [108], a frequency control method was recommended based on dynamic simulations by optimally controlling energy storage systems on the French island of Guadeloupe with high wind and solar power generation. The results showed that if a significant interruption in generation occurs, the fast-acting storage system reduces the adverse effects on the island’s dynamic performance. In [109], a new incremental model of the battery system was introduced and combined with the load frequency control of a grid. Computer simulations showed that the battery system was very useful in damping oscillations caused by load disturbances. Finally, optimization of the controller’s gain was obtained by the second method of Lyapunov.




3.8. Voltage Regulation


Voltage regulation is one of the most critical challenges in traditional networks. This problem is challenging to cope with especially in modern networks that have a high penetration of renewable energy resources.



J. H. Choi and J. C. Kim [110] proposed an approach to voltage regulation of distribution networks using a multiple line drop compensation (MLDC) voltage regulation method on distributed storage and generator systems. In [111], significant results were obtained regarding voltage regulation of the grid by applying the optimization method generated by the detailed statistical information of the grid to distributed battery and distributed generators. The authors [112] developed a voltage regulation system by utilizing battery systems using the local droop-based control method developed to keep the voltage level stable at the moments when the load level was at the peak and when the photovoltaic generation was at the peak. In V. Khadkikar’s study [113], the authors created a hybrid power system consisting of PV power, wind power, and a battery system. In this system, the inverters of the PV power plant successfully regulated the grid voltage by controlling the charging and discharging of the battery system. In [114], the voltage regulation of a low-voltage network with a high amount of PV power using a coordinated control system was successfully performed with a distributed battery system. H. Nazaripouya et al. [115] determined the minimum battery size required to successfully control the voltage regulation based on the location and size information of solar energy using the iterative optimization method. In [49], the authors identified the battery size required for voltage regulation using the heuristic-based particle swarm optimization (PSO) technique.



In [116], authors provided a procedure for determining the optimum size of a battery energy storage system in order to shave the peak demand reached during the day. According to the results obtained, the system was able to quickly provide the necessary voltage supports via the battery. In another study, [52] proposed an energy storage system to reduce voltage imbalances. In the generated energy storage model, a control algorithm was developed and implemented to examine the ability of the battery system to reduce the imbalance in grid voltage levels and reduce losses. The simulation and experimental studies showed that the storage system performed very effectively and reduced voltage imbalance, thus increasing its efficiency. Y. Yang et al. [117] presented an effective size determination strategy for the distributed battery energy storage system in distribution networks with high levels of PV penetration. The primary purpose of the proposed method was to optimize the capacity of the distributed battery system according to the grid characteristics and to obtain cost-benefit analysis for the system when the battery system is involved in ancillary services such as voltage regulation and peak load shaving. In [118], the researchers explored the different strategies that are used to regulate the voltage level of the grid and to control the battery storage unit. Simulations, combined with actual data from a rural area fed from a single-phase network, indicated that the battery system improves the voltage quality of the grid.




3.9. Load Shifting


Load shifting control has attracted increasing attention from both researchers and engineers for decades as one of the most impactful methods to control peak load periods. In this section, the studies about the contribution of battery storage systems on load shifting are included.



A study by [119] proposed an optimal working strategy to successfully perform load shifting during peak hours needed in a small/medium-sized network that consists of renewable energy resources and battery systems. In C. Lu’s study [120], using an optimization method based on mixed integer programming, the authors minimized the stress of the distribution network and the adverse effects of daily load variation differences in the peak load periods. In [47], they focused on the optimal allocation of battery storage systems in distribution networks using mixed integer second-order cone programming, which aimed to find the optimal balance between the technical problems and economic targets. In [57], I. Atzeni used the noncooperative game theory method to determine the optimal strategy for each user based on the data from the user’s smart meters and tested the data obtained from the algorithm and optimization study in real time.



H. Fathima’s [121] conducted a feasibility study to integrate the battery energy storage system into a power system composed of grid-connected hybrid wind-PV power. The methodology for the battery sizing was based on the bat algorithm and developed to minimize investment costs and losses in the system. In [122], the proposed approach enabled the consumers to dynamically evaluate the battery time and the most suitable time for running the required devices, and thus minimize the cost of daily energy in scenarios characterized by an advanced demand management system. A study by [123] emphasized the optimum sizing methodology and working strategy of a battery storage system that is necessary to shave and shift the load when it reaches the peak level. The size determination methodology was based on maximizing the economic benefits of the customer and the optimum operating strategy of the battery storage system was based on dynamic programming techniques.




3.10. Energy Arbitrage


In recent years, with the development of battery technologies the opportunities required for energy arbitrage have started to diversify. It is expected that energy arbitrage solutions will result in significant savings in the energy usage of end users in power networks where already radical changes are taking place. In the first study [124], the effect of 1MW BESS managed by two fuzzy logic controllers on primary control reserve and energy arbitrage services was tested with real metered data from an Italian network. In [125], to maximize the daily operation revenue of a lithium-ion (Li-ion) battery, the authors tested a dynamic battery model based on optimum charging-discharging in an 11 year simulation of Texas region data. In another study [126], optimum management of a distributed battery energy storage system for energy arbitrage under dynamic pricing conditions was presented and the results showed which arbitrage policy is Pareto optimal for value lifetime performance. In [127], a home battery system was optimized using a stochastic dynamic programming model according to four different case studies that were composed of arbitrary, backup energy, regulation, and distribution relief.



In Nottrott’s study [128], for a hybrid structure consisting of PV and BESS, peak net load management and demand charge minimization were performed and the optimal energy storage dispatch schedule model was created using linear programming. Furthermore, with the help of energy arbitrage solutions provided by the schedule, a significant increase in the net present value (NPV) of BESS was achieved. In [129], the amount of capacity required to maximize the internal rate of return (IRR) of 14 different energy storage technologies used in arbitrage transactions in the 2008 U.S. electricity market was determined by linear programming. This study [130] proposed an optimal battery management method based on a forward dynamic programming algorithm using a hybrid system consisting of a wind generator and a sodium-nickel chloride battery in energy arbitrage operations. In Wankmüller’s study [131], the potential economic losses that could occur in energy arbitrage processes due to the degradation of the batteries used in the grid were investigated. As well, [132] presented a dynamic programming-based approach that optimizes the charging-discharging operations of BESS for energy arbitrage and frequency regulation, taking into account difficult-to-predict variables such as demand, electricity prices, and regulation signals.




3.11. General Overview


The references cited in Section 3 are grouped by topics and presented to the reader in Table 3.





4. Challenges and Opportunities


4.1. Technical Challenges


The idea of using battery systems in power grids first emerged in the 1980s. Notable examples since the 1980s are the BESS in Berlin, Lausanne, South Korea, Jeju Island, and other small island systems [133,134,135,136,137,138]. The integration of BESS in the power grid helps to solve many problems of the power grid [139,140,141,142,143]. However, the effect of BESS on the power grid depends directly on the efficiency of the system’s connection to the main grid. Different power electronic topologies address these problems. According to the characteristics of the network, the most suitable of these topologies is selected. In addition, the battery systems should respond to issues in the grid on a millisecond timescale. This task is critical because of the stochastic nature of renewable energy resources in modern power grids. If the BESS fail in response time and operational control, large-scale technical and economic losses result for both consumers and utilities. Thus, the control of BESS is the most critical task in grid-scale applications [108,144,145,146,147,148].



Battery systems have started to change the transportation sector in recent years, and the role of electric vehicles (EV) in modern grids will be one of the factors that determine the future. The battery systems of electric vehicles provide a variety of ancillary services to support the network when the power grid is insufficient. However, the complex distribution of EV across the network can cause control problems, and this may lead to frequency and voltage instabilities and overloads on the network during the energy transfer from the vehicle-to-grid (V2G). However, at present, the number of vehicles and battery sizes is not enough to implement this concept in practice [149,150,151,152,153].



Aging is an inevitable process that occurs in all electrochemical devices, including batteries. This process changes the capacity of a device over time. A long-lasting and demanding application results in both performance and capacity reduction of the BESS and affects the economic parameters of business via increased operational and replacement cost [145].



It is notable that there are no significant differences in the lifetime of the most popular battery types used in the grid. According to Table 1, lithium-ion and lead-acid batteries, which are among the two most popular types, have a lifetime of up to 15 years, considering average usage characteristics. Of course, this period is likely to change depending on the circumstances. For example, battery management systems can make progress in extending the battery life by controlling the charging and discharging cycles of the batteries with the help of optimization methods, and new generation approaches such as AI and machine learning.



One of the critical issues for batteries is safety levels. Fortunately, significant improvements have been observed in the safety levels of batteries with recent developments. If a safety comparison is made between the two leading batteries, such as lead-acid and lithium-ion, both lead-acid and lithium-ion batteries have a thermal runaway risk due to their structure. Since lithium-ion batteries have a higher energy density than lead-acid batteries, they may create a riskier situation in terms of safety.



In the past, lead-acid batteries have been the leading option. However, since they represent the optimal balance between cost, lifetime, safety, and energy density, lithium-ion batteries have become prominent among the BESS approaches in recent years. Lithium-ion batteries have also led to more successful and efficient results, especially in cases where the battery needs to play more frequent roles in the network, such as ancillary services and the huge lithium-ion battery installation in South Australia demonstrates this trend [154,155].




4.2. Economic Challenges


The investment cost of storage technologies depends on its location and technical characteristics, and it is essential to determine the benefits of the storage devices to the installation area. The cost calculations of the battery systems start with the chemical material of the battery, and the economic and technical constraints of the fundamental materials have a direct impact on the investment costs of the batteries. Significant progress has been made as a result of efforts to reduce the costs of the materials used in the batteries. However, there are still critical cost and capacity barriers to the use of batteries, and these problems are the most crucial obstacle to the global expansion of batteries. Especially in hybrid power systems, the lifetime of the battery systems is less than the solar panels and wind turbines. Thus, this situation causes an additional cost such as replacement cost [153,156,157,158].



As mentioned in the technical challenges, even small-scale problems that may arise during the use of utility-scale batteries can cause enormous economic losses for users and the utility in the area where the battery is used.




4.3. Regulation Challenges


With the increasing popularity of battery systems, governments and other organizations have begun to make new regulations related to these battery systems. The necessary arrangements for BESS, which have an important role in the transition to renewable energy, are made in parallel with regulations about energy sources such as solar energy and wind energy. One example of a template for these regulations is the Storage Roadmap for California published by the CAISO California Independent System Operator [159].



Various incentive programs are carried out to facilitate large-scale energy storage projects. A notable example for the incentive programs is the $150 million Tesla battery system investment in South Australia. As another example, the USA provides a 20% tax credit for energy storage investments that contribute directly to the electricity grid through 2020 [160]. In Germany, nearly every project that contributes to the generation and storage of electricity through renewable energy resources and storage systems is a feed-in tariff project [138,161].



Inevitably, the number of batteries will increase in the following years. Thus, the potential impact of the chemicals in the battery on the environment is another matter of regulation. Controlling the recycling process of batteries is of importance for preventing potential environmental pollution. The EU and USA have made various serious regulations regarding the recycling of batteries [18].




4.4. Opportunities


The intermittent and unpredictable characteristic of renewable energy resources, which are the most effective solution for humanity against climate change, is one of the biggest obstacles to the expansion of RER. In particular, the integration of RER into the grid causes hazardous operational problems, and therefore, RER must work with auxiliary resources. For example, if the power transferred from the RER to the grid is 10%, it is necessary to support the grid from other sources that have a power of 4% RER’s output. Therefore, the integration of battery systems in the grid is importance for solving operational problems of RER. Thanks to the fact that the battery systems are easily installed and contributed at every location, the RER will become more widespread in the coming years [88,142,143,151,153,162,163].



Batteries shape not only electrical networks but also the transportation sector. With the development of battery technologies, EV have started to replace internal combustion vehicles which has forced the transportation sector to change. Furthermore, through the V2G concept, the EV, which have significant potential in the future, will play an essential role in providing ancillary services to the grid. Thus, there will be significant developments in the fight against climate change as a result of the contributions of the batteries in this area [149,152,153].



Human beings will have a power grid that offers uninterrupted energy in the following years thanks to the responsibilities that the batteries will undertake in an emergency. In addition, individual users who generate and store energy will change their traditional role in the network and become a decentralized seller. In a decentralized system, the role and impact of the monopolies will become insignificant, and thus in the following years, we will have a more independent energy infrastructure.





5. Energy Storage Applications for Turkish Transmission System Operator (TSO)


As mentioned in the previous sections, energy storage systems provide many supportive and ancillary services for power networks and ensure the reliability of the networks. In recent years, with the popularity gained by the storage systems, many significant innovations have emerged in this sector. However, the profitability of such a system for real-world applications depends on many factors, such as the share of renewables, the structure of market prices, local constraints of the power system, regulations, etc. In addition, it has to be rigorously assessed and compared to other solutions, such as grid reinforcement, providing frequency regulation with conventional power plants, etc., before implementation in the grid.



5.1. Frequency Regulation


Frequency regulation is considered the first task for utility scale BESS applications. Thus, in the future, there are some estimations that may become the Turkish TSO (TEIAS) plan for using battery storage technologies, especially in frequency services. In the case of the rapid reserve requirement, batteries are seen as more successful than conventional power plants and they meet the area control error (ACE) signal criteria with lower capacities.



In this study, the TEIAS planning system data are analyzed. As shown in Figure 6, a renewable energy generation decrease of 935 MW is observed in 15 minutes. In the case of a decrease of 935 MW in generation, the ACE signal criterion could not be ensured in the simulation model, which was created by considering the current secondary frequency structure, as a result of the one-hour analysis for frequency control in the scenario with 20.5 GW wind power and 16.5 GW PV power installed.



The reserve portfolio has been changed in order to tolerate the imbalances caused by the decrease in renewable energy generation and to make the secondary frequency control mechanism (SFCM) sufficient. The TEIAS has determined that 900 MW from existing power plants and 100 MW from the lithium-ion battery will be sufficient. Thus, when renewable energy generation began to decrease, a 100 MW BESS in the region starts to discharge its stored power with the help of the energy management system. With this reserve structure, the active power change was reapplied, and the simulation was performed again. The ACE signal criterion, which could not be achieved in the previous case, was provided with a 100 MW battery reserve. The one-hour active output power and energy graph of the lithium-ion battery with 100 MW reserve capacity are shown in Figure 7 and Figure 8.



On the other hand, in order to determine how much reserve is needed for the SFCM to be sufficient without the use of a battery, the reserve amounts of existing plants were increased, and the simulation was performed without including a battery reserve. The required reserve amount is given in Table 4.



At this point, it is essential to evaluate whether BESS contributes economically. As shown in Table 3, in the case of the rapid reserve requirement, by updating the reserve portfolio to include BESS, the total reserve amount required for SFCM is reduced.



In such a case, the BESS investment that is based on the SFCM reserve cost and the return on investment has been calculated. In this context, the values used in the calculation are as follows;



The installation cost (converters and battery management systems included) of a lithium-ion battery with an installed size of 100 MW and an energy capacity of 800 MWh is expected to be approximately $285,000,000.




	
When the SFCM prices obtained from the market management system page of the TEIAS for the period of this study are examined, it is seen that the average SFCM reserve capacity price of 2018 is approximately 90TL/hour (~$17).



	
Considering the annual operating capacity of the battery as 0.95, the annual revenue of the 100 MW battery to be included in the SFCM reserve is calculated as follows:


Annual revenue = 0.95 * 8764 hour * 100 MW * ($17/(MW*hour))



(1)






Annual revenue = $14,153,860



(2)






Operating expense (annual) = 0.02 * investment cost



(3)






Operating expense (annual) = $5,700,000



(4)







	
The cycle efficiency for Li-ion batteries is known to be around 90% [164]. In addition, the market clearing price has been around $48 since 2015.



	
It is also assumed that BESS will cycle 300 times in a year. The financial loss due to cycles is calculated as follows:


Financial cycle loss (annual) = (1–0.90) * 300 * 800 MWh*($48/MWh)



(5)






Financial cycle loss (annual) = $1,152,000



(6)






Annual profit = annual revenue – operating expense (annual) – financial cycle loss (annual)



(7)






Annual profit = $7,301,860



(8)












As a result, if the TEIAS wants to install a 100 MW battery system for their network at current market prices, the annual profit will be $7,301,860.




5.2. Congestion Management


Another area that the TEIAS will benefit from battery systems is congestion management which is one of the critical issues in the TPN. With the investments made in RER, the increase in seasonal demand and generation of the RER in some regions is vital for the grid characteristics of the TPN. However, the forecast problems of RER still cause curtailments on the use of these resources. The approach to be followed when a congestion issue is encountered in the network is given in Figure 9.



By checking other countries, especially in Europe, it is seen that most of the countries use energy storage solutions in regions where the demand is stable or decreasing, which is not a part of the large interconnected system. Thus, it seems that the use of energy storage for congestion management may be less efficient than other options for TPN, given the factors such as the structure of the TPN and the cost of the batteries. However, since congestion is a local problem, the TEIAS takes into account mobile storage technologies for the congestion problem. In this way, when the system topology changes within a few years, the TEIAS can easily move BESS to another part of the network on demand according to the congestion conditions in the network. This congestion study deals with three different congestion management issues. It should be noted that this study focuses on a regional congestion problem rather than on transmission lines with a specific location for all cases.



A congested line of 400 kV caused by excessive wind energy generation on the west coast of Turkey is shown in Figure 10. In order to solve this congestion problem, coal power plants in the Western Anatolia region have decreased their generation. On the other hand, hydropower plant and natural gas combined cycle power plant (CCPP) in the Central Anatolia region have increased their generation levels to meet the demand. A possible solution for one of the scenarios, should the TEIAS have a battery system in this area, is that excessive wind generation could be used to charge the batteries. Eventually, batteries could discharge this power to feed the system, and thus the congestion problem would never have occurred in the region.



The situation in Figure 11 presents the congestion issue in South Turkey due to the agricultural irrigation that causes high demand in summer. The generation of the hydropower plant in this region is very high, so this results in congestions on 154 kV transmission lines of this region. This problem is considered as a regional congestion problem rather than a specific location problem of the transmission line.



The last case study of the congestion study is represented in Figure 12. Here, the energy generation of the hydroelectric power plant in the Eastern Black Sea region is high, due to low demand in the Eastern Anatolia region and the congestion problem occurs in the region between Eastern and Western Turkey. The flow of a large part of the power to the Northwest Anatolia and Thrace region, where the demand is high, has led to the congestion of the transmission lines in this region. The cost of the congestion in the lines was 60,000 TL/h ($1 = 5 TL) for the TEIAS.



As a result, battery systems are a powerful alternative to congestion problems for system operators. However, operators may decide on the use of battery systems after conducting the feasibility studies required for each zone. The feasibility study given below is carried out based on economic factors. Table 5 and Table 6 provide a brief overview of the investments required to solve the congestion problem without using a battery.



The location of the battery depends on the structure of the network. However, it is likely that the battery is directly connected to the bus that is close to the line which suffers from congestion. In order to choose the best connection, locational influence coefficients have to be computed. Those coefficients are also known as the PTDF (power transfer distribution factor). The PTDF is a factor which represents the percentage of change in power flow through network branch (i–j) due to the existence of a new transaction in the system (from bus X to bus Y). This is shown analytically as:


PTDF = (change in power flow through network branch i–j due to the transaction from X to Y)/(power of transaction from X to Y)



(9)







In addition, the cost calculation for a BESS investment that can be a solution to the congestion problem in TPN is carried out as follows:



The following assumptions are used for a battery cost:




	
Cells and pack are 200 k€/MWh power part (converters, containers, etc.) and 130 k€/MW;



	
Other costs represent 30% of the total CAPEX (EMS, engineering, etc.);



	
Lifetime is 15 years;



	
OPEX is 2% of the CAPEX;



	
Roundtrip efficiency is 90%;



	
Cost of redispatch is 100 €/MWh;



	
Duration of the congestion is 1 hour;



	
Notations for formula (it is assumed that the congestion occurs between the A and B areas);



	
P−A(t) is the most expensive generator available to decrease its generation on area A at time t;



	
P+A(t) is the cheapest generator available to increase its generation on area A at time t;



	
C−A(t) and C+A(t) are their associated costs;



	
P−B(t), P+B(t), C−B(t) and C+B(t) have the same definitions, respectively, for area B;



	
Pcong is the amplitude of the congestion.










Total cost of congestion management = cost of the battery + residual cost of redispatch



(10)






Residual cost of redispatch = cost with redispatch (t) – cost with optimal dispatch (t)



(11)






Cost with optimal dispatch (t) = P−A(t).C−A(t) + P+A(t).C+A(t) + P−B(t).C−B(t) + P+B(t).C+B(t)



(12)






Cost with redispatch (t) = (P−A(t)−Pcong).C−A(t) + P+A(t). C+A(t) + P−B(t).C−B(t) +



(13)






(P+B(t) + Pcong). C+B(t)



(14)







Figure 13 represents the result. The annualized cost of a battery (including losses and OPEX) is represented on the 5 MW vertical line. The 5 MW battery is considered to fully solve the congestions of 5 MW and contribute to solving the congestions greater than 5 MW. The residual costs of redispatch are decreasing since the bigger the battery the less redispatch is needed. The 5 MW redispatch cost is not zero since some residual redispatch will be mandatory to solve congestion higher than 5 MW.



This method aimed at minimizing the cost of congestion management for the system. This is be done by considering the minimum point of the grey curve which is the total costs of the system. According to the results, the use of batteries with a capacity of 5 to 15 MW to solve the congestion problem generates savings for the system as compared with redispatch. A 20 MW battery or larger sized battery is not economically logical. The 20 MW battery solution presents a congestion problem, and therefore it is not enough to choose this battery system for the network. As a result of the simulations, the optimum battery size required for this network structure should be 10 MW.




5.3. Energy Arbitrage


It is also considered that the battery storage is efficient on energy arbitrage in specific configurations. The TEIAS assesses the value of this service by considering the spread between the highest and lowest points of the curve of the marginal costs of the TPN and comparing it to the standard energy efficiency of the BESS. Since this service is delivered by utilities or independent power producers (IPP) and not by a TSO, solely, the results of a rough assessment made in order to estimate the potential development of batteries for energy arbitrage services in Turkey is given.



The current Turkish price spread, which is the leading indicator to assess arbitrage profitability, is around 30 €/MWh, and only covers 12% of the annuities of a battery system. Thus, according to the current prices, it is not cost efficient to deliver arbitrage with a battery in Turkey. Figure 14 gives the details of revenues on Turkish day-ahead market



Even if important spreads were reached in the future, the cannibalization effect would highly limit the development of the relevant volume. Therefore, it is unlikely that a profitable business emerges for arbitrage in the next decade, even with high renewable energy integration. Figure 15 shows the necessary spreads to make arbitrage profitable with BESS in Turkey.



A very high share of renewables would be necessary to lower prices to less than 10 €/MWh four hours a day. Even in that case, the spreads of the above figure would correspond to peak prices higher than 100 €/MWh during four hours each day (17% of the time). BESS could be profitable after 2025 in Turkey only with spreads greater than $100 per MWh on average.



The prices between January 1, 2015 and May 27, 2018 are shown in Figure 16.



With a simplistic approach, the peak prices four hours a day were higher than 54.4 €/MWh. This means the prices of peak power plants should double to make arbitrage profitable, even by 2030, which seems quite unrealistic. Even in this case, it may be more cost efficient to build pumped hydro storage, if possible. Thus, without additional value, a battery providing arbitrage is not profitable for TPN in the next ten years.





6. Conclusions


The 21st century became the century when humanity has been experiencing the fastest transformations and changes in the history of civilization. These changes inevitably began to influence and shape traditional power systems. Not only technological developments but also vital problems, such as climate change, manipulate the future of power systems. As a result of all these changes and problems, new and sustainable solutions, such as renewable energy sources, have started to be implemented in the power grids. However, the stochastic characteristics of RER require auxiliary systems for such resources. Storage systems get involved at this point and ensure that the energy supplied from these sources is a continuous and sustainable solution. Especially for utilities and customers, among all storage solutions, the one receiving the most attention is the battery energy storage systems. Since these technologies still have to overcome some issues, utility-scale applications are not yet at the desired level. However, after solving some of the problems that prevent the popularization of the BESS, they will not only eliminate the deficiencies of the RER but will also provide many ancillary services for the networks such as frequency support and voltage regulation congestion management.



This literature review focuses on battery energy storage systems that have the most significant potential for power networks. Technical details of popular battery technologies and a compilation of the methods used to obtain critical information required for the installation of the BESS, such as location, size, and control, are presented to provide solutions to the problems of power networks. In addition, the existing challenges of the BESS and the opportunities they may create in the future are mentioned.



Lastly, how the results of real-world applications on the TEIAS, which is the transmission system operator of TPN, have benefited from BESS as a solution for the problems in the network are described.
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Figure 1. Structure of a lithium-ion (Li-ion) battery [9]. 






Figure 1. Structure of a lithium-ion (Li-ion) battery [9].



[image: Sustainability 11 03669 g001]







[image: Sustainability 11 03669 g002 550]





Figure 2. Structure of the redox flow battery [15]. 
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Figure 3. Structure of the lead-acid battery [22]. 
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Figure 4. Structure of the sodium-sulfur battery [29]. 
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Figure 5. Structure of the metal-air battery [32]. 






Figure 5. Structure of the metal-air battery [32].



[image: Sustainability 11 03669 g005]







[image: Sustainability 11 03669 g006 550]





Figure 6. 935 MW decrease in renewable energy generation. 
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Figure 7. Output power of 100 MW battery. 
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Figure 8. The amount of energy that the 100 MW lithium-ion battery gives to the system and draws from the system. 
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Figure 9. A four-step detailed methodology for the congestion problem. 
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Figure 10. Overloading problems between the East Mediterranean and the West Anatolia region. 
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Figure 11. Voltage regulation problems in the region with 154 kV transmission line overloading. 
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Figure 12. OHL overloading problems in Northern Turkey. 






Figure 12. OHL overloading problems in Northern Turkey.



[image: Sustainability 11 03669 g012]







[image: Sustainability 11 03669 g013 550]





Figure 13. The optimum battery size required to solve a 5 MW congestion problem. 
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Figure 14. Revenues for a BESS on Turkish day-ahead market. 
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Figure 15. The necessary spreads to make arbitrage profitable with BESS in Turkey. 
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Figure 16. Power market prices between January 1, 2015 and May 27, 2018 in Turkey. 
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Table 1. Comparison of technical properties of different BESS [5,33,34,35,36,37,38,39,40,41].
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	Battery Technologies
	Applicable Capacity (MW)
	Efficiency (%)
	Respond Time (ms)
	Life (cycle)
	Investment Cost ($/kWh)
	Charge Discharge (Time)
	Environmental Impact





	Lead-acid
	0–40
	70–90
	5–10
	3–15(1500)
	200–400
	min-day sec-hour
	medium



	UltraBattery
	0–36
	–
	5
	3–15(3000)
	200
	min-day sec-hour
	medium



	Sodium-sulfur
	0.05–34
	80–90
	1
	10–15(2500–4500)
	300–500
	sec-hour sec-hour
	medium



	Lithium-ion
	0–100
	85–90
	20–1000
	5–15(1000–15000)
	600–3800
	min-day min-hour
	medium



	Nickel-cadmium
	0–40
	60–65
	1–1000
	10–20(2000–3500)
	400–2400
	min-day sec-hour
	medium



	Metal-air
	0–0.01
	50
	1–1000
	– (100–300)
	10–60
	hour-month sec-24+hour
	low
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Table 2. Advantages, disadvantages, and applications of different BESS [5,34,35,39,40,41].
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Advantages

	
Disadvantages

	
Applications




	
Power Quality

	
Demand Management

	
Load Leveling

	
Grid Extension

	
Grid Support

	
Voltage Regulation






	
Lead-acid

	
Low investment cost

	
Low energy density

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓




	
UltraBattery

	
Lower investment costs and better performance than lead-acid batteries

	
Low energy density

	
✓

	
✓

	
✓

	

	
✓

	
✓




	
Sodium-sulfur (NaS)

	
High energy density and efficiency

	
High production cost, recycling need for sodium

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓




	
Lithium-ion (Li-ion)

	
High efficiency with high energy and power density

	
High cost of lithium and the need for recycling

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓




	
Nickel-sadmium (NiCd)

	
High power and energy density and efficiency

	
Highly toxic components

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓




	
Metal-air

	
Low cost, high energy density and environmentally friendly technology

	
Low recharging ability

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓
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Table 3. General overview of the references cited in Section 3.
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	Topics
	References





	Loss reduction
	[4,40,41,42,43,44,45,46,47,48,49,50,51,52]



	Demand control
	[53,54,55,56,57,58,59,60,61,62,63]



	Microgrid energy management
	[64,65,66,67,68,69,70,71,72,73,74]



	Investment deferral
	[75,76,77,78,79,80,81,82,83,84]



	Reactive power support
	[85,86,87,88,45,89,90,91,92]



	Congestion management
	[93,94,45,95,96,97,98,99,100]



	Ancillary services
	[45,85,89,101,102,103,104,105,106,107]



	Voltage regulation
	[47,50,108,109,110,111,112,113,114,115,116]



	Load shifting
	[45,55,117,118,119,120,121]



	Energy arbitrage
	[122,123,124,125,126,127,128,129,130]
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Table 4. Comparison of required reserve amounts for SFCM.
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	Case
	Sufficient SFCM Reserve with Existing Power Plants
	Sufficient SFCM Reserve with Existing Power Plants and BESS





	Decrease of 935 MW in generation
	1200 MW
	900 + 100 MW
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Table 5. Standard reinforcement costs for transmission line in Turkey.
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	Voltage Level (kV)
	Characteristics
	Cost (per km) (€)





	400
	3 Bundle 1272 MCM
	122,500



	400
	2x3 Bundle 1272 MCM
	237,500
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Table 6. Standard reinforcement costs for feeder in Turkey.
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	Voltage Level (kV)
	Characteristics
	Cost (per km) (€)





	400
	OHL Feeder
	625,000











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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