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Abstract

:

The increasing integration of renewable energy sources (RESs) and the growing demand for sustainable power solutions have necessitated the widespread deployment of energy storage systems. Among these systems, battery energy storage systems (BESSs) have emerged as a promising technology due to their flexibility, scalability, and cost-effectiveness. This paper aims to provide a comprehensive review of the diffusion and deployment of BESSs across various applications, analyzing their impact on grid stability, renewable energy integration, and the overall energy transition. The paper examines the key drivers and challenges associated with BESS adoption, as well as market trends influencing their proliferation. Through an analysis of empirical data, this study aims to shed light on the current state of BESS diffusion. Finally, this research contributes to the knowledge base surrounding battery storage technology and provides insights into its role in achieving a sustainable and reliable energy future.
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1. Introduction


1.1. Motivation


As the world faces an increasingly urgent climate crisis, it is imperative to drastically reduce greenhouse gas (GHG) emissions from the transportation and energy sectors. Decarbonization and the transition to electricity are two key aspects in the fight against climate change [1]. In that context, impacts on the environment, effects on climate change, and air pollution have attracted international attention with the Paris Agreement on Climate Change [2]. The Paris Agreement adopted in December 2015 aims to align current policies and attitudes to achieve climate neutrality by the end of the century. In the context of the climate challenge, battery energy storage systems (BESSs) emerge as a vital tool in our transition toward a more sustainable future [3,4]. Indeed, one of the most significant aspects of BESSs is that they play a key role in the transition to electric transport and reducing GHG emissions. Furthermore, BESSs represent one of the keys to unlocking the potential of renewable energy sources (RESs) while reducing dependence on fossil fuels. These storage systems allow us to capture energy produced from renewable sources during periods of abundance and store it during periods of low demand [5]. This ability to mitigate the intermittency of renewable sources is critical for ensuring a continuous and reliable energy supply. Furthermore, BESSs are crucial for achieving decarbonization goals in the transportation and industrial sectors by contributing to the replacement of internal combustion vehicles with electric vehicles (EVs) powered by renewable energy [6,7,8]. Under the base scenario, more than 34 million different types of EVs are expected to be sold by 2030 [9,10].



Various battery technologies are used for energy storage systems (ESSs); an overview of these technologies can be found in Ref. [11]. Common technologies include lead–acid, lithium-ion, nickel–cadmium, nickel–metal hydride, and sodium–sulphur batteries. Each technology has its own characteristics and benefits, including energy density, durability, safety, and cost. The BESSs mainly utilize lithium-ion batteries as a means of storing energy, offering significant advantages in terms of efficiency, scalability, and operational flexibility [12,13].



Additionally, BESSs are extensively employed within power distribution systems to enhance grid management. This strategic integration of BESS technology into distribution networks serves to bolster grid reliability, flexibility, and efficiency. These systems act as a buffer, capable of rapidly responding to fluctuations in supply and demand. During times of peak energy consumption, BESSs can supply additional electricity to mitigate strain on the grid, preventing blackouts or brownouts. Conversely, during periods of generation, surplus energy can be stored in the BESSs for later use. This load-balancing capability is instrumental in ensuring a stable and dependable power supply to consumers [14,15]. By strategically deploying BESSs in locations with high energy demand or congestion, utilities can reduce transmission and distribution (T&D) losses and optimize energy flow. These systems help mitigate the need for costly infrastructure upgrades by efficiently managing and storing electricity, ensuring that it is used when and where it is most needed.




1.2. Contributions


The main objective of this manuscript is to explore and illustrate the power grid services provided by BESS installed at both the front of the meter (FTM) and behind the meter (BTM) levels of the electric transmission grid. These services play a key role in the efficient and reliable management of electricity, contributing significantly to the transition to a more sustainable energy system. In summary, this document offers a comprehensive and informative resource for understanding the multifaceted role of BESS in modern energy systems, their technical aspects, and their promising contributions to sustainability and resilience. In detail, the main contributions of this document are the following:




	
Comprehensive Coverage: The document provides a thorough and comprehensive overview of BESSs and their diverse applications, addressing a wide range of scenarios, from power savings and grid stability to renewable energy integration and microgrid solutions. Furthermore, before proceeding with the comparison between lithium-ion batteries and solid-state batteries, it is essential to conduct a detailed analysis of lithium-ion batteries, emphasizing the various chemical technologies.



	
Technical Insights: It offers valuable insights into the implementation of BESSs for every type of application, such as minimum cycles per year, power and energy ranges, C-rate considerations, and the best-suited battery chemistry for each application. For example, in the context of a grid stability application, the technical insights highlight the necessity for a high C-rate to rapidly release stored energy during grid disturbances. They also outline the preferred battery chemistries for this application, emphasizing the importance of lithium iron phosphate batteries for their enhanced safety and durability.



	
Renewable Integration: The document underscores how BESS facilitates the seamless integration of RESs into the grid, optimizing energy supply–demand dynamics and supporting sustainability goals.



	
Market Trends: The document analyses current and projected market trends for both FTM and BTM applications, offering valuable data and insights for stakeholders in the energy sector. For example, in the field of FTM applications, the document discusses the ongoing trend of increasing investment in large-scale BESS projects, such as those associated with utility-scale renewable energy integration. It highlights that this trend is driven by a combination of government incentives, renewable energy targets, and the need for grid stabilization, paving the way for substantial growth in the energy storage sector.









1.3. Paper Organization


The remainder of this paper is organized as follows: the next Section 2 presents a literature review that aims to examine the main studies associated with the BESS. Section 3 explains the BESS architecture and battery chemistry. Section 4 highlights the available technologies for BESS, differentiating FTM applications from BTM ones. Subsequently, in Section 5, a wide range of BESS services are represented. Section 6 covers the market trends for applications. Finally, the paper is concluded in Section 7.





2. Literature Review


This section provides a comprehensive review of the existing literature on BESS. The BESSs have garnered considerable attention in recent years due to their pivotal role in achieving sustainable and resilient energy systems. This review synthesizes key findings from a wide range of sources to elucidate the current state of BESS technology, examine the challenges that persist, and identify emerging trends in this dynamic field.



In order to prolong the battery lifetime, ensure the device’s safety and monitor the voltage and energy levels of each cell, a battery monitoring system (BMS) is a necessity. Regarding this, the paper [16] provides an overview of the present state-of-the-art in BMS modelling and highlights the need for advanced models to fully harness the potential of BMS. Meliala et al. [17] primarily focus on elucidating the hardware architecture of a sophisticated BMS. This BMS is designed to provide users with the capability to monitor precise data related to various aspects, including actual cell voltage levels, temperatures within the battery modules, and a wide array of status information on the health status of individual cells. Energy management systems (EMSs) and optimization methods are required to utilize energy storage effectively and safely as a flexible grid asset that can provide multiple grid services. The EMS needs to be able to accommodate a variety of use cases. Byrne et al. [18] provide a brief history of grid-scale energy storage, an overview of EMS architectures, and a summary of the leading applications for storage.



One of the notable advancements in BESS technology is the evolution of battery chemistries. Rechargeable batteries exhibit a broad spectrum of characteristics, encompassing efficiency, charging behaviour, longevity, and cost. This paper [19] conducts a comparative analysis, focusing on the two primary contenders for stationary energy storage: the lead–acid battery and the lithium-ion battery. A meticulous cost analysis underscores the cost-effectiveness of lithium-ion batteries, particularly when considering the total number of charge/discharge cycles they endure. In addition, Saini et al. [20] focus their research on identifying the most suitable battery chemistry across different technologies, using a simulation-based study. Lithium-ion batteries have emerged as the dominant choice due to their high energy density, long cycle life, and relatively low self-discharge rates. Finally, Del Valle et al. [21] show how multiple lithium-ion batteries undergo a comprehensive analysis through various tests aimed at assessing critical performance parameters for BESS applications. To achieve these objectives, several testing protocols are developed, which encompass internal resistance assessments, constant power cycling tests, rapid charging methodologies, and performance evaluations conducted under both kinetic and thermodynamic conditions.



BESSs enhance the reliability and resilience of the electricity grid in several ways. Regarding this, Galvan et al. [22] discuss the challenges and benefits of incorporating microgrids into the power distribution system, especially with regard to efficiently managing distributed energy resources, including BESSs. They demonstrate how to enhance the resilience of the power distribution system against natural disasters through BESS. It is important to acknowledge that uncertainties related to variables like renewable energy generation, load, and energy prices can significantly impact the optimal operation of BESSs. In response to this challenge, the authors in [23] introduce an adaptive robust optimization approach. This approach aims to effectively address degradation in the management of BESS charging and discharging, even in the presence of uncertainties. Instead, Hamidi et al. [24] delve into the exploration of integrating wind power, photovoltaic (PV) solar power, and BESSs into microgrid-based charging stations (CSs). The proposal includes the incorporation of second-life lithium-ion batteries into this system, which would serve the dual purpose of acting as an energy buffer and supplying emergency power in the event of a grid disconnection. Regarding this, Li et al. [25] have introduced a two-stage optimization approach for effective planning of distributed generation (DG) while taking into account the incorporation of energy storage. Their experimental findings show that this method outperforms existing approaches and that when energy storage is integrated, DGs can reliably operate at their intended capacities with a likelihood of at least 60%. Similarly, Medghalchi et al. [26] have introduced an innovative method to assess the integration of solar PV and wind turbines coupled with BESS. Their goal is to reduce the weighted average cost of energy while ensuring a set fraction of RESs. This system optimizes the capacity of PV, wind turbines, batteries, electrolyzers, hydrogen tanks, and fuel cells concurrently, addressing a complex and intricate optimization problem.



Zyryanov et al. [27] provide an overview of the primary drivers and current application areas of BESS within power systems. The paper delves into approaches aimed at addressing various pressing issues, such as equipment selection, power system structure organization, operational mode maintenance, energy quality enhancement, and the preservation of stability and reliability within power systems through the utilization of BESS technology. In addition, in the work by Stecca et al. [28], various facets of the integration of BESSs into distribution grids are thoroughly examined. The study encompasses an investigation into the diverse functionalities that a grid-connected BESS can offer, followed by an analysis of its sizing, optimal placement within the distribution network, and the control strategies associated with its operation.



The study of Benini et al. [29] examines the potential for a BESS to participate in the Italian balancing market (BM) by providing balancing services. The paper introduces a strategy for formulating both downward bids and upward offers within the market. This strategy is based on the timing of the BM sessions and focuses on selling the stored energy until the remaining energy level reaches a predetermined minimum threshold. Subsequently, the approach involves submitting purchase bids to recharge the battery when necessary. Nonetheless, the emerging energy storage market faces a significant challenge in terms of transparency, with frequently unrealistic assumptions about prices and battery specifications. In response to this concern, Figgener et al. [30] offer a comprehensive study providing detailed insights into the markets for various storage systems in Germany. This includes home storage systems, industrial storage systems, and large-scale storage systems, aiming to provide clarity and accurate information to bridge the gap between market expectations and reality. Instead, as regards the world market, Telaretti et al. [31] provide an overview of the state-of-the-art in electrochemical storage systems. Furthermore, a description of the main BESS technologies used in stationary applications is carried out, and the main trends are also identified, with reference to the main electrochemical technologies currently spread in the main world markets.



Table 1 summarizes the relevant reviews regarding the different topics that will be covered in the manuscript. In summary, the literature review highlights a significant surge in interest in BESS applications in recent years, with a predominant focus on the benefits these systems can bring to the electrical grid. However, a notable gap in the literature pertains to predicting market trends. In the context of this article, in addition to providing in-depth insights into the specifics of each application and service offered by BESSs, an attempt has been made to outline a possible outlook for the future market. This study aims to bridge the gap between existing research and the need to understand how BESS adoption may evolve in the coming years, thus contributing to more informed and strategic planning in the field of energy storage technologies.




3. BESS Architecture


The architecture of a BESS refers to the overall design and configuration of the system components that enable the storage and distribution of electrical energy. A well-designed architecture is essential for the efficient and safe operation of the BESS. The architecture of a typical BESS can be described as follows:




	
At the heart of a BESS are the battery modules, which are interconnected to form a larger battery pack. These modules are typically composed of multiple individual battery cells, arranged in series and parallel configurations to meet the system’s voltage and capacity requirements.



	
The battery management system (BMS) is responsible for monitoring and controlling the performance of the battery modules. It ensures the proper charging and discharging of the batteries, monitors their state of charge (SoC), state of health (SoH), temperature, and voltage levels, and protects the batteries from overcharging, over-discharging, and thermal issues. The BMS also manages the balancing of cells within each module to ensure uniform performance and longevity of the battery pack [32,33,34]. It ensures the safe and efficient operation of the battery pack. Alongside technological advancements, the BMS sector faces significant challenges. Cost management remains a priority as energy storage systems become increasingly widespread and competitive in the market. BMS costs must remain affordable to enable the widespread adoption of these systems. Furthermore, interoperability and standardization are fundamental issues, as the diversity of BMS technologies can hinder the interconnection and compatibility of various energy storage systems. Current research focuses on solutions to improve interoperability and create shared standards for BMS. Other emerging challenges include the management of critical resources and materials required for battery production. In this context, research into new BMS technologies aims to maximize resource efficiency and reduce environmental impact. These challenges and opportunities underscore the importance of ongoing discussion on recent developments and challenges in the BMS sector, as this is crucial for the future of energy storage systems.



	
The power conversion system (PCS) is a fundamental component within a BESS and plays a crucial role in ensuring the effective operation of the system as a whole. The PCS consists of several key elements, including inverters, transformers, and control circuits. Inverters are responsible for converting the direct current (DC) electrical energy stored in batteries into alternating current (AC) that can be used by electrical devices or injected into the electrical grid. This step is crucial, as it enables the BESS to be interoperable with other energy sources and support grid balancing. Transformers play an important role in adjusting the voltage of the converted energy to the specific requirements of the load or the grid. Additionally, the control circuits of the PCS efficiently manage the charging and discharging operations of the batteries, ensuring that the batteries are kept within safe voltage and temperature limits. The interaction of the PCS with the BMS is critical since the BMS provides information to the PCS about the state of the batteries and optimal operating conditions. This bidirectional communication between the PCS and the BMS is essential for maintaining battery performance and lifespan. Moreover, in a grid-connected BESS, the PCS can perform grid support functions, such as frequency regulation and voltage control, to ensure the stability of the electrical system. The authors in this paper [35] analyse the relationship between the BESS design scheme and the PCS.



	
The energy management system (EMS) is a central control unit that monitors and optimizes the overall operation of the BESS. It collects real-time data from the BMS and power conversion system, analyses the energy storage requirements, and determines the most effective strategies for charging and discharging the batteries. The EMS can be programmed to prioritize different objectives, such as maximizing self-consumption of renewable energy, participating in grid services, or optimizing economic returns [36,37].



	
To enable seamless integration with the electrical grid and RESs, a BESS typically incorporates communication interfaces and protocols [38]. These allow for real-time monitoring, control, and communication with other grid-connected devices, such as renewable energy systems or smart grid infrastructure. Communication capabilities enable remote monitoring of system performance, diagnostics, and software updates.



	
Safety Systems: A BESS is housed in an enclosure designed to protect the components from environmental factors and ensure safety. The enclosure provides physical support, thermal management, and protection against fire, shock, and other hazards. Safety systems, such as fire suppression systems, smoke detectors, and emergency shutdown mechanisms, are also incorporated to mitigate potential risks [39].








Overall, the architecture of a BESS, schematized in Figure 1, is designed to efficiently store and release electrical energy, manage power conversion, and ensure the safety and reliability of the system. Furthermore, it enables grid stabilization, load management, and participation in grid services, contributing to the decarbonization and resilience of the electrical grid. BESS architecture can be customized based on the specific needs of residential, commercial, industrial, or utility-scale applications.



3.1. Lithium-Ion Battery Chemistry


BESSs can incorporate various battery types such as lithium-ion, lead–acid, nickel–cadmium batteries, and others. Lithium is the lightest among the other metals, with the greatest electrochemical potential which can allow the largest specific energy per weight (3.86 Ah/g and 7.23 Ah/cm3) [40]. This property permits the expression of high specific energy density, but only if other electrolyte materials with high standard oxidation potential are used. Another advantage is that lithium-ion batteries are characterized by an almost flat discharge profile, within a range of 10% to 90% of SoC, which perfectly matches with a traction application, where the discharge and the power delivered need to be as constant as possible to avoid fluctuations in the power delivered to the motors. But lithium-ion batteries are not free of problems. Indeed, they require a protective circuit and degrade at high temperatures and high voltages. In addition, fast charging is not possible at freezing temperatures (<0 °C) [41]. However, their great advantages, which can be summarized as high specific energy and high load capacity with power cells, are their long cycle and increased durability (almost no need for repair). They are characterized by higher size, low internal resistance, relatively short charging time, and low self-discharge [42]. These properties determine their suitability for different applications such as EVs, power plants, and ESSs. Multiple varieties of lithium-ion batteries are in existence, each distinguished by its characteristics, as exemplified in Table 2.



As lithium-ion battery technology continues to evolve and become more cost-effective [43], it is likely to drive further innovation and adoption in various sectors, contributing to a more sustainable and environmentally friendly future. Additionally, research in the field of battery technology is expected to yield even more breakthroughs in the coming years.





 





Table 2. Comparison of the characteristics of the different types of lithium batteries.






Table 2. Comparison of the characteristics of the different types of lithium batteries.





	Lithium Cobalt Oxide—LCO batteries have high specific energy but shorter life, lower thermal stability, and defined load abilities. Modern designs include nickel, manganese, and/or aluminium to improve longevity and cost [44].
	[image: Energies 16 07566 i001]



	Lithium Manganese Oxide—LMO batteries offer higher thermal stability and safety but have a lower capacity compared to LCO batteries. They are often combined with nickel manganese cobalt oxide (NMC) for increased specific energy and extended life [45].
	[image: Energies 16 07566 i002]



	Lithium Nickel Manganese Cobalt Oxide—NMC batteries combine nickel, manganese, and cobalt to achieve a balance between specific energy and stability. They are commonly used in power tools, EVs, and electric propulsion systems [46].
	[image: Energies 16 07566 i003]



	Lithium Iron Phosphate—LFP batteries offer good electrochemical performance, low resistance, and increased safety. They have a lower specific energy but have a longer cycle life and thermal stability [47].
	[image: Energies 16 07566 i004]



	Lithium Nickel Cobalt Aluminium Oxide—NCA batteries provide high specific energy, relatively good specific power, and longer life. They are used in specific applications but have higher costs and lower safety compared to other chemistries [48].
	[image: Energies 16 07566 i005]



	Lithium Titanate—LTO batteries replace graphite at the anode and offer advantages such as safety, excellent discharge properties at low temperatures, and high thermal stability. However, they have a lower specific energy and higher costs compared to other lithium-ion systems [49].
	[image: Energies 16 07566 i006]








In the context of a scientific text discussing lithium battery technologies, it is essential to provide a comprehensive overview of the key parameters that define these technologies. Table 3 below presents a comparison of various lithium battery technologies, focusing on crucial parameters such as specific energy, energy density, cycle life, discharge rate, nominal voltage, and price. It should be noted that the prices mentioned in the table are as of 2023. This overview allows for an understanding of the distinctive characteristics of each of the technologies and provides a basis for assessing their applications in various sectors, from energy storage to EVs.




3.2. Characteristics of Solid-State Batteries


In the field of battery technologies, the comparison between traditional lithium-ion batteries and the newer solid-state batteries is becoming a subject of increasing interest and research. Traditional lithium-ion batteries, based on liquid electrolytes, have dominated the market for decades but come with limitations in terms of safety, efficiency, and cycle life. On the other hand, solid-state batteries offer a promising alternative by utilizing solid electrolytes, eliminating the risks of leakage, and providing higher energy density. This comparison takes an in-depth look at key parameters such as safety, specific energy, efficiency, and cycle life, offering a comprehensive overview of the characteristics of both technologies. The choice between the two depends on the specific requirements of the application and the need to maximize safety, efficiency, and performance in the context of energy storage [52]. As depicted in Table 4 [53], solid-state batteries feature a solid electrolyte, offering higher energy density and cost-effectiveness, along with a significantly reduced weight and smaller physical footprint. Importantly, they are characterized by enhanced safety with a minimal risk of explosion or fire when compared to lithium-ion batteries, which employ liquid or gel-based electrolytes and are known to carry a higher safety risk [54].



In conclusion, the comparison between traditional lithium-ion batteries and emerging solid-state batteries highlights the transformative potential of the latter in the field of energy storage. While lithium-ion batteries have long been the dominant technology, they present challenges related to safety, efficiency, and cycle life due to their liquid electrolytes. Solid-state batteries, on the other hand, offer a compelling alternative by employing solid electrolytes, thus eliminating the risk of leakage, and achieving higher energy density. The choice between these two technologies ultimately hinges on the specific demands of the application, with solid-state batteries presenting a promising avenue for those seeking to maximize safety, efficiency, and performance in the context of energy storage. This evolving landscape of battery technologies signifies a pivotal shift towards more sustainable and secure energy storage solutions.




3.3. Comparison of BESS with Other Energy Storage Technologies


BESS can be compared to other energy storage technologies in terms of cost-effectiveness, scalability, and environmental impact. The comparison (Table 5) shows that the optimal choice may vary depending on specific use cases and technologies.



In summary, BESSs are versatile and scalable, making them suitable for various applications, but their environmental impact can be a concern. The choice of energy storage technology depends on specific project requirements, such as capacity, duration, location, and environmental considerations. Each technology has its advantages and limitations, and the optimal choice will vary based on the specific use case and priorities.





4. Available Technologies for BESS


BESSs are coming out as one of the potential ways to enhance system flexibility because of their inherent ability to absorb, maintain, and then re-inject power. Based on the North American energy-saving association, market applications are typically distinguished as FTM or BTM:




	
FTM batteries are integrated into distribution or transmission networks or in connection with a production property. They allow applications needed by system operators, such as auxiliary services or system load reductions.



	
BTM batteries are connected behind the electricity meter of commercial, industrial, or residential customers, mainly with the aim of reducing electricity bills through demand-side management.








4.1. FTM BESS Concept


BESSs at the application scale (in FTM) have begun to change power generation, transmission, and distribution systems. These batteries are arranged in modules or containers to form a scalable and flexible system. Their overall capacity can range from several to hundreds of MWh. The primary purpose of an FTM BESS is to store excess electricity generated during periods of low demand or high renewable energy production. This stored energy can then be discharged during times of high demand or low renewable energy generation. By doing so, the BESS helps to balance the supply and demand of electricity on the grid, ensuring a stable and reliable power supply. One of the key advantages of an FTM BESS is its fast response time. It can rapidly charge or discharge electricity within milliseconds, making it well-suited for providing frequency regulation services. When grid frequency deviates from the nominal value, the BESS can inject or absorb power instantly to stabilize the frequency. FTM BESSs are also capable of delivering high power output when needed. This allows them to provide peak shaving services by supplying additional power during periods of high demand, reducing the strain on the grid and avoiding the need for expensive peaker plants. To ensure the safe and efficient operation of an FTM BESS, it is equipped with sophisticated control systems. These systems monitor grid conditions, battery status, and demand patterns in real-time, allowing for intelligent and optimized operation. The BESS can be remotely controlled and managed to respond to grid operator commands or market signals. Overall, an FTM BESS plays a crucial role in modernizing and optimizing the electrical grid. By providing grid-level storage and flexibility, it helps to enhance grid stability, reliability, and efficiency while supporting the integration of RESs into the power system, Table 6.



The general power flow in an FTM BESS is illustrated in the provided Figure 2 [55]. This diagram demonstrates how energy is typically transferred within the BESS, including charging from external sources and discharging to the grid or other applications.




4.2. BTM BESS Concept


A BTM BESS is an energy storage system located on the customer’s side of the electrical meter. It is designed to provide various benefits to the customer, such as reducing electricity costs, increasing energy independence, and improving resilience, Table 7. A BTM BESS typically consists of a bank of batteries, often utilizing lithium-ion technology, although other battery chemistries can also be used. The capacity of the BESS can vary depending on the customer’s needs, ranging from kWh for residential applications to several MWh for commercial and industrial installations. The primary purpose of a BTM BESS is to store electricity during periods of low demand or when electricity prices are low. The stored energy can then be used during times of high demand or when electricity prices are high, reducing the customer’s reliance on grid power and helping to minimize peak demand charges. Furthermore, a BTM BESS can provide backup power during grid outages or blackouts. By having a reliable source of stored energy, critical loads or the entire premises can continue to operate, ensuring uninterrupted power supply for essential functions such as medical equipment, refrigeration, or security systems; this enhances the resilience of the customer’s electricity supply. BTM BESSs are often integrated with renewable energy systems, such as solar panels. This maximizes the self-consumption of renewable energy and reduces the need to rely on grid power.



The total power flow in an industrial plant including a BTM BESS and BTM PV system is illustrated in Figure 3. It demonstrates how the BTM BESS interacts with the power grid to optimize energy usage, providing energy when needed, storing excess energy, and reaping economic benefits associated with electricity prices. This contributes to more efficient and resilient energy management within the system.





5. BESS Services


BESSs offer a wide range of services to improve the efficiency, resilience and sustainability of the energy system; they are illustrated in Table 8. The utilization and benefits of BESSs can be categorized into five distinct groups: bulk energy, auxiliary services, network support (T&D system), renewable energy integration, and customer energy management services.



5.1. Bulk Energy Services


A BESS within the realm of bulk energy services offers two significant advantages. Firstly, it enhances versatility by strategically storing excess energy, subsequently deploying it during peak demand hours to capitalize on price differentials [56]. Traditionally, production systems are dimensioned according to projected peak demand, which can lead to cost inefficiencies due to potential overestimation. Generator installation costs are directly correlated with their nominal rating and are often influenced by peak demand scenarios. As a result, a BESS serves as a valuable solution to mitigate this challenge, permitting the provision of supplementary energy capacity during peak demand and thereby reducing the necessity for deploying high-capacity production systems [57].



	
Electric Supply Capacity (a)






Supply capacity refers to the maximum amount of electricity that a distribution network operator (DNO) must ensure, essentially representing the peak power possible from the network. Within this framework, a BESS can effectively delay or reduce the need to invest in new-generation plant capacity or acquire additional capacity from the electricity market [58]. In the event of an extended power outage or system shutdown, the reset process must initiate from pre-selected generating units capable of self-starting. The customary range for the minimum number of annual cycles in the operation of a BESS for this application typically spans from as few as 5 cycles to as many as 100 cycles per year.



	
Electric Energy Time-Shift (Arbitrage) (b)






BESSs employed in a time shift application are designed to harness cost-effective electricity during off-peak periods and release it when electricity prices surge [59]. These BESSs, tailored for temporal energy displacement, can be strategically situated either within or in proximity to power plants or at various points within the network, including locations near energy demand centres. Numerous pivotal technical considerations come to the forefront in this context. Notably, the minimum cycling frequency per year often surpasses 250 cycles, signifying the substantial operational resilience and versatility of these systems. Furthermore, the reutilization of second-life batteries can yield significant practical benefits, particularly in the realm of stationary energy storage applications, where their capabilities can be harnessed effectively. The size and duration of these systems can vary depending on the specific application, ranging from smaller-scale deployments, such as PV or small wind farms, to larger installations catering to energy arbitrage in connection with substantial wind farms or PV power plants.



The parameters and values associated with the electrical supply capacity and electricity time-shift application are shown in the following Table 9.




5.2. Ancillary Services


Ancillary services are defined as services that support the transmission of electricity from the place of production to the customer or help maintain its usability throughout the system. On a larger scale, ancillary services are generators or other service providers that are networked and able to rapidly increase output in three main categories: potential reserves, regulation, and flexibility. This section will provide an explanation of the most popular auxiliary services allowed by BESSs as presented in Table 8.



	
Frequency Regulation (a)






This function serves as a program for balancing grid frequency. Traditional power plants often prove less suitable for this specific application, as rapid fluctuations in power output can lead to substantial wear and tear [60,61]. From a technical point of view, several important considerations emerge. Often, the minimum number of cycles per year ranges between 250 and 10,000 cycles, an indicator of the versatility and operational robustness of these systems. In addition, frequency regulation demands swift responsiveness, exceptional high-rate performance, substantial power capacity within the BESS, and a charging/discharging rate exceeding a C-rate of 1. Consequently, the preference leans towards NCM or NCA battery chemistries renowned for their attributes, including rapid response times and high-power capabilities. The use of second-life batteries is not recommended since high performance is required.



	
Voltage Support (b)






On-load tap changers, step voltage regulators, and shunt capacitors represent common voltage regulators used in traditional distribution systems. However, these conventional regulators may not efficiently address voltage regulation within fast and nonlinear dynamics. This is where the rapid dynamic response of a BESS becomes pivotal, as it can effectively mitigate major voltage fluctuations through its charge and discharge capabilities. Network operators are tasked with the responsibility of maintaining network voltage within prescribed limits [62]. Voltage support holds particular significance during peak hours when power lines and transformers experience their highest levels of utilization. The estimated nominal time required for voltage support stands at approximately 15 min, allowing the grid to stabilize and potentially initiate a systematic reduction in load. High energy and power density are imperative attributes for effective voltage support applications. The utilization of second-life batteries is generally discouraged by the rigorous demands and high-performance expectations associated with voltage regulation.



	
Black Start (c)






During the startup phase, large generators require an external power source to initiate critical functions before commencing electricity generation for the grid. In typical operational scenarios, this external power is sourced from the grid. However, in the aftermath of a system disruption, when the grid is unable to provide this essential power, generators must undergo a “black start” procedure, necessitating the use of on-site power supplies such as diesel generators [63]. An on-site BESS can also serve this critical function and obviate the need for conventional black start generators, thereby avoiding the associated costs of fuel consumption and GHG emissions. Given that system outages are infrequent events, an on-site BESS can offer additional benefits, stepping in to provide essential services in the event of a blackout failure [64].



	
Spinning, Non-Spinning Reserves (d)






In the realm of electrical power systems, a specific storage capacity is typically allocated to ensure system performance and availability in the event of unexpected production capacity disruptions [65]. This storage capacity is known as:




	✓

	
Spinning Storage: it refers to capacity that is directly connected and synchronized with the network, capable of swiftly responding to compensate for production or transmission interruptions. Spinning reserves represent the primary backup source utilized in the event of a power outage.




	✓

	
Non-Rotating Storage: it is connected to the network but operates asynchronously. It can typically be brought online within 10 min, serving as a valuable resource for uninterrupted loads. Examples include offline or block generation capacity.




	✓

	
Supplementary Storage: it becomes available within an hour and typically serves as a backup for both rotating and non-rotating storage resources. Supplementary reserves come into play after all rotating reserves are operational.









Critical technical factors within these storage categories encompass a variety of aspects. For instance, the minimum cycling frequency per year typically resides in the range of 20 to 50 cycles, an essential metric that affects the durability and effectiveness of the BESS. Moreover, the provision of spinning reserves demands exceptional high-rate performance, substantial power capacity from the BESS, and a C-rate that surpasses a certain predefined threshold. These considerations are fundamental when evaluating and implementing energy storage solutions within these specific categories.



Table 10 describes the values associated with ancillary service applications.




5.3. Grid Support (T&D)


BESSs have assumed a pivotal role in grid support and power T&D. These systems provide a versatile and efficient solution to address the challenges of the modern electrical infrastructure. Their ability to store energy when it is abundant and release it when it is needed makes them a key component in energy supply and demand management and contributes significantly to the stability and efficiency of modern power grids.



	
Transmission and Distribution Congestion Relief (a)






During peak periods of electricity demand, it is not uncommon for transmission lines to lack the necessary capacity to provide the most cost-effective energy delivery to all connected loads. This congestion on the transmission lines can lead to increased energy costs. BESSs strategically placed within the power grid play a crucial role in mitigating congestion-related costs and expenses [66]. In this context, BESS installations are typically positioned downstream of the densely populated segments of the transmission system. From a technical standpoint, several factors merit consideration. Notably, these systems are engineered with a specific target for the minimum number of charge and discharge cycles per year, typically falling within the range of 50 to 100 cycles. It is important to highlight that the discharge periods required to alleviate transmission congestion do not follow a uniform distribution throughout the year. In some instances, merely a few hours of support may be necessary annually to address congestion concerns. This underscores the remarkable flexibility and efficiency of BESSs in effectively managing peak demand and ensuring the cost-effective delivery of energy.



	
Transmission and Distribution Upgrade Deferrals (b)






The infrastructure for transmitting and distributing electricity in the power grid must be designed to meet peak demand, which often occurs during just a few hours each year. As the projected growth in peak electricity demand surpasses the capacity of the existing grid, substantial investments are usually required to upgrade equipment and expand infrastructure [67,68]. However, the deployment of BESSs offers an effective means to delay or even circumvent the necessity for new grid investments. BESSs can store energy during periods of lower demand and then discharge it during peak demand hours, thus alleviating congestion and enhancing the overall utilization of T&D assets. From a technical perspective, several crucial considerations come into play. First and foremost, these systems are meticulously designed with a specific focus on achieving a minimum number of charge and discharge cycles per year, typically falling within the range of 10 to 50 cycles. Additionally, to effectively address the substantial power density demands associated with grid peak periods, it becomes imperative to employ BESSs based on advanced technologies such as LFP or solid-state. These considerations underscore the pivotal role that BESSs can fulfil in elevating the efficiency, adaptability, and resilience of the power grid, all while mitigating the necessity for costly infrastructure upgrades.



Table 11 lists the parameters and values associated with transmission and distribution congestion relief/upgrade deferral applications.




5.4. Renewable Energy Integration


The integration of RESs into the existing power grid has emerged as a pivotal objective in the global transition towards sustainable and clean energy systems. However, the inherent variability and intermittency of RESs, such as solar and wind power, pose significant challenges to the grid’s stability and reliability. BESS has emerged as a transformative technology, offering a versatile and effective solution to address these challenges and facilitate the seamless integration of renewable energy resources [69].




	
Renewable Firm Capacity or Peaking Capacity








System operators bear the responsibility of ensuring an adequate production capacity to reliably meet electricity demand, particularly during periods of high or peak demand. Typically, these peak demand periods are met with higher-cost electricity generators. However, considering the shape of the load curve, BESSs can also play a pivotal role in securing ample peak production capacity. By strategically pairing variable renewable energy (VRE) resources with BESSs, system operators can enhance the ability of these resources to align with peak demand, consequently boosting system capacity and reliability [70]. Capacity firming, a widely adopted practice, serves the purpose of stabilizing the grid in the context of variable wind and solar resources. Its application offers several advantages to the electricity network, including:




	✓

	
Optimization of Generation Profiles: capacity firming optimizes the generation patterns of renewable sources, ensuring consistent and reliable power output.




	✓

	
Reactive Power Support: capacity firming facilitates the supply and exchange of reactive power to support RESs, enhancing their performance and grid stability.




	✓

	
Balancing Load Currents: it assists in balancing load currents and compensating for imbalances that might not always be accommodated by RESs.









Critical technical considerations for the implementation of capacity firming utilizing BESSs include achieving a targeted minimum number of cycles per year, which typically ranges from 10 to 50 cycles. This requirement is closely tied to the substantial power density demanded and specific C-rate limitations inherent in capacity firming applications, as shown in Table 12. Consequently, the adoption of battery technologies such as LFP or solid-state is paramount for the effective execution of capacity firming objectives.




5.5. Customer Energy Management Services


BES technologies possess diverse intrinsic characteristics that determine their suitability for specific applications and their ability to provide distinct services to electrical systems. These characteristics include discharge time (ranging from seconds to hours) and power rating (from kilowatts to megawatts). Currently, lithium-ion batteries have gained prominence despite their higher initial cost when compared to lead–acid batteries. This popularity stems from their longer lifespan and greater efficiency. As a result, lithium-ion accumulators have become the prevalent choice for stationary battery installations in buildings. However, not all lithium-ion batteries are identical. Different applications demand specific battery types:




	✓

	
Lithium-Cobalt Dioxide Accumulators: These are favoured for applications such as cell phones and EVs, where a compact, lightweight battery with high energy and power density is essential.




	✓

	
Lithium Iron Phosphate Accumulators: These are well-suited for building applications, where weight and size are less critical, and longevity takes precedence.




	✓

	
NCM Batteries: By incorporating nickel and manganese, originally designed for cell phones, NCM batteries have been adapted for use in buildings, offering a balance between energy density and cost-effectiveness.









In terms of services provided by BESSs, the primary growth drivers, especially BTM applications, are expected to be new PV installations. As PV installations continue to expand, battery storage systems are likely to play a pivotal role in enhancing grid resilience, optimizing energy usage, and ensuring a stable supply of electricity to meet the evolving needs of consumers and the grid.



	
Peak Shaving (a)






Peak shaving involves the utilization of energy storage by end-users (utility customers) to effectively manage and reduce their overall electricity expenses. Customers charge the storage systems during off-peak time periods when retail electricity prices are at their lowest. Subsequently, they discharge the stored energy during on-peak time-of-use (TOU) periods when higher retail energy prices come into effect. This program bears similarities to electric time shifting; however, it is important to note that the pricing structure differs significantly. In peak shaving, the electricity price is determined based on the customer’s specific retail tariff, whereas electric time shifting primarily relies on wholesale electricity prices as the predominant factor [71]. Critical technical considerations for peak shaving encompass the achievement of a targeted minimum number of cycles per year, which typically ranges from 50 to 250 cycles. The battery system covers power ranges from 10 kW to 1 MW and energy capacities ranging from 10 kWh to 6 MWh. Flexibility is a strength, as it offers variable durations from 1 h to 6 h to meet specific needs. Furthermore, it promotes sustainability and responsible resource usage with the possibility of a “second life” EV battery. This means that batteries can be reused in other applications after their automotive life.



	
Power Upgrade Deferral (b)






The expansion of T&D networks should align with the pace dictated by demographic and economic factors [72]. It is imperative to conduct load growth forecasting and strategic planning for the augmentation or installation of new feeders. Research studies, as exemplified by [73], have underscored that intermittent energy production can potentially postpone the necessity for substantial network upgrades, thereby deferring significant associated costs. Critical technical considerations for addressing these challenges revolve around achieving a targeted minimum number of cycles per year, frequently falling within the range of 50 to 250 cycles. The deployment of BESSs within this specified range equips utilities and grid operators with the capability to efficiently manage load growth, alleviating the immediate necessity for extensive network expansions. This optimization of resource utilization not only leads to cost savings but also enhances grid resilience, thereby mitigating the challenges posed by evolving energy demands and grid stability. The battery system encompasses a power range, from 10 kW to 2 MW, and an energy range spanning from 10 kWh to 4 MWh, ensuring it can handle extended service to the grid, exceeding 1 h. This system employs LFP and NMC, with LFP emphasizing high operational safety while having slightly lower energy density compared to NMC.



	
Time-of-use Energy Cost Management (c)






Power savings strategies can be employed by end-users to effectively lower their overall electrical service costs, primarily by reducing their electricity demand during peak periods designated by the utility company. To avoid incurring high demand charges, it is essential to curtail the load during the entire demand charge period, which typically falls within specific hours on days (e.g., 11:00 a.m. to 5:00 p.m.). To alleviate the burden of high demand costs, BESSs are employed. The stored energy is subsequently discharged to supply power to the load during times when demand charges are in effect [74]. Critical technical considerations for the implementation of power savings through energy storage revolve around achieving a targeted minimum number of cycles per year, which frequently falls within the range of 50 to 500 cycles. These strategies empower end-users to actively manage and optimize their electricity consumption patterns, aligning them with cost-saving opportunities. The battery system is designed to cater to a wide range of customers, including residential, commercial, and industrial users, with a power range spanning from 10 kW to 1 MW. It offers a flexible energy range of 10 kWh to 4 MWh, with the capability to provide power for durations ranging from 1 h to 4 h. Operating within a C-rate range of 0.25 to 1, it ensures an advantageous power-to-energy ratio. This system employs a combination of LFP and NMC chemistry, with a specific emphasis on high power density.



	
Maximizing/Optimizing Self-production (d)






When a diesel generator is already in place, whether serving as an emergency power source or an off-grid energy supply, the integration of a BESS represents a valuable expansion. This is because a storage system extends the uninterrupted runtime of the generator and reduces the frequency of inefficient starts and cold runs, leading to reduced fuel consumption and lower maintenance costs. Moreover, when coupled with renewable electricity generators such as solar panels or wind turbines, the storage system enhances overall system efficiency. During times when the RES is unavailable, the electricity is first drawn from the storage system. Only when the storage system is depleted does the diesel generator activate. This approach significantly reduces the diesel generator’s running time and maximizes the utilization of solar- and wind-generated electricity. Critical technical considerations for the seamless integration of a battery storage system with an existing diesel generator include achieving a targeted minimum number of cycles per year, frequently within the range of 50 to 700 cycles. The specified battery system is tailored for commercial and industrial customers, with a power range ranging from 50 kW to 250 kW and an energy range of 25 kWh to 500 kWh. It utilizes NMC chemistry, which is preferred over LFP for its high energy density characteristics.



	
Renewable Integration (e)






Innovative energy storage solutions play a pivotal role in facilitating the seamless integration of RESs while ensuring cost-effectiveness. These solutions will be instrumental in helping the European Union (EU) achieve its ambitious carbon offset targets by 2050 as outlined in the European Green Deal, all the while bolstering European energy security. BESS technology plays a vital role in this context, offering the ability to provide energy or absorb energy to offset fluctuations in RE production and changes in electrical loads [75].



BESS technology offers several advantages over conventional electricity generation methods:




	✓

	
Partial Load Operation: BESSs can effectively operate at partial load with minimal performance degradation, enhancing overall system efficiency.




	✓

	
Rapid Response: BESSs can swiftly respond to varying electrical loads, adapting to changing conditions in real-time.




	✓

	
Load Following Capability: BESSs are well-suited for both load following down (matching load reductions) and load following up (meeting increased demand) by either charging or discharging energy as needed.




	✓

	
Grid Variability Smoothing: BESS technology plays a crucial role in mitigating grid variability associated with fluctuations in renewable energy generation.









Critical technical considerations for the implementation of BESSs encompass achieving a targeted minimum number of cycles per year, frequently within the range of 50 to 500 cycles. These considerations underscore the remarkable versatility and effectiveness of BESSs in grid stabilization, optimizing the integration of RESs and advancing sustainability, aligning with the European Union’s green energy objectives. The specified battery system is suitable for residential and commercial PV systems as well as small wind farms. It offers a versatile power range, spanning from 10 kW to 1 MW, and an energy range from 10 kWh to 4 MWh. This flexibility allows it to support services ranging from just a few minutes to up to 4 h of operation.



	
Back-up Power (f)






As the costs associated with BESSs continue to decline, fresh opportunities for cost-effective technology deployment, often linked with RESs, are becoming increasingly accessible. Simultaneously, the frequency and intensity of natural disasters are on the rise. Consequently, an expanding number of companies are opting for BESSs as a versatile energy solution. This choice is driven by the recognition that traditional backup power solutions, such as diesel generators, may prove insufficient, especially during extended and large-scale disasters. One of the primary limitations of diesel generators is their reliance on on-site diesel fuel delivery, which typically takes only a few days [76]. To circumvent these limitations and ensure reliable backup power during critical situations, the preference is shifting toward the utilization of BESSs. Key technical considerations for the deployment of BESSs to enhance disaster resilience encompass achieving a targeted minimum number of cycles per year, which frequently falls within the range of 10 to 200 cycles. By choosing to implement a BESS, organizations can significantly bolster their disaster resilience, establishing a dependable and sustainable backup power source that is not dependent on fuel deliveries and is less susceptible to maintenance-related failures. This transition aligns perfectly with the increasing emphasis on robust and sustainable energy solutions, especially in regions susceptible to natural disasters. The specified battery system offers a power range from 10 kW to 500 kW and an energy range from 10 kWh to 1000 kWh. Its versatility allows for applications ranging from brief seconds to extended hours of operation.



	
Power Quality (g)






Electric power quality services encompass the utilization of BESSs to safeguard customer loads downstream, ensuring their resilience against short-term events that can adversely affect the quality of power supplied to these loads [77]. Poor electricity quality can manifest in various ways, including:




	✓

	
Voltage Magnitude Fluctuations: This includes short-term voltage jumps or drops, as well as long-term fluctuations or reductions in voltage levels.




	✓

	
Frequency Variations: Changes in the initial frequency at which the power is delivered.




	✓

	
Low Power Factor: Indicating an excessive phase difference between voltage and current, resulting in inefficient power transfer.




	✓

	
Harmonics: The presence of current or voltage components at frequencies other than the primary frequency, causing distortion.




	✓

	
Service Interruptions: These can occur at any time, ranging from fractions of a second to a few seconds.









Key technical considerations for the deployment of BESSs to enhance power quality encompass achieving a targeted minimum number of cycles per year, often falling within the range of 10 to 200 cycles. The discharge duration necessary to address power quality issues typically spans from a few seconds to several minutes. On-site BESSs play a pivotal role in effectively managing and rectifying disturbances in municipal electricity quality, ensuring a stable and high-quality power supply to downstream loads.



	
Compensation of the Reactive Power (h)






Prior to the widespread use of high-capacity batteries, the management of power factor compensation and voltage support in T&D predominantly relied on equipment such as switch capacitor banks, transformer switches, and rotary machines. However, advancements in energy storage technology have enabled dynamic control of these critical network management functions using fast BESSs. These systems can also effectively manage reactive power [78]. When the BESS’s DC/AC converter does not generate the entire apparent power required, the control unit calculates the available reactive power. If the reactive power absorbed at the measuring point exceeds a predefined threshold value, the BESS system steps in to provide the difference between the reactive power supplied by the grid and the threshold value. Key technical considerations for the implementation of BESSs in power factor compensation and voltage support applications encompass achieving a targeted minimum number of cycles per year, frequently falling within the range of 10 to 400 cycles. These technical considerations underscore the pivotal role of BESS technology in elevating the efficiency and effectiveness of power factor compensation and voltage support within T&D networks. The specified battery system is tailored for commercial and industrial customers, offering a power range ranging from 50 kW to 500 kW and an energy range from 50 kWh to 150 kWh. This system is engineered to deliver rapid power in seconds to minutes, making it ideal for applications where instant service is crucial.



	
Energy Independence (i)






Microgrids are energy systems designed to balance distributed energy generation with demand within predefined operational parameters. Their primary purpose is to ensure sustainable and secure energy services, often in situations where a traditional grid is unavailable, such as on remote islands. Microgrid projects can be initiated for various reasons, and the factors driving their deployment can vary significantly from one project to another [79]. Key characteristics and technical considerations of microgrids include:




	✓

	
Energy Source Integration: Microgrids typically incorporate solar PVs as a primary energy source, but they can integrate other renewable energy assets like wind turbines. This diversity contributes to their resilience and sustainability.




	✓

	
Grid Interactivity: Microgrids can be designed to interact with the national electricity market (NEM) or operate as fully independent systems, providing flexibility in how they connect with broader energy networks.




	✓

	
Customization: Microgrid solutions are highly customizable to suit specific needs, ensuring the highest levels of quality, safety, and performance in line with the unique requirements of each deployment.









Regarding energy storage within microgrids, there are key technical considerations to keep in mind, which frequently include achieving a minimum number of cycles per year, typically ranging from 10 to 400 cycles. Microgrids represent versatile solutions that assume a crucial role in bolstering energy resilience and security, especially in areas where conventional grid infrastructure is either limited or unreliable. Their capacity to seamlessly integrate RESs and incorporate energy storage serves to ensure the provision of efficient and sustainable energy services within such environments. The specified battery system allows for versatile applications, with the capability to provide power for durations ranging from just a few minutes to several hours. Additionally, this battery system is designed for the use of second-life batteries, offering opportunities for reuse in other applications. It does not require hard performance specifications, emphasizing adaptability and sustainability.



	
EV Fast Charging (j)






The increasing adoption of EVs poses challenges to local power distribution networks, as many EV users require high-capacity quick charging that can strain existing connections. To alleviate this strain and enhance the efficiency of electrical loads, BESSs can be strategically deployed near areas with high EV usage. The application of BESSs in the power grid offers various advantages, including the provision of auxiliary services for distribution system operators (DSOs) and transmission system operators (TSOs). Previous research has explored two main approaches to mitigate the impact of EV adoption on networks and charging costs:




	✓

	
BESS Integration with Residential RES: This approach involves deploying BES systems in households in conjunction with RESs, particularly PV, to support EV charging. The goal is to reduce the impact of EVs on household voltage and power quality while minimizing charging costs [80].




	✓

	
BESS Coordination at Public Charging Stations: This approach focuses on optimizing BESS deployment at public CSs, considering cost reduction opportunities for BES systems. The aim is to mitigate the impact of EV adoption on network infrastructure and charging costs [81,82].









Technical considerations for the implementation of BESSs in these applications often encompass achieving a minimum number of cycles per year, typically falling within the range of 10 to 400 cycles. The primary objective of these studies and applications is to minimize the costs related to EV charging while simultaneously mitigating the impact of widespread EV adoption on electrical networks. Such endeavours play a pivotal role in the development of a more sustainable and efficient EV charging infrastructure, addressing the dual goals of cost-effectiveness and network sustainability.



Table 13 lists the parameters and values associated with customer energy management services, offering a comprehensive overview of key technical specifications.





6. Market Trends


The European energy landscape is undergoing a significant transformation, driven by the increasing adoption of advanced energy storage solutions, particularly battery-based technologies. One of the driving forces behind this transformation is the lucrative revenue opportunities presented by European frequency control markets. These markets have recognized the value of integrating cutting-edge technologies like batteries due to their rapid response capabilities, making them exceptionally well-suited to ensure grid stability. Notably, in Western Europe, a collective effort involving six countries has resulted in the provision of 3 GW of frequency control reserves, often referred to as frequency containment reserves (FCRs) [83,84]. These reserves play a crucial role in maintaining grid stability and ensuring the reliable operation of the electricity network. As of now, the participating nations include Germany, which leads the pack with a substantial 603 MW of FCR capacity, followed closely by France with 561 MW. The Netherlands, Switzerland, Austria, Belgium, and Denmark are also actively involved, collectively adding their contributions of 74 MW, 68 MW, 62 MW, 47 MW, and 30 MW, respectively. Moreover, the future looks promising, as both Spain and Poland are anticipated to join this endeavour in the coming years, further enhancing the grid’s resilience. Germany, in particular, stands out as a frontrunner in this initiative, with its impressive 87% share of the existing FCR capacity and ambitious plans to add an additional 209 MW in the near future, solidifying its commitment to grid stability and renewable energy integration. The varying growth of the BESS market is primarily attributed to two key factors that significantly differ by region, namely government policies (incentives) and environmental concerns. The first offers a range of incentives, including subsidies, tax deductions, and benefits, to encourage the installation and use of BESSs, while the latter incentivizes regions that place a strong emphasis on environmental sustainability, as they view the BESS approach as a key solution to contribute to a cleaner environment. For example, Germany has proactively promoted the adoption of BESS technology through a series of significant incentives, including benefits for self-consumption of self-generated energy and financial support for the installation of home batteries [85]. In the United Kingdom, on the other hand, an innovative approach has been adopted by offering time-differentiated electricity tariffs. This strategy has driven the growth of BESS installations in both residential and commercial settings, allowing them to intelligently manage stored energy [86]. The insights presented in Figure 4 shed light on the predominant applications of large-scale ESSs in Europe during the year 2019. These applications stand as integral components in the operation of the European electricity grid, underscoring the strategic significance of energy storage in several key aspects.



The utility-scale BESS market is poised for remarkable growth looking ahead to 2030, Figure 5. This growth trajectory is undeniably significant, considering the substantial increase projected from 10 GWh in mid-2017 to 45 GWh in the reference case and a more robust 74 GWh in the doubling case by 2030. The variations between the high and low estimates in the reference and doubling cases are primarily attributed to the extent of storage deployment across different applications. Key uncertainties in these projections include factors such as the average battery pack size in 2030 on a global scale and the composition of EVs deployed by that year. This uncertainty includes considerations like the size of EVs and whether falling battery costs will result in larger batteries to extend driving ranges. For this reason, these uncertainties are factored into the high and low case scenarios. However, what is truly striking is the potential for even more substantial expansion, as the most optimistic scenario paints a picture of capacity ranging from 81 GWh to a staggering 187 GWh by the year 2030. Figure 5 shows a representation of the cumulative volume of BESSs anticipated for this critical year, showcasing the immense potential and evolving landscape of utility-scale BESS solutions in the energy industry’s future [87].



Within the utility-scale applications, the primary use case for BESSs is the time-shift of electricity. By 2030, the reference case (Figure 5a) envisions the deployment of 45 GWh to 75 GWh of BESS capacity for electricity time-shifting operations, constituting approximately 60% to 62% of the total capacity. In the doubling case (Figure 5b), these figures rise to a range of 115 GWh to 269 GWh, accounting for 62% to 64% of total capacity.



In the reference case, the next prominent main-use application is frequency regulation, where the rapid response capabilities of batteries make them an ideal solution. In 2030, this application is projected to account for 15 GWh to 23 GWh of storage capacity. In the doubling case, the next significant main-use case after electricity time-shifting is renewable capacity firming, with storage capacity ranging from 24 GWh to 57 GWh. The remaining use cases for storage are estimated to contribute to the overall capacity, with 24 GWh to 41 GWh expected in 2030 in the reference case. These include renewable capacity firming, electricity supply reserve capacity, and various other services. In the doubling case, frequency regulation is the leading main-use case, accounting for 20 GWh to 42 GWh of storage capacity, followed by electricity supply reserve capacity and transmission, distribution, and other services, with 9 GWh to 21 GWh and 14 GWh to 32 GWh, respectively. These projections highlight the diverse range of applications and the substantial growth potential of BESS in utility-scale settings by 2030.



An in-depth analysis of the European energy storage market has been conducted, focusing on the estimated market volumes from 2020 to 2030, specifically in terms of GWh installed in various BTM applications, Figure 6 [88].



This Figure 6 reveals a general growth trajectory for most years, indicating a sustained and upward trend in energy storage adoption across Europe. However, a notable exception is projected for the year 2026, where a temporary slowdown in deployment is anticipated. The dip in energy storage deployment in 2026 is attributed to a specific factor: a reduction in the projections of power plant retirements. According to Bloomberg New Energy Finance (BNEF) models, it is expected that fewer power plants will retire during this period. This reduction in plant retirements impacts the overall energy storage landscape, as power plant retirements often create opportunities for energy storage deployment to compensate for the loss of generation capacity. While the projected slowdown in 2026 is a noteworthy observation, it is important to view it within the broader context of the overall growth trend in energy storage deployment across the decade from 2020 to 2030. This comprehensive approach allows stakeholders to gain a deeper understanding of how the energy storage market is expected to evolve in Europe over the coming decade.



When examining the year 2030 as the central focus of our analysis, the provided Figure 7 offers a comprehensive portrayal of the GWh installed across various applications within the domain of BESS [88]. Within this illustrative landscape, a striking contrast in the installed GWh becomes evident when comparing FTM and BTM applications.



In the domain of BTM applications, two distinct categories stand out, boasting substantial installed GWh capacities. The peaking capacity commands a significant share of the installed GWh capacity, surpassing the 7 GWh mark. It assumes a pivotal role in the orchestration of grid operations, offering the swift deployment of stored energy during periods characterized by heightened electricity demand. The other application is energy shifting, which also boasts an installed capacity exceeding 7 GWh. Energy shifting is instrumental in the management of energy resources, enabling the storage of surplus energy during periods of low demand or excess renewable generation. It facilitates the subsequent discharge of stored energy during times of elevated demand or when renewable generation ebbs, contributing to optimized energy supply–demand dynamics.



In contrast, within the realm of BTM applications, two specific categories emerge as distinctive luminaries, exhibiting substantial installed GWh capacities: the commercial and industrial applications are one, commanding a formidable estimated installed capacity of 6.4 GWh. Commercial and industrial entities are increasingly embracing the integration of solar PV systems with battery storage to enhance energy efficiency and cost savings. The other application category is residential PV, which is notable for its estimated installed capacity of 3.4 GWh. Within residential settings, the integration of battery storage with PV systems assumes a pivotal role in augmenting the self-consumption of solar-generated energy and fortifying energy resilience. These findings encapsulate the envisaged distribution of BESS capacity across diverse applications by the year 2030. They underscore the burgeoning role of energy storage across multifarious sectors, encompassing grid management, seamless integration of renewable energy sources, and the enhancement of energy efficiency for commercial, industrial, and residential end-users.




7. Conclusions


In this exploration of BESS, we have examined various aspects, including their applications, technical considerations, and market trends. The evolving landscape of BESS presents both opportunities and challenges that require a strategic approach from stakeholders in various sectors. A key takeaway from this analysis is the remarkable versatility of BESS, spanning from large-scale utility deployments to residential and commercial applications at the BTM level. BESS’s ability to store surplus energy during high generation periods and discharge it during peak demand contributes to grid stability. In addition, BESS serves as a reliable backup power source, outperforming traditional diesel generators and ensuring uninterrupted power during critical situations.



Market trends indicate a promising future for BESS, with significant growth expected in both FTM and BTM applications. Looking ahead to 2030, the energy storage landscape is poised for transformation.



This study reveals a dynamic and promising landscape where advanced technologies, renewable energy integration, and strategic deployment strategies are key to unlocking BESS’s full potential. As we navigate the challenges and opportunities of the energy transition, BESS stands as an innovative and resilient solution, ready to power a sustainable future. These findings underscore the critical importance of ongoing research, development, and collaboration in the energy storage field. It is essential to increase investment in battery research, as this will allow researchers to develop safer, more efficient and long-lasting batteries. In parallel, strengthening regulations on battery management and recycling is equally crucial. These regulations will foster the creation of a battery recycling industry, reducing electronic waste and helping to ensure a sustainable supply of materials for battery production. Finally, the implementation of tax incentives for the installation of energy storage systems represents a significant step. These incentives can reduce upfront costs for consumers, incentivizing the widespread adoption of energy storage systems, which in turn will help reduce peak grid loads and improve the overall stability of the energy system. For future work, in light of the current preliminary stage of research, it is necessary to intensify research efforts in improving the performance of solid-state batteries by mitigating internal resistance and facilitating faster charging. This recommendation not only identifies a fundamental research area but also underscores the pressing need for innovative materials to overcome current challenges in batteries. In conclusion, with concerted efforts, we can harness the power of BESS to drive positive change in our energy systems, benefiting society, the environment, and the economy.
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Abbreviations




	AC
	Alternating Current



	BESS
	Battery Energy Storage System



	BM
	Balancing Market



	BMS
	Battery Management System



	BNEF
	Bloomberg New Energy Finance



	BTM
	Behind the Meter



	CS
	Charging Station



	DC
	Direct Current



	DG
	Distributed Generation



	DNO
	Distribution Network Operator



	DSO
	Distribution System Operator



	ESS
	Energy Storage System



	EMS
	Energy Management System



	EU
	European Union



	EV
	Electric Vehicle



	FCR
	Frequency Containment Reserve



	FTM
	Front of the Meter



	GHG
	Greenhouse Gas



	LCO
	Lithium Cobalt Oxide



	LFP
	Lithium Iron Phosphate



	LMO
	Lithium Manganese Oxide



	LTO
	Lithium Titanate



	NCA
	Lithium Nickel Cobalt Aluminium Oxide



	NEM
	National Electricity Market



	NMC
	Lithium Nickel Manganese Cobalt



	PCS
	Power Conversion System



	PV
	Photovoltaic



	RES
	Renewable Energy Sources



	SoC
	State of Charge



	SoH
	State of Health



	T&D
	Transmission and Distribution



	TOU
	Time-Of-Use



	TSO
	Transmission System Operator



	VRE
	Variable Renewable Energy
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Figure 1. BESS architecture scheme. 
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Figure 2. Energy storage market segments: BTM vs. FTM. 
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Figure 3. Power Flow in a facility containing BTM BESS. 
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Figure 4. Most common applications for European large-scale energy storage systems (2019). 
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Figure 5. BESS capacity growth in stationary applications by main-use case, 2017–2030. (a) Reference scenario, (b) Doubling scenario. 
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Figure 6. EU projected annual deployments by BTM applications, 2020–2030. 
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Figure 7. EU projected installations by BTM applications, 2030. 
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Table 1. Summary of Referenced Topics and Publications.






Table 1. Summary of Referenced Topics and Publications.





	
Topic

	
Title

	
Year

	
Reference






	
BMS

	
Battery Energy Storage System (BESS) and Battery Management System (BMS) for Grid-Scale Applications.

	
2014

	
[16]




	
Energy Management and Optimization Methods for Grid Energy Storage Systems.

	
2018

	
[18]




	
Active Battery Management System for Home Battery Energy Storage.

	
2020

	
[17]




	
Lithium ion

chemistry

	
Comparison of lead-acid and lithium-ion batteries for stationary storage in off-grid energy systems.

	
2016

	
[19]




	
Analysis of Advanced Lithium-Ion Batteries for Battery Energy Storage Systems.

	
2018

	
[21]




	
Cloud Energy Storage Based Embedded Battery Technology Architecture for Residential Users Cost Minimization.

	
2022

	
[20]




	
Services

	
EV charging station integrating renewable energy and second-life battery.

	
2013

	
[24]




	
Optimal distributed generation planning in active distribution networks considering integration of energy storage.

	
2018

	
[25]




	
Analysis of Energy Storage Systems Application in the Russian and World Electric Power Industry.

	
2020

	
[27]




	
A Comprehensive Review of the Integration of Battery Energy Storage Systems into Distribution Networks.

	
2020

	
[28]




	
Networked microgrids with roof-top solar PV and battery energy storage to improve distribution grids resilience to natural disasters.

	
2020

	
[22]




	
Charging Management of Chemical Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2) Batteries, Considering Battery Degradation Effects under Uncertain Operation in Multi-energy Systems.

	
2020

	
[23]




	
A novel hybrid optimization framework for sizing renewable energy systems integrated with energy storage systems with solar photovoltaics, wind, battery and electrolyzer-fuel cell.

	
2023

	
[26]




	
Market Trends

	
Stationary battery systems in the main world markets: Part 1: Overview of the state-of-the-art.

	
2017

	
[31]




	
Participation of Battery Energy Storage Systems in the Italian Balancing Market: Management Strategies and Economic Results.

	
2018

	
[29]




	
The development of stationary battery storage systems in Germany—A market review.

	
2020

	
[30]











 





Table 3. Comparison of Key Parameters for Various Lithium Battery Technologies.
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	LCO
	LMO
	NMC
	LFP
	NCA
	LTO





	Specific energy [Wh/kg]
	200
	150
	220
	170
	250
	70



	Energy density [Wh/l]
	400
	350
	500
	350
	550
	177



	Cycle life
	500–1000
	300–700
	2000
	>4000
	1000
	15,000–20,000



	Discharge rate
	1C
	1C, 10C
	2C/3C
	1C/3C
	2C/3C
	4C/8C



	Rated voltage
	3.6
	3.7
	3.6
	3.2
	3.6
	2.4



	Price [$/kWh]
	~123 [50]
	~95 [51]
	~112 [51]
	~100 [51]
	~120 [51]
	~160 [51]










 





Table 4. Comparison Between Solid-State and Lithium-Ion Batteries.
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	Solid-State
	Lithium-Ion





	Electrolyte
	Solid
	Liquid/Gel



	Energy density [Wh/kg]
	500–550
	260–270



	Cost [$/kWh]
	80–90
	151



	Weight (80 kWh) [km]
	158
	500



	Size
	Smaller
	Larger



	Safety
	Low risk of explosion or fire
	Risk of explosion or fire










 





Table 5. Comparison of Energy Storage Technologies.
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	BESSs (Lithium-Ion)
	Pumped Hydro Storage
	Compressed Air

Energy Storage
	Flywheel

Energy Storage





	Cost-Effectiveness
	Relatively

cost-effective
	Cost-effective for large-scale, geography-dependent applications
	Can be cost-effective for large-scale applications
	Competitive for short-duration applications



	Scalability
	Highly scalable
	Limited scalability due to geographic constraints
	Moderately scalable; geological requirements may limit deployment
	Limited scalability due to energy capacity



	Environmental Impact
	Concerns about resource extraction; improving with sustainable chemistry and recycling
	Minimal ongoing
	Moderate due to energy-intensive compression and expansion; can be mitigated with RES use
	Environmentally friendly; no hazardous materials; long lifespan; highly recyclable
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	Applications
	Note





	Utility-Scale

Energy Storage
	Large-scale FTM BESSs are integrated into the electrical grid at substations. They provide various grid services, such as frequency regulation, voltage support, and energy arbitrage.



	Renewable

Integration
	FTM BESSs are paired with renewable energy. They store excess energy generated during periods of low demand or high renewable output and release it during peak demand or when renewable generation is low, helping to balance the grid.



	Grid Ancillary

Services
	FTM BESSs are used to provide grid ancillary services like frequency response, spinning reserves, and black start capabilities. These services help maintain grid stability and can be dispatched quickly to address fluctuations in supply and demand.



	T&D Upgrade Deferral
	FTM BESSs can defer the need for expensive upgrades to T&D infrastructure by providing localized grid support and reducing strain on existing infrastructure.



	Islanded

Microgrids
	FTM BESSs can be a part of islanded microgrid systems, where they act as the primary source of power during grid outages or in remote areas were connecting to the main grid is not feasible.
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	Applications
	Note





	Residential

Settings
	BTM BESSs are commonly installed in residential homes. Homeowners use these systems to store excess electricity, then use it when electricity demand is high or during power outages. This helps reduce electricity bills and provides backup power.



	Commercial Buildings
	Many businesses and commercial properties install BTM BESSs to manage their electricity consumption effectively. These systems help reduce peak demand charges, provide backup power during outages, and enhance overall energy efficiency.



	Industrial

Facilities
	Industrial facilities often employ BTM BESSs to smooth out electricity demand and reduce utility costs. These systems can be used for load shifting and power quality improvement in manufacturing processes.



	Microgrid
	Some communities and businesses deploy microgrids with BTM BESSs to enhance energy resilience, especially in remote or isolated areas. These systems can operate independently or in conjunction with the main grid.
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Segment

	
Services

	
Use Case/Application






	
Front-of-the-meter

(Utility Scale)

	
Bulk Energy Services

	
Electric supply capacity

Electric energy time shift




	
Ancillary Services

	
Frequency regulation

Voltage support

Black start

Spinning reserve




	
Grid Support (T&D)

	
Transmission services (upgrade deferral and congestion relief)

Distribution services (upgrade deferral and voltage support)




	
Renewable Energy Integration

	
Renewable capacity firming




	
Behind-the-meter(End-user Scale)

	
Customer Energy Management Services

	
Peak shaving

Power upgrade deferral

Time-of-use energy cost management

Maximizing/optimizing self-production

Renewable integration

Back-up power

Power Quality

Compensation of the reactive power

Energy independence

EV fast charging











 





Table 9. Bulk Energy Service Specifications.
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	Parameter
	Value (a)
	Value (b)
	Note





	Power range [MW]:
	1–500
	1–500
	Electric supply system



	Energy range [MWh]:
	1–1000
	1–1000
	Greater than 1 h service to the grid



	C-rate:
	0.1–1
	0.1–1
	Favourable power–energy ratio



	Chemistry:
	NCM—

NCA—LFP
	NCM—

NCA—LFP
	High energy density is required to reduce the occupied space



	2nd life:
	Yes
	Yes
	Not required hard performance










 





Table 10. Ancillary Service Application Specifications.
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	Parameter
	Value (a)
	Value (b)
	Value (c)
	Value (d)





	Power range [MW]:
	1–40
	1–40
	5–50
	10–100



	Energy range [MWh]:
	2.5–40
	0.1–10
	1–50
	2.5–100



	C-rate:
	1–4
	1–5
	1–4
	1–4



	Chemistry:
	NCM—NCA—Solid State
	NCM—NCA—Solid State
	NCM—NCA

—Solid State
	NCM—NCA

—Solid State



	2nd life:
	No
	No
	No
	No










 





Table 11. Transmission and Distribution Congestion Relief/Upgrade Deferral Specifications.
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	Parameter
	Value (a)
	Value (b)
	Note





	Power range [MW]:
	1–100
	10–100
	Transmission, distribution grid system



	Energy range [MWh]:
	1–400
	20–800
	From 1 h to 8 h



	C-rate:
	0.25–1
	0.1–0.5
	Favourable power-energy ratio



	Chemistry:
	LFP–

Solid State
	LFP–

Solid State
	Suitable for applications requiring high power density



	2nd life:
	Yes
	Yes
	Not required hard performance










 





Table 12. Renewable Firm Capacity or Peaking Capacity Specifications.
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	Parameter
	Value
	Note





	Power range [MW]:
	1–500
	Utility-scale PV, on-shore or off-shore wind farms



	Energy range [MWh]:
	1–1000
	2–4 h service to the grid



	C-rate:
	0.1–1
	Favourable power–energy ratio



	Chemistry:
	NCM—NCA
	High energy density is required to reduce the occupied space



	2nd life:
	Yes
	Not required hard performance










 





Table 13. Comparison of Customer Energy Management Services.
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	Power Range [kW]
	Energy Range [kWh]
	C-Rate
	Chemistry
	Second Life





	(a)
	10–1000
	10–6000
	0.1–1
	LFP—NMC
	Yes



	(b)
	10–2000
	10–4000
	0.5–1
	LFP—NMC
	Yes



	(c)
	10–1000
	10–4000
	0.25–1
	LFP—NMC
	Yes



	(d)
	50–250
	25–500
	0.1–2
	NMC
	Yes



	(e)
	10–1000
	10–4000
	0.25–4
	LFP—NMC
	Yes



	(f)
	10–500
	10–1000
	0.5–1
	LFP—NMC
	No



	(g)
	10–1000
	10–350
	1–3
	NCM—NCA
	No



	(h)
	50–500
	50–150
	1–3
	NCM—NCA
	No



	(i)
	0.1–10
	0.2–20
	0.1–1
	LFP—NCA—NMC
	Yes



	(j)
	100–300
	20–300
	1–5
	NCM—NCA
	Yes
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