Long duration energy storage technologies: candidates and use cases

Abstract:
We review candidate long duration energy storage technologies that are relatively mature and ready to deploy into the market in the near future. We then analyze their techno-economic performance in different use cases and propose potential business models. These are valuable insights to guide the development of long duration energy storage projects and inspire future analysis in the relevant modeling and decision-making.
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[bookmark: _Toc66313161]1. Introduction	Comment by rui shan: Can be expanded later
To mitigate the climate change, we need a low-carbon transition in the energy sector[1,2] where the electrical energy storage technology would be a key to integrate more low carbon resources and ensure the reliability of the grid[3–5]. Previous papers have shown that a deep decarbonization in electricity system would require the long duration energy storage[6–8]. The planned outages in California and Texas draw more attention to the value of long duration energy storage. Although the value of long duration energy storage is widely discussed[6,7], we are not clear how to translate these values into practical business models, which would require a systematic review of their use cases for different long duration energy storage technologies.

There are some reviews about the use cases and business models for the energy storage system[9–12], but most of them, if not all, does not distinguish the short and long duration energy storage technologies. In this paper, we loosely define the long duration energy storage technology as the one can provide stable electricity at its rated power for more than 8 hours which is consistent with the definition in the integrated resource planning issued by California Public Utilities Commission [footnoteRef:1]. The long duration energy storage projects usually have large energy ratings, targeting different markets comparing to many short duration energy storage projects. These characteristics differ them with the short duration applications and thus it would be essential to review the techno-economic performance of the long duration energy storage technologies. Moreover, some characteristics like energy loss during the storage or self-discharge rate would be critical to long duration energy storage applications but not widely discussed in previous reviews that focus more on the short duration applications.  [1:  2019-2020 Electric Resource Portfolios to Inform Integrated Resource Plans and Transmission Planning, Rulemaking 16-02-007 R.16-02-007 ALJ/JF2/avs https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M331/K772/331772681.PDF 
] 


Different from the market for short-duration energy storage technologies, which is projected to be dominated by the Li-ion battery[13,14], the market for long duration energy storage technologies still have many competitive players, ranging from the traditional pumped storage hydropower and compressed air storage, to many emerging technologies from startups which are not usually included in the discussion. These long duration energy storage technologies differ not only from the short duration energy storage technologies but also differ significantly from each other.

In this paper, we will review some long duration energy storage technologies, compare their different techno-economic characteristics and derive the potential use cases based on their characteristics. It will provide valuable insights to economists, system modelers, policy makers and investors on the pathway to the deep decarbonization of the electricity system.
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[bookmark: _Toc66313167]2.2.1 Pumped Storage Hydropower
Pumped storage hydropower(PSH) is a traditional energy storage technologies and now it compose most of the energy storage market if measured by energy rating. In United States, 99% of the stored electricity (GWh) is in pumped storage hydropower projects and if measured by power (GW), pumped storage hydropower contributes to more than 93% of energy storage capacity[15]. This technology stores the electricity in the form of gravity of the water. As shown in Figure 1, a classic pumped storage hydropower project has two reservoirs with some elevation differences and at least one powerhouse. If any of the reservoirs connect with a river system, this project is called open-loop otherwise close-loop. The open-loop system usually not only serves for electricity purpose but also facilitate the water management. Hunt et al[16]. estimated that the global resource potential for open-loop pumped storage system could be at least 17.3 PWh, limiting the sites with a fixed capacity as 1 GW and levelized cost of storage lower than 50$/MWh. As for the close-loop system, Stocks et al[17] estimated more than 3.1PWh potential globally with cost lower than 40$/MWh.
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[bookmark: _Ref66883479]Figure 1 Illustration of a closed-loop PHS project, from reference [18]

The cost of the pumped storage hydropower varies a lot. Based on a IRENA report[19], the lowest capital cost is 617$/kW while the high end,2465$/kW, could be four times as high as the lowest one. Another review[20] which pays more attention in the United States finds that the capital cost for pumped hydropower project ranges from 1700$/kW to 3200$/kW. Such a huge uncertainty is mainly caused by the site dependency, leading to different labor and construction cost[19].  Similar to many other long duration energy storage technologies, the cost can be separated into energy part and power part. The energy part include the cost to construct the reservoir which determines how much energy it could store. The power part is mainly about the powerhouse. The equipment like turbines would cost about 30%~40% capital cost. The cost of reservoirs and water conveyances can ranges from less than 20% capital cost to more than 50% capital cost[21]. When the measurement transfer from the cost per power to cost per energy, the capital cost of pumped storage become pretty competitive, within the range 57-200 $/kWh [14,20,22,23] and some researchers believe it could be as low as 5$/kWh[24]. Several studies[14,20,22,23,25] state that the pumped storage hydropower is one of the most cost attractive options for long duration energy storage in the near term. Such a low energy cost is the result of the large energy rating which also contribute to the long duration of discharging. Some projects are designed for seasonal or even pluri-annual purpose[26].

Besides the low energy cost and long discharging duration, pumped storage hydropower also have many other advantages[27]: The designed lifetime for pumped storage hydropower projects is usually longer than 30 years and sometimes more than 100 years. The round trip efficiency is relatively high as 65%-85%; The depth of discharge could be as high as 100%. Another advantage, especially for long duration energy storage technologies, would be the low self-discharging rate (0.01% per day[28]). Despite so many advantages, dependency in water availability, large land area, huge upfront capital cost, considerable environmental impact, and geographic constraints limit the deployment of traditional pumped storage technologies. 

Scientists and engineers are aware these constraints and develop many novel pumped storage technologies that are not often seen in the reviews about energy storage technologies. To reduce the cost related with reservoir, a research team proposed underwater pumped hydro energy storage [29]. Instead of constructing a reservoir, they designed a vessel and deployed it under the water. It would consume electricity to pump out the water from the vessel and generate electricity when water flows in. The concept has been proven technological feasible with a pilot project[30] and researcher estimated the cost around 400-500 euro/kWh[31]. Researchers developed a similar concept that a floating membrane would act as a storage reservoir rather than a vessel[32]. This concept is still under field testing and no techno-economic estimation data available, but they believe it would be low cost and easy to replicate at many locations due to its modularity.
Previous two examples replace the upper reservoir with the open water. Another approach to reduce the cost for reservoir construction is to utilize some existing lower reservoir, like a decommissioned coal mine. Researcher conduct a case study on an underground mine site in Kentucky, which shows the initial capital cost would between 1700 $/kW and 2400 $/kW for a 5MW/50MWh pumped storage project[33]. Another assessment about coal mine in Germany results in a capital cost as 360.5 Euro/kWh when the head as 500m and when the head increases to 1000m, the capital cost would reduce to 253 Euro/kWh[34]. Depending on the driving factors, the underground environment can increase or decrease the round trip efficiency comparing with the traditional pumped storage hydropower projects[35,36]. When replace the lower reservoir with the sea, we get the seawater pumped storage. The first seawater project was implemented in Japan and operated in 1999[37] and other real world case is rare.  The seawater pumped storage avoid the cost for lower reservoir construction but increases the cost for corrosion protection[38] and thus would be more suitable for places difficult to access to the freshwater system[39] or coupled with other renewable resources like offshore wind[40].
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[bookmark: _GoBack]Figure 2 a) Schematic cross sectional view of the StEnSea system[31]; b) Schematic of prototype floating reservoir[32]; c) Scheme of underground pumped storage in a coal mine[34]; d) Schematic of GLIDES when charging[41]
The novel pumped storage technologies mentioned above still face geographic restrictions, either close to water or existing reservoir. People have conceptualized a system that combines pumped storage with compressed air system through a pressurized water container[42]. A realized example is Ground-Level Integrated Diverse Energy Storage (GLIDES) developed in Oak Ridge National Laboratory [41]. The current prototype of GLIDES use steel pressure vessel, leading to high capital cost. It costs around $4500/kWh for a 300MW and 6 hours system. If the vessel is made of high-pressure pipe segment, the cost of the same system can reduce to $250/kWh[43].
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