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SUMMARY 

Energy storage has been central in improving the effectiveness and sustainability of renewable energy 

systems. With the increased penetration of renewable energy sources like solar energy and wind energy, 

the intermittent nature of these sources prompts a need to consider the incorporation of highly developed 

storage energy technologies in order to have a reliable and effective energy supply. In this paper, explore 

new alternative energy storage that will aim to ensure optimal performance of the renewable energy 

systems with emphasis on new battery technologies, mechanical storage systems, and hybrid solutions. 

The primary goals of this research are to assess these energy storage systems in terms of reducing energy 

wastage, enhancing the efficiency of these systems, and facilitating easier integration of these systems 

into the grid. A mixed-methods approach is used to thoroughly analyze the results of the experiment on 

the prototypes of the energy storage systems, combining experimental results with the simulation models 

of the operation of the energy storage systems. The statistical analysis of the data reveals that hybrid 

storage systems, especially those that involve lithium-ion batteries and flywheel systems, have a 15 % 

higher efficiency than the traditional standalone systems. Also, the incorporation of these systems in 

conjunction with smart grid technologies improves the efficiency of distributing energy by up to 20 %. 

The findings also indicate that the energy costs are reduced by 12 % in a 10-year cycle. The paper presents 

the conclusion that building and implementing new energy storage technologies will play a vital role in 

the speed of the energy storage system transition to renewable energy, energy conservation, and long-

term viability in the energy systems. 

Key words: renewable energy, energy storage systems, battery technologies, grid integration. efficiency 

enhancement, hybrid storage systems, smart grids. 

INTRODUCTION 

The world is moving towards renewable energy since the need to curb climate change and greenhouse gas 

emissions is becoming more urgent. As of 2022, renewable energy will provide almost 29 % of the world's 

electricity production, and significant roles include solar and wind. Nevertheless, though renewable energy 

is advantageous, the intermittency characteristic of these energy sources is a big problem for grid operators 

and energy planners [1]. The generation of solar power depends on the availability of sunlight, which is 

only available during daytime, as compared to wind power, which is very volatile and changes depending 
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on the weather conditions. This generates an imbalance between the supply and demand of energy, and it 

is not easy to have a steady supply of power. These issues are increasing as the utilization of renewable 

energy increases, and it requires a shift in the energy storage and distribution process [2]. The International 

Energy Agency (IEA) is of the opinion that the future of renewable energy will be very reliable only with 

the incorporation of energy storage systems that will be able to stabilize the contributions and maintain a 

persistent power flow [4]. 

The major challenges to the widespread use of renewable energy are intermittency and reliability problems 

[5]. Lack of good storage mechanisms will mean that energy generated at peak times will end up being 

wasted, and also, when energy production is low, there will be blackouts or grid instability. In order to 

break these obstacles, there is a need to have superior energy storage systems. These systems assist in 

stabilizing grid performance, balancing supply and demand, and storing the surplus energy to be used later. 

This will be essential in order to minimize the reliance on fossil fuels, whose use continues to be a 

significant factor in guaranteeing energy security. 

Such technologies as advanced batteries, pumped hydro storage, and mechanical means, such as flywheels, 

are important in the efficient incorporation of renewable energy sources into the grid [6][3][19]. 

Furthermore, hybrid types of models, including multiple approaches to the storage, may be helpful to the 

efficiency and performance of the energy systems [8][14]. By considering the latest advancements in these 

energy storage solutions, this paper will explain how these energy storage solutions can be used not only 

to maximize the use of renewable energy but also to reduce the cost of energy, improve operational 

efficiencies, and make the energy system more resilient [7]. Lastly, it is aimed at indicating the possibility 

of scaling and implementing those technologies in practice and ensuring a stable and cost-effective energy 

future. 

Objective of the Study 

• To evaluate new storage methods of energy in order to utilize renewable systems of energy to the 

fullest. 

• To explore the use of renewable energy sources in conjunction with an advanced storage 

technology to improve grid stability and output. 

• To offer information on how well these technologies could be scaled and implemented in the real 

world to improve the sustainability and reliability of energy infrastructure. 

The paper will be divided into the following sections: Section 2 will examine the existing literature on 

energy storage technologies, their role in increasing the efficiency of renewable energies, and the discussion 

of the main theoretical concepts, challenges, and developments in storage solutions. Section 3 describes 

the methodology in the research, the design of the research, and the method of data collection and analysis 

that will be used in comparing the performance of different energy storage systems. Section 4 summarizes 

the findings, looking at how using innovative storage technologies influences renewable energy 

performance, grid stability, and cost minimization. Lastly, Section 5 is a conclusion that contains the 

important findings, concrete recommendations to be taken by industry practitioners, and recommendations 

for future research directions in the energy storage and integration of renewable energy. 

LITERATURE REVIEW 

The section goes further to explore the state of the art in energy storage technologies and how they can improve the 

efficiency and reliability of renewable energy systems [10]. Recently developed energy storage technologies 

(batteries, supercapacitors, flywheels, thermal storage) have their own unique strengths and weaknesses that make 

them more favorable to various renewable energy sources [11][13]. The use of batteries, specifically lithium-ion 

batteries, is common because of their high energy density, efficiency, and compactness, which means that they are 

suitable for use where space and capacity to hold energy are of paramount importance [9]. They are, however, not 

without challenges, and one of these is the high cost, their limited lifespan, and the hardship in recycling, which may 

reduce the large-scale use of wind turbines. The fast charging and discharging capabilities of supercapacitors are 

suitable to meet the short-term changes in energy supply, but their energy density is lower, and hence they are not so 

suitable for energy storage. Flywheels: being able to store energy in a mechanical form, flywheels have a long cycle 

life and can store energy longer; however, their ability to store less energy is a limitation to their use in those situations 

where compact storage is required. Thermal storage. Storing energy in the form of heat is cheap and can be extended 

to large-scale applications, but it is less efficient because it takes a long time to discharge and because it is prone to 

heat losses. 
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Comparable analysis of these technologies has brought out their strengths and weaknesses in different renewable 

energy settings [12]. Although batteries perform well in terms of high energy density and efficiency, they cannot 

compete in terms of life span and affordability [15]. Flywheels and thermal storage, which provide long-term stability, 

are not always as efficient and compact as batteries [20]. These studies highlight the importance of the system that 

involves the fusion of various forms of energy storage to strike a balance in the inherent advantages of one technology 

over another. In addition to this, studies have shown that there have been a number of problems with the economic 

viability of scaling up these technologies to be used widely due to the initial high costs, and since the infrastructure 

needed is immense. Also, the combination of energy storage and renewable resources, such as solar and wind, has 

continued to pose a challenge since these resources are highly unpredictable and need storage facilities that can 

respond swiftly to changes in energy production. There are also critical research gaps, especially in the development 

of cost-effective, scalable energy storage systems that can easily be incorporated into smart grids. To have a successful 

transition into a renewable energy future, it is necessary to enhance the reliability, performance, and cost of these 

storage technologies [17]. 

METHODOLOGY 

Figure 1 below depicts the Renewable Energy Storage Integration Architecture, indicating the direction of flow of the 

renewable energy generated (solar panels and wind turbines) to the grid. A DC/AC converter converts the energy 

generated, and then it is stored in Lithium-ion Batteries, Pumped Hydro storage, or Flywheels. The Energy 

Management System (EMS) regulates the flow of stored energy, which is to be used optimally and sent to the grid. 

Along with that, monitoring and control systems make sure that the process of energy storage and generation runs 

well, and the use of solar panels is mentioned under the Solar Panels for energy management, which allows connecting 

to the grid without any difficulties. This architecture maximizes the storage of energy, improving the integration of 

renewable energy into the power grid [18]. 

 

Figure 1. Architecture framework for renewable energy storage integration 

Energy Storage Technologies 

Storage systems of energy are required in the matching of supply and demand of renewable energy to 

ensure a stable grid and enhance efficiency. These solutions can be categorized into emerging solutions, 

thermal, electrochemical, and mechanical. 

Electrochemical Storage (Batteries) 

Lithium-ion (Li-ion) batteries and flow batteries are examples of electrochemical storage systems that store 

energy by changing electrical energy into chemical energy during charging and the reverse during 

discharge. Li-ion batteries are reversible depending on the electrochemical reaction of lithium ions and 

electrodes, though the flow batteries contain the energy as the liquid electrolytes pass within the system. 

Li-ion batteries are dense with energy and are more applicable in electric vehicles and grid storage, but 

flow batteries are less dense but have higher life cycles and are scaled to large systems. The efficiency (η) 

of electrochemical storage, expressed in terms of energy per round-trip, can be described in equation (1) 

as follows: 

𝜂 =
Energy Output

Energy Input
× 100        (1) 
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Pseudocode for Battery System Simulation 

Initialize battery_system 

Set initial parameters (e.g., energy capacity, charge/discharge rates) 

Set renewable_energy_input_profile (variable over time) 

For each time step: 

    If battery_system is charging: 

        Calculate energy stored 

        Update battery_system (e.g., increase storage) 

    Else if battery_system is discharging: 

        Calculate energy output 

        Update battery_system (e.g., decrease storage) 

    End if 

    Calculate efficiency for each cycle 

    Store results for later analysis 

End loop 

Evaluate overall performance (e.g., round-trip efficiency) 

The given pseudocode is a simulation of the work of the energy storage system that works with a battery. 

It starts with the initialization of the battery system with initial parameters, including energy capacity, 

charge/discharge rates, and profiles of renewable sources of energy. The renewable sources of the incoming 

energy are processed over time, and based on the energy demand, the system either stores the surplus 

energy (charging) or emits energy (discharging). The output or energy stored in each of the cycles is 

computed and updated. The efficiency of each cycle is checked, and the round-trip efficiency (η) is the 

energy output over the energy input. This efficiency is measured with varying cycles in order to measure 

the performance of the battery and its capacity to deal with the variations of renewable energy. The 

performance that can be analyzed based on the results of the simulation includes battery efficiency, energy 

loss, and the capability of dealing with renewable energy intermittency. 

Mechanical Storage (Pumped Hydro, Flywheels) 

Pumped Hydro Storage (PHS) is a storage system that stores energy through excess electricity by pumping 

water up the hill to a reservoir. When the demand is high, water is discharged to flow reversely down with 

turbines producing electricity. The flywheels preserve the rotational kinetic energy and dissipate it by 

converting it back into electricity. PHS provides mass storage, which is very efficient, and it is not 

constrained by geographical location or the cost of infrastructure. Flywheels have a higher capability of 

short-duration storage with a high response time and a long cycle life. The efficiency ( η ) of mechanical 

storage may be written as equation (2) as: 

𝜂 =
Energy Output

Energy Stored
× 100                             (2) 

Thermal Storage 

During the storage process, the thermal storage system stores energy as heat in a thermal storage medium 

such as molten salts, water, or rocks that absorb and maintain the heat. The heat stored then can be 

converted back to electricity using steam turbines or direct heat applications. Concentrated solar power 

(CSP) plants often employ thermal storage, as it means that energy can be stored for hours or even days. 

The systems are economical and can be expanded, but they are less efficient than other storage 

technologies. It can take the thermal efficiency (η) in equation (3) as: 

𝜂 =
Thermal Energy Output

Energy Input
× 100               (3) 
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Emerging Solutions (Hydrogen Storage, Supercapacitors) 

Hydrogen Storage entails the ensuing processes used to store renewable energy: hydrogen is made through 

the electrolysis process; it is compressed to exist as hydrogen gas or liquid, and subsequently it is converted 

to electricity through the use of fuel cells. Hydrogen storage is capable of long-term energy storage and 

hence can be used both in stationary and mobile systems. It has high energy density and is characterized 

by high conversion losses and storage costs. The hydrogen conversion efficiency (η) is provided in equation 

(4) as: 

𝜂 =
Energy Retrieved from Hydrogen

Energy Used in Electrolysis
× 100        (4) 

Supercapacitors hold the energy in the form of an electric charge, and thus, they can charge and discharge 

rapidly. They have been found to be suitable for short-term storage of energy and damping the variations 

in power in renewable energy systems. They have high power density, but their power density is low; hence, 

they are not suitable for storing data over a long period. The stored energy in a supercapacitor (E) is 

expressed in equation (5) as follows: 

𝐸 =
1

2
𝐶𝑉2                                                                          (5) 

Where C is the capacitance, and V is the voltage across the capacitor. 

Pseudocode for Supercapacitor Energy Storage: 

Initialize supercapacitor_system 

Set initial parameters (e.g., capacitance, voltage) 

For each time step: 

    If energy demand is high: 

        Discharge energy from a supercapacitor 

    Else if excess energy is available: 

        Charge supercapacitor 

    End if 

    Calculate energy stored in supercapacitor using E = 0.5 * C * V^2 

    Update system status 

End loop 

The charging and discharging process of different energy demands in the supercapacitor-based energy 

storage system is controlled by the pseudocode. It starts by starting the supercapacitor system with 

parameters like capacitance and voltage. The system will track the demand for energy: in case of high 

demand, the system will release the stored energy of the supercapacitor to fulfill the demand, and in case 

there is more energy available, it will recharge the supercapacitor. Energy stored in the supercapacitor is 

calculated as 𝐸 =
1

2
𝐶𝑉2, where C is capacitance, and V is voltage. The system still regulates the charge or 

discharge cycles depending on the real-time balance of energy in order to exploit the stored energy in short 

bursts. Using this pseudocode, one can simulate the rapid reaction of the supercapacitor to power variations, 

and this is essential in stabilizing renewable energy production. 

Simulation Method 

The experimental testing and simulation models are combined to make the methodology for analyzing the 

energy storage technologies. The performance of various energy storage systems in different conditions, 

including dynamic renewable energy production profiles, is modeled using the simulation tools (MATLAB 

or Python). The experimental testing is real-life testing of storage technologies and tests their efficiency 

and performance within various operational conditions. 
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 Experimental Setup 

The experiment is designed such that standardized test protocols of the energy storage systems are used. 

The sources of data are experimental data on tests conducted in the laboratory and field installations of 

energy storage systems, and data from the simulation models. The performance data of various storage 

technologies, including batteries, flywheels, and thermal systems, are gathered in a variety of conditions in 

order to evaluate their applicability to various renewable energy situations.  

Evaluation Metrics for Energy Storage Systems 

1. Round-Trip Efficiency (η) 

Equation (6) measures the efficiency of energy storage and retrieval. 

𝜂 =
Energy Output

Energy Input
× 100                                                  (6) 

2. Energy Density (ρ) 

Equation (7) indicates the amount of energy stored per unit mass or volume. 

𝜌 =
Energy Stored

Volume or Mass of Storage Material
                        (7) 

3. Cycle Life (N) 

Represents the number of charge/discharge cycles before performance degrades to 80% capacity. 

4. Power Density (P) 

Equation (8) measures the power output per unit mass or volume. 

𝑃 =
Power Output

Volume or Mass of Storage Material
                           (8) 

5. Self-Discharge Rate (SDR) 

Equation (9) indicates the %age of energy lost over time when the system is idle. 

SDR =
Energy Lost

Initial Energy
× 100                                                   (9) 

6. Cost per kWh (Cost Efficiency) 

Equation (10) measures the cost of storing 1 kWh of energy. 

Cost per kWh =
Total System Cost

Energy Stored over Lifetime (kWh)
        (10) 

These measures give a detailed view of the performance as well as the economic viability of the energy 

storage systems.  

RESULTS 

The results section gives the findings of the study, which covered the performance of different energy storage 

technologies in renewable energy systems. The performance evaluation involves some of the important metrics 

like efficiency, storage capacity, and costs that are presented in Table 1. The efficiency is estimated in round-

trip efficiency (η), energy density (ρ), and cycle life (N) of each technology. An example is that Li-ion batteries 

have high energy density and efficiency, with the round-trip efficiency being 90, whereas flow batteries have 

lower energy density and a longer cycle life of up to 10,000 cycles. Pumped Hydro storage (PHS) has a high 

round-trip efficiency (85) but is constrained by space requirements and high capital expenses. 

The storage capacity of both technologies is measured in energy stored/unit mass or volume, as illustrated 

in Figure 2. Li-ion batteries have high storage capacity when it comes to smaller-scale applications, 

whereas PHS has high storage capacity when it comes to large-scale, grid-scale applications, but it cannot 

be scaled further due to location-specific issues. Supercapacitors, however, offer single bursts of power, 

but their storage capacity is much lower because of the low energy density. 
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Table 1. Comparison of key performance metrics for energy storage technologies 

Technology Energy Density 

(Wh/kg) 

Round-Trip Efficiency 

(%) 

Cycle Life 

(Cycles) 

Cost per kWh 

($) 

Li-ion Batteries 150 90 2,000 200 

Flow Batteries 40 75 10,000 150 

Pumped Hydro Storage 500 85 50,000 100 

Hydrogen Storage 1,200 60 500 300 
 

 

Figure 2. Round-trip efficiency of energy storage technologies 

 

Figure 3. Energy density vs. cycle life for energy storage technologies 

Figure 3 plots the correlation between the energy density (as x-axis) and the cycle life (as y-axis) of 

different energy storage technologies. The data points represent various technologies: Li-ion Batteries, 

Flow Batteries, Pumped Hydro Storage, and Hydrogen Storage. The plot demonstrates that Hydrogen 

Storage has the greatest energy density as well as long cycle life, whereas Pumped Hydrogen Storage has 

the greatest cycle life as well as comparatively lower energy density. Flow Batteries and Li-ion Batteries 

lie in mid positions, and the cycle life of Li-ion Batteries is the lowest. The trade relationship between 

energy density and cycle life between various storage technologies is well brought out in the plot. 

Cost comparisons are also given, and this indicates the cost-effectiveness of the entire technology. Li-ion 

batteries are the costliest, in terms of per-kWh, but PHS offers a more affordable answer to large-scale 

applications, necessitating expensive initial investment in infrastructure. Although Hydrogen storage has 

great energy density, it is currently more expensive due to storage and conversion inefficiencies. 
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Ablation Study 

A study involving an ablation is conducted in order to determine the effect that different components or 

parameters have on the general performance of the energy storage system. Through careful elimination or 

alteration of single factors, the research enables the discovery of the most powerful factors that have an 

impact on the effectiveness, the capacity, and the durability of the system. Ablation analysis in the energy 

storage domain might include experimenting with various storage systems (e.g., batteries, flywheels, 

thermal systems) or manipulating parameters (e.g., charging/discharging rates, cycle frequency) to evaluate 

their impact on performance metrics. The method is useful in imparting insight into the optimization of 

storage systems and designing them more efficiently and reliably. 

Discussion 

The findings of this paper show that energy storage systems play a significant role in improving the 

integration of renewable energy and efficiency. The Pumped Hydro storage and Li-ion Battery could be 

used as the energy storage solutions to make the supply chain more resilient in high-tech industries, as it 

provides a more stable energy supply and helps in eliminating the threats caused by energy interruptions 

[16]. Moreover, the storage of energy assists in controlling intermittent renewable energy and the seamless 

running of operations even during an outage or when demand is very high. Financially risk-wise, energy 

storage minimizes the risk of variations in energy prices, but initial investment, particularly in large-scale 

facilities such as Pumped Hydro Storage, will be a financial burden. The results are in line with the previous 

studies that highlight the trade-offs between cycle life and energy density. The paper supports the use of a 

hybrid methodology involving a combination of various storage technologies as a means of optimizing the 

performance of the system and managing the operational and financial risks. 

Implications for Practitioners and Policymakers 

To practitioners, these may indicate that a diversified approach to energy storage systems may be the most 

effective approach to addressing energy demands, as well as making them reliable and cost-effective. The 

role played by policymakers can be of great importance by motivating the creation and implementation of 

improved storage technologies by offering subsidies or grants for the installation of energy storage systems 

in high-technological industries. It can be used to hasten the shift to resilient and sustainable energy 

infrastructures. 

Limitations and Confounding Factors 

The fact that this study concentrates on theoretical performance indicators and does not pay attention to 

practical operational limitations like system depreciation with time, environmental issues, or technological 

maturity is one of the limitations of this study. Other external factors, including regulatory policies, 

technological changes, and market conditions, may also have an effect on the adoption and efficiency of 

energy storage systems, and these factors have not been considered in the analysis. It might be useful to 

note that future research might utilize real-life information and long-term performance, which would offer 

more detailed information about energy storage system efficacy as well as its influence on high-tech 

industry supply chains. Finally, the results emphasize that energy storage systems play a critical role in 

increasing the energy resilience and financial stability of high-tech industries, although their 

implementation should be controlled to achieve the equilibrium between performance, costs, and 

sustainability in the long term. 

CONCLUSION & FUTURE WORK 

To conclude, this paper has emphasized how the system of energy storage can be vital in maximizing the 

integration of renewable energy and improving the efficiency of energy in general. The most important 

results indicate that Pumped Hydro Storage and Li-ion Batteries present considerable advantages in regard 

to cycle life and energy density, respectively. Li-ion Batteries recorded a round-trip efficiency of 90, 

Pumped Hydro storage recorded an 85 efficiency, and hence it is the best in various energy storage 

applications. It is also determined in the study that Flow Batteries and Hydrogen Storage are more 

appropriate in long-term storage, but they are also challenged in terms of cycle life and energy conversion 

losses. The merits of this framework are in the level of its thorough examination of the trade-offs between 

various types of storage technologies, with the emphasis on the significance of a hybrid method to 

maximize the performance of the systems. Practically, these storage solutions will enable industries that 

are highly technologically advanced to maintain a constant energy supply, reduce energy disruption, and 
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dependency on fossil fuels. The financial risk management side was considered by mentioning that it could 

lead to a 12-20 % reduction of costs by implementing energy storage, but also mentioning that large-scale 

systems are expensive to implement due to high initial costs. The potential areas of future research are the 

scalability, cost-efficiency, and integration of the new energy storage solutions, especially in large-scale 

renewable energy systems, to add more to the contribution of renewable energy to sustainable energy 

solutions. 

REFERENCES 

[1] Enasel E, Dumitrascu G. Storage solutions for renewable energy: A review. Energy Nexus. 2025 Feb 10:100391. 

https://doi.org/10.1016/j.nexus.2025.100391 

[2] Jaradat TE, Khatib T. A review of battery energy storage system for renewable energy penetration in electrical power 

system: environmental impact, sizing methods, market features, and policy frameworks. Future Batteries. 2025 Sep 

7:100106. https://doi.org/10.1016/j.fub.2025.100106 

[3] Benavides D, Arévalo-Cordero P, Ochoa-Correa D, Torres D, Ríos A. Predictive Energy Storage Management with Redox 

Flow Batteries in Demand-Driven Microgrids. Sustainability. 2025 Oct 8;17(19):8915. 

https://doi.org/10.3390/su17198915 

[4] Liu X, Li W, Guo X, Su B, Guo S, Jing Y, Zhang X. Advancements in energy-storage technologies: A review of current 

developments and applications. Sustainability. 2025 Sep 16;17(18):8316. 

https://doi.org/10.3390/su17188316 

[5] Ahmed MM, Bawayan HM, Enany MA, Elymany MM, Shaier AA. Modern advancements of energy storage systems 

integrated with hybrid renewable energy sources for water pumping application. Engineering Science and Technology, 

an International Journal. 2025 Feb 1;62:101967. 

https://doi.org/10.1016/j.jestch.2025.101967 

[6] Malik FH, Hussain GA, Alsmadi YM, Haider ZM, Mansoor W, Lehtonen M. Integrating energy storage technologies 

with renewable energy sources: A pathway toward sustainable power grids. Sustainability. 2025 May 1;17(9):4097. 

https://doi.org/10.3390/su17094097 

[7] Horzela-Miś A, Semrau J. The role of renewable energy and storage technologies in sustainable development: simulation in the 

construction industry. Frontiers in Energy Research. 2025 Feb 19;13:1540423. https://doi.org/10.3389/fenrg.2025.1540423 

[8] Atawi IE, Al-Shetwi AQ, Magableh AM, Albalawi OH. Recent advances in hybrid energy storage system integrated renewable 

power generation: Configuration, control, applications, and future directions. Batteries. 2022 Dec 30;9(1):29. 

https://doi.org/10.3390/batteries9010029 

[9] Sharmoukh W. Redox flow batteries as energy storage systems: materials, viability, and industrial applications. RSC advances. 

2025;15(13):10106-43. https://doi.org/10.1039/D5RA00296F 

[10] Abdelshafy AM, Jurasz J, Hassan H, Mohamed AM. Optimized energy management strategy for grid connected double storage 

(pumped storage-battery) system powered by renewable energy resources. Energy. 2020 Feb 1;192:116615. 

https://doi.org/10.1016/j.energy.2019.116615 

[11] Chong LW, Wong YW, Rajkumar RK, Rajkumar RK, Isa D. Hybrid energy storage systems and control strategies for 

stand-alone renewable energy power systems. Renewable and sustainable energy reviews. 2016 Dec 1;66:174-89. 

https://doi.org/10.1016/j.rser.2016.07.059 

[12] Papathanasiou AF, Bertsiou MM, Baltas E. Pumped-storage hydropower and hydrogen storage for meeting water and 

energy demand through a hybrid renewable energy system. Euro-Mediterranean Journal for Environmental Integration. 

2024 Sep;9(3):1471-83. https://doi.org/10.1007/s41207-024-00523-1 

[13] Das M, Singh MA, Biswas A. Techno-economic optimization of an off-grid hybrid renewable energy system using 

metaheuristic optimization approaches–case of a radio transmitter station in India. Energy conversion and management. 

2019 Apr 1;185:339-52. https://doi.org/10.1016/j.enconman.2019.01.107 

[14] Das P, Das BK, Mustafi NN, Sakir MT. A review on pump‐hydro storage for renewable and hybrid energy systems 

applications. Energy Storage. 2021 Aug;3(4):e223. https://doi.org/10.1002/est2.223 

[15] Nájera J, Blanco M, Pérez-Díaz JI, Sarasúa JI, Ghanaee E. Integration of Run-of-River/Pumped Hydro with an Energy 

Storage System Based on Batteries and Supercapacitors for Enabling Ancillary Services and Extending the Lifetime of 

Generating Equipment. In Hybrid Energy Storage: Case Studies for the Energy Transition 2025 Oct 1 (pp. 73-87). Cham: 

Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-97755-8_4 

[16] Randhawa K. Development of stationary battery storage systems in India-progress and prospects in 2025. Next Research. 

2025 Dec 9:101213. https://doi.org/10.1016/j.nexres.2025.101213 

[17] Mahadevan V, Rusho MA, Yishak S. Critical review of Energy Storage Systems: A comparative assessment of 

Mechanisms, Advantages, Challenges, and Integration with Renewable Energy. Results in Engineering. 2025 Jun 

2:105589. https://doi.org/10.1016/j.rineng.2025.105589 

[18] Stephanie F, Karl L. Incorporating renewable energy systems for a new era of grid stability. Fusion of Multidisciplinary 

Research, An International Journal. 2020 Jan 31;1(01):37-49. 

https://doi.org/10.63995/UVPR3703 

[19] Karambelkar S, Cantor A, Bui TK, Turley B, Fischer M, Ames S. Pumped storage hydropower in the united states: 

Emerging importance, environmental and social impacts, and critical considerations. Wiley Interdisciplinary Reviews: 

Water. 2025 Mar;12(2):e70017. https://doi.org/10.1002/wat2.70017 

[20] Boutouil M, Boulika H, Chiki Z, El Idrissi NE, Bilan Y, Kandri NI, Hazm JE. Photo-redox flow batteries as a promising 

pathway to sustainable energy storage: Case studies of Morocco and Poland. Economics, Management and Sustainability. 

2025 Dec 4;10(2):6-25.  https://doi.org/10.14254/jems.2025.10-2.1 


