Design Gravitational Energy Storage System with an Inclined Track
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Abstract.  Indonesia's vast archipelago, with its growing network of power plants, requires a dependable electrical grid system. Electricity demand varies widely with time and seasons, leading to energy wastage during low-consumption periods. To mitigate this issue, an efficient and integrated energy storage solution is essential. Conventional chemical energy storage systems, such as batteries and power banks, become costly and inefficient at large scales. As an alternative, converting electrical energy into gravitational energy offers a promising solution. This research focuses on designing a control system for gravitational energy storage using an inclined track. The system integrates a transmission mechanism, braking system, mechanical-to-electrical conversion, and electrical-to-mechanical conversion. This study extends previous research on gravitational energy storage methods utilizing modular load masses. The research includes a comprehensive mathematical analysis of mechanical reliability, material strength, and component longevity. The proposed system presents several advantages: it is simpler to construct, can efficiently store and release small amounts of electrical energy, and offers ease of control and maintenance. Additionally, it is well-suited for hilly terrains and exhibits resilience to humid weather conditions. 
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INTRODUCTION
Energy storage is a critical component of achieving a sustainable and resilient energy system, offering both economic and environmental benefits [1, 2]. A diverse array of energy storage technologies has emerged, including Compressed Air Energy Storage (CAES) [3], Flywheel Energy Storage (FES) [4], Pumped Hydro Energy Storage (PHES) [5], Battery Energy Storage (BES) [6], Flow Battery Energy Storage (FBES) [7], Superconducting Magnetic Energy Storage (SMES) [8], Supercapacitor Energy Storage (SCES) [9], hydrogen storage [10], synthetic fuels [11], and Thermal Energy Storage (TES) [12]. While each technology possesses unique advantages and limitations, comprehensive reviews have provided valuable insights into their efficiency, cost-effectiveness, and suitability for specific applications.
Gravitational energy storage, a principle harnessed in ancient pendulum clocks, offers a promising alternative for large-scale energy storage. Traditional methods, such as mass stacking using cranes, have been hindered by high costs and operational complexity [13]. This research proposes a more efficient and economical approach: the Mountain Gravity Energy Storage (MGES) system. MGES involves elevating solid masses using electric motors to store gravitational potential energy, which is subsequently converted back into electricity during discharge [14]. This concept has been explored in various sectors, including construction and mining, utilizing materials like sand or gravel as energy storage mediums, demonstrating its potential for long-term, scalable energy storage.
MGES systems offer several advantages, including lower construction and maintenance costs compared to chemical batteries [14], adaptability to hilly terrains, and resilience to humid conditions [15]. Additionally, their ability to store energy for extended periods, ranging from days to years, makes them ideal for balancing fluctuations in energy supply and demand. However, currently, there are still very few commercially viable technologies that offer affordable long-term energy storage with low generation capacity, especially below 20 MW. Therefore, this study aims to design a modular gravitational energy storage system using inclined tracks that requires less energy, easier to construct, and more reliable especially for low generation capacity energy storage. By developing this technology, it is expected that renewable energy integration will be enhanced, energy wastage will be reduced, and a more economical alternative to traditional storage methods will be provided.
METHODS
This study aims to design an optimal Gravitational Energy Storage mechanism capable of supporting a modular gravitational energy storage system. A control system is required to ensure the stability of the generated electricity, even if the load descent speed varies.
The data used to design the new system includes detailed functions and sub-functions of several existing designs developed by Emrani, Chaturvedi, and ARES. Emrani et al. [16] combined a gravity system with a motor storage mode and a turbine release mode (see FIGURE 1). Chaturvedi et al. [17] developed an electric gravity energy storage system using a pulley system. The load is lifted using an electric motor and stacked around the tower. When the potential energy of the load is converted into electricity, a generator is required (see FIGURE 2). The energy storage technique developed by ARES [18] uses a train series on a hillside, with modular loads functioning as potential energy (see FIGURE 3). FIGURE 4 illustrates the ARES gravity energy storage and release system.
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FIGURE 1. The gravitational electric energy storage system by Emrani et al.
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FIGURE 2. The gravitational electric energy storage system developed by Chaturvedi et al. 


[image: ]
FIGURE 3. The gravitational electric energy storage system developed by ARES
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FIGURE 4. The energy storage and release system for gravitational electric energy developed by ARES


In this study, the Pahl-Beitz method and the TRIZ method are combined to achieve an optimal design.	
a. Pahl-Beitz Method
Functionally, a gravitational energy storage system must have the capability to convert electrical energy into potential energy (height). It must also be able to safely hold potential energy until the load is converted back into electrical energy. Additionally, it should have a load descent speed control system to ensure that the generated electricity remains sufficiently constant. Furthermore, the system must be equipped with a mechanism to convert potential energy into kinetic energy, and finally, it should have the ability to convert kinetic energy into electrical energy.
b. TRIZ Method
The TRIZ method helps in the product design process by utilizing the contradictions in design requirements. For a gravitational electric energy storage system, there is a contradiction that must be resolved: the stored electrical energy must be large to store and release a large amount of electrical energy, but the released electrical energy must also be small to store and release a small amount of electrical energy.
According to the TRIZ 40 Principles, the 'segmentation' technique can be chosen, where the load is arranged modularly so that electrical energy can be converted in both large and small amounts. A functional summary of each design is tabulated in a Morphological Matrix as shown in TABLE 1.

TABLE 1. Morphological Matrix of the Gravitational Energy Storage Design
	Items
	Emrani et al. [16]
	Chaturvedi et al. [17]
	ARES[]
	This study

	Load Mass
	Single
	Modular
	Modular
	Modular

	Loading Mass
	Not Required
	Required
	Required
	Required

	Track
	Vertical
	Vertical
	Rail
	Rail

	Electrical Capacity
	Small
	Medium
	Large
	Large

	Manufacturing Cost
	Medium
	High
	High
	High

	Reliability
	Medium
	Low
	High
	High

	Operation
	Easy
	Difficult
	Difficult
	Easy

	Maintenance
	Inexpensive
	Expensive
	Expensive
	Inexpensive



RESULTS AND DISCUSSION
The TRIZ method helps the product design step take advantage of the contradictions of the design requirements. In the case of gravitational electrical energy storage systems, there are contradictions that must be resolved, namely:
· The stored electrical energy "must be large", in order to be able to store and release large amounts of electrical energy. but,
· also the electrical energy released "must be small", capable of storing and releasing small amounts of electrical energy.
· In accordance with TRIZ 40 Principles, a “segmentation” technique can be chosen. Where the load is arranged in a modular manner, so that electrical energy can be converted in large or small quantities.
By using the Pahl-Beitz method, TRIZ, and the Morphological Matrix in Table 1, the proposed new Gravitational Electric Energy Storage design can schematically adopt several advantages of existing energy storage systems. FIGURE 5 illustrates a schematic of a gravitational electric energy storage system with modular loads on parallel rails on an inclined track proposed in this study.
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FIGURE 5. Sketch of the gravitational energy storage system with load/mass modules on several parallel rails on an inclined track

CONCLUSIONS
The conclusions from this research are:
1. Obtained a novelty (invention) from a gravitational force electrical energy storage system, modular loads on inclined track rails (hills)
2. This system is very suitable to be implemented in Indonesia, which has many hilly areas
3. This gravitational force electrical energy storage system is relatively reliable compared to chemical, pneumatic and hydraulic electrical energy storage methods. Because it has a stable storage time for a long time
4. Gravity-style electrical energy storage systems are relatively easy to operate and maintain
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