Long duration energy storage technologies

Abstract:
We review candidate long duration energy storage technologies that are commercially mature and ready to deploy into the market in the near futureor under commercialization. We then compare their modularity, long-term energy storage capability and capital cost for large energy applications. 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.

Key words: Long duration energy storage; electricity market; use case
Table of Contents
1. Introduction	1
2. Long Duration Energy Storage Technology	2
2.1 Methodology	2
2.2 Technology	4
2.2.1 Pumped Storage  Hydropower (Rui)	4
2.2.2 Other Gravity Based Solution (Rui)	5
2.2.3 Compressed Air Energy Storage (Jeremiah)	7
2.2.4 Thermal Energy Storage (Jeremiah)	8
2.2.5 Flow Battery (Noah)	10
2.2.6 Power-to-Gas-to-Power (Noah)	11
3. Technology comparison	15
3.1 Land footprint (Rui and Noah)	15
3.2 Equivalent efficiency (Rui and Noah)	17
3.3 Capital cost (need to more data?) (Noah and Rui)	18
4. Conclusion	19
5. Reference	20


[bookmark: _Toc71596413]1. Introduction	Comment by rui shan: We will revisit the introduction later once we complete other sections
To mitigate climate change, there is an urgent need to transition the energy sector toward low-carbon technologies [1,2] where electrical energy storage plays a key role to integrate more low carbon resources and ensure the reliability of the grid [3–5]. Previous papers have demonstrated that deep decarbonization of the electricity system would require long duration energy storage [6–8]. 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], it is not yet clear how to quantify potential value streams of commercially mature technologies, which would require a systematic review of recent development in long duration energy storage technologies. 	Comment by Sarah Kurtz: Why do you say “Planned” rather than ‘Emergency’? Don’t you need a reference for this?	Comment by Sarah Kurtz: I don’t quite understand this sentence – I made some edits, but I may have entirely missed the point. It seems to me that the value of the storage to the system can be quantified without knowing anything about the available technologies, but that a systematic review achieves an understanding of the level of maturity relative to what will be needed. Because this sentence is effectively defining the scope for the rest of the document, I think it could be useful to discuss this sentence.
	Comment by Sergio Castellanos Rodriguez: One idea for this sentence and its framing could be that this study is providing a detailed description of the current parameters across many LDES technologies, which is much needed to identify roadblocks, challenges, and opportunities in (market and technology) innovations to accelerate their deployment.

There are some reviews about the energy storage systems[9,10], but most of them, if not all, do not distinguish short and long duration energy storage technologies.  In this paper, we loosely define long duration energy storage technology as one that provides stable electricity at its rated power for more than 8 continuous hours. This duration is consistent with the definition in the integrated resource planning issued by California Public Utilities Commission [footnoteRef:1] and entities around the world who are pro-actively seeking long-duration storage implemented in existing power networks.  Long-duration energy storage projects usually have large energy ratings, targeting different markets compared with many short duration energy storage projects. These characteristics differ from short duration technologies and thus demonstrate the need to review techno-economic performance of long duration energy storage technologies. Moreover, some characteristics such as energy losses during the storage or self-discharge rates are critical to evaluate long duration energy storage technologies, but are not widely discussed in previous reviews that focus more on comparisons of short duration storage technologies. 	Comment by Sergio Castellanos Rodriguez: Reiterate why having this clear distinction is important and useful for the reader.	Comment by Sergio Castellanos Rodriguez [2]: Some journals don’t allow for footnotes, so double check (Can it be turned to simple reference instead?)	Comment by Sergio Castellanos Rodriguez: Citation for the other entities [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 batteries[11,12], the market for long duration energy storage technologies contains many competitive players, ranging from traditionally dominant storage technologies such as 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 in duration from the short duration energy storage technologies but also differ significantly from each other. Omission of this diversity and advancement misleads the evaluation of the role of long duration energy storage technologies[13], framing them in the stereotype that long-duration storage is inefficient, geographically constrained and prohibitively capital intensive.	Comment by Sergio Castellanos Rodriguez: By when or until when?	Comment by Sergio Castellanos Rodriguez: Hinders a proper evaluation…	Comment by Sergio Castellanos Rodriguez: It could also be that many (most?) are still early-stage, too, right? (This is confirmed later on in the text, anyway). 

This paper reviews emerging long duration energy storage technologies, compares their techno-economic characteristics and discusses potential use cases based on innovative characteristics. The analysis provides valuable insights to economists, system modelers, policy makers and investors on the pathway to the deep decarbonization of the electricity system.	Comment by Sarah Kurtz: We discussed scoping the paper to have a special focus on footprint but this introduction appears to place a bigger focus on efficiency and energy loss during storage.  Was this intentional or accidental?

[bookmark: _Toc71596414]2. Long Duration Energy Storage Technology Evaluation
[bookmark: _Toc71596415]2.1 Methodology
In selecting which technologies to discuss, electricity-in-electricity-out technologies were prioritized. We chose to focus on technologies applicable to at least diurnal and cross-day storage with a discharging duration at rated power for more than 8 hours. We review the technologies that are either already commercially viable or during the commercialization process. Lithium ion has been provided as a benchmark of “standard” battery technology, which is already commonly used for short term storage; and we select Powerpack, an utility scale product by Tesla, in our comparison.	Comment by Sarah Kurtz: Is this really true?  I think Li batteries are not usually designed to discharge over 8 hours currently. Perhaps say “We chose to focus on technologies applicable to diurnal and cross-day storage.” And leave it at that. Or, does this not include Li batteries as a ‘comparison’?
	Surveys were sent to companies identified as actively developing relevant technologies, asking for estimates of costs and performance metrics typical of a system being marketed to customers. We also requested minimum and maximum deliverable sizes and the associated marginal costs. Some agreed to meet and provide additional details through correspondence. These survey data were supplemented by a literature search that prioritized recent publications (2015 or later) to give a more accurate complete view of the current state of technologies, and focused, where possible, on real- world examples of operational projects constructed rather than theoretical simulations, specifying current costs and performance rather than future projections. Of these real -world projects, those used for commercial operation were prioritized over pilots and demonstrator plants. 	As for lLand footprint data, were estimated for some locatable projects with using Google Earth data.	Comment by Sergio Castellanos Rodriguez [2]: These surveys could be added as Supplemental Material (unfilled)	Comment by rui shan: Add the survey in SI or appendix	Comment by Sarah Kurtz: Should we note how many surveys were returned?	Comment by Sergio Castellanos Rodriguez: “operational projects constructed (e.g., pilot, prototypes)…”	Comment by Sarah Kurtz: Again, the meaning of the data varies if we were inconsistent.  We should figure out which data are for pilots.	Comment by Jeremiah Reagan: I believe we are using a mixture of commercial and pilot (or even pre-pilot) data for some technologies. Yes, we need to make sure that it’s clearly marked in the paper, but the point here is that if we have both, we are discounting the pilot data in favor of the commercial operation data.	Comment by rui shan: Add star, dagger to the technologies which are pilots or other stages
	Comment by Sergio Castellanos Rodriguez [2]: Prioritized where or for what? For incorporating into the table? Clarify in text.
	To compare different technologies, we compute the Equivalent equivalent efficiency following Equation 1, useful for gauging the effectiveness of storage on the scale of days or weeks and which.It considers roundtrip efficiency and idle losses, useful for gauging the effectiveness of storage on the scale of days or weeks. Some companies also provided information about their reference systems which are configurations either typical, nominal or useful configurations in demonstrating their technologies. Based on the reference system, we also calculate how the project average capital cost, Cx, ($/kWh) , which evolves with different energy ratings while the samefor a power rating (Eq. 2).
[bookmark: _Ref71571801][bookmark: _Ref71571766]Equation 1 
Equation 2
 is the project average cost ($/kWh) of the estimated system and this system has the same power rating with the reference system
 is the energy rating (kWh) of the estimated system 
 is the energy rating (kWh) of the reference system
 is the average cost ($/kWh) of the reference system
 is the marginal cost ($/kWh) of the system

	To clarify several terms in the table, Energy Density refers to energy per volume of the storage medium, while Land Use/Footprint refers to the overall system, including support structures. Roundtrip Efficiency is overall efficiency of energy entering and immediately leaving the system such that idle losses are negligible. Idle losses are accounted for under Daily Self-Discharge Rate (%/day). Unless otherwise noted, Total Capital Cost ($/kWh or $/kW) reflects total inclusive cost of building a sample system divided by the energy or power of said system, not the costs specific to energy storage or power, which would be better represented by Marginal Capital Cost ($/kWh or $/kW). We describe the size of systems by Energy Capacity (MWh) and Power Capacity (MW). The Duration Discharge at Rated Discharge Power (h) is calculated from the ratio of the Energy Capacity and Power Capacity for a given system, but underrepresents the actual discharge time when the discharge power is less than the rated power. Source values for minimum and maximum Energy and Power Capacity could be constrained by the technical feasibility and/or economic feasibility if provided by companies.	Comment by rui shan: Put as table caption or note?	Comment by Sergio Castellanos Rodriguez [2]: Is this different than the project average cost? If not, let’s ensure consistency.	Comment by Sergio Castellanos Rodriguez [2]: Does this just mean the range that is placed in the table? Or will there be a distinction in the table if the min/max bounds are given by the companies accounting for theoretical/economic constraints?



[bookmark: _Toc71596416]2.2 Technologiesy Overview	Comment by Sergio Castellanos Rodriguez: Should we add a reference to the companies’ websites?
[bookmark: _Toc71596417]2.2.1 Pumped- Storage  Hydropower (Rui)	Comment by Sergio Castellanos Rodriguez: To consider: in each technology add subsections: “Cost”, “Siting”, etc.. to homogenize the structure for all technologies
Pumped- storage hydropower (PSH) is a traditional energy storage technology, composed of two reservoirs with elevation difference and at least one powerhouse, storing the energy in the form of gravity of the water. It occupies more than 90% of the US energy storage market [14] and its economical resource potential exceeds the global energy storage requirement based on recent studies [15,16]. 	Comment by Sarah Kurtz: Is this for the U.S. or global? Why highlight energy rather than power?
In reference 14, I found where it says: Forty-three PSH plants with a total power capacity of 21.9 GW and estimated energy storage capacity of 553 GWh accounted for 93% of utility-scale storage power capacity (GW) and more than 99% of electrical energy storage (GWh) in 2019. 
	Comment by rui shan: I will add the reference for global

Similar to many other long duration energy storage technologies, the cost can be separated into an energy part and a power part. The energy part includes the cost to construct the reservoir which determines how much energy it could store. The power part is mainly about the powerhouse. The capital cost varies a lotsignificantly;, the cheapest could be only one fifth of the most expensive one. If measured by $/kW, PSH is expensive among compared to other technologies[17,18], but is among the cheapest if measured by $/kWh [12,18–20]. Some researchers believe it could be as low as 5$/kWh[21]. Several studies[12,18–20,22]  state that PSH is one of the most cost attractive options for long duration energy storage in the near term. Such a low energy cost results from the large energy rating. Some projects are designed for seasonal storage or store energy over multiple years[23]. Additionally, it would be expensive to build a small PSH project due to project-level economics of scale.

Besides the low energy cost, PSH also has many other advantages[24]: The designed lifetime 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 [25]. Despite so many advantages, dependency on water availability and geographic conditions, large land area, huge upfront capital cost, and considerable environmental impact all limit the deployment of traditional PSH. 

Many emerging PSH technologies address some of these limitations. Instead of constructing a reservoir, a team designed a vessel and deployed it under the water[26]. It would consume electricity to pump out the water from the vessel and generate electricity when water flows in. The concept has been proven to be technologically feasible with a pilot project[27]; a researcher estimated the cost around 400-500 euro€/kWh[28]. Researchers developed a similar concept that in which a floating membrane would act as a storage reservoir rather than a vessel[29].	Comment by Sergio Castellanos Rodriguez: Perhaps making a conversion from € to $ would be helpful (there are multiple instances in the text where one or the other is used)
Another approach to reduce the cost of the reservoir is to utilize existing reservoirs, like a decommissioned coal mine. A case study on an underground mine site in Kentucky found that the initial capital cost would be between 1700 $/kW and 2400 $/kW for a 5MW/50MWh pumped storagePSH project[30]. Another assessment of a coal mine in Germany resulted in a capital cost of 253 €Euro/kWh when the head was 1000-m[31]. Depending on the driving factors, the underground environment can increase or decrease the round trip efficiency compared with the traditional pumped storage hydropowerPSH projects[32,33]. In practice, Quidnet Energy, a geomechanical pumped storage hydropowerPSH developer had three projects under development in 2020 in New York, Texas and Ohio[34].	Comment by rui shan: This is based on model rather than real case data	Comment by Sarah Kurtz: Are they still under development? Do we really want to classify Quidnet as pumped hydro?	Comment by rui shan: I will check with them
The PSH technologies mentioned above still face geographic restrictions. People have conceptualized a system that combines pumped storage with a compressed air system through a pressurized water container[35]. A realized example is Ground-Level Integrated Diverse Energy Storage (GLIDES) developed in Oak Ridge National Laboratory [36]. The current prototype of GLIDES uses a steel pressure vessel, leading to high capital cost. It costs around $4500/kWh for a 300-MW, 6-hour system. If the vessel is made of high-pressure pipe segment, the cost of the same system can be reduced to $250/kWh[37]. Another company, Hydrostor, developed a similar technology combing CAES with pumped storage, but instead of using liquid to compress air, they use compressed air to drive water to and out the reservoir.	Comment by Sarah Kurtz: Don’t we want to discuss the compressed air technologies in the compressed-air section? (Hydrostor and GLIDES?	Comment by rui shan: Noah will revise that part
[image: ]

Figure 1 a) Schematic cross sectional view of the StEnSea system[28]; b) Schematic of prototype floating reservoir[29]; c) Scheme of underground pumped storage in a coal mine[31]; d) Schematic of GLIDES when charging[36]	Comment by Sarah Kurtz: The Figure isn’t referenced in the text…?	Comment by rui shan: I will add the refer the figures

[bookmark: _Toc71596418]2.2.2 Other Gravity Based Solution (Rui)
One drawback of pumped storage hydropowerPSH is the low energy density as it is constrained by the density of water. The pumped storage hydropowerPSH essentially is a technology that stores the electricity in the form of gravity potential. With the same principle, some other gravity-based energy storage solutions are developed, increasing the energy density of storage media and also alleviating the water availability constraints. 

In an underground PSH project, replacing part of the water with a heavy piston, we get the Gravity Power Module proposed by Gravity Power (Figure 3, a). A similar design is also under development by Heindl Energy. When the piston drops, it pushes the water through the penstock to move the turbine and generate electricity. Lifting the piston up through the hydraulic system consumes electricity. Gravity Power has begun their demonstration project in Germany. A Scottish company Gravitricity devised another underground gravity storage system, replacing the hydraulic system with winches. Their technology utilizes the existing mine shafts to raise and release the heavy weights up to 12,000 tons as the developer estimated[38]. Operation of a 250kW demonstration unit commenced in 2020 and a commercial scale project, 4MW is planned in 2021. Raising the mine shaft above ground, engineers from Energy Vault designed a tower, which uses a crane to lift blocks. Both the width and the height of the tower decide the energy capacity. The power would rely on the velocity and the mass of the block. Energy Vault began operation of a 20 to 80MWh commercial demonstration unit in Switzerland in 2020. Also lifting blocks, a Russian company Energozapas is developing a similar solution and has operated their prototype since 2017. Instead of vertical movement, Advanced Rail Energy Storage (ARES) uses a rail to move weight up and down a mountain. ARES has already completed a demonstration project in California and a 50MW commercial project in Nevada is under development.	Comment by Sarah Kurtz: Thank you for the figure reference – would be good to add more…	Comment by rui shan: I will refer b c d e	Comment by Sarah Kurtz: Put this in a reference?	Comment by rui shan: Will do	Comment by Sergio Castellanos Rodriguez: Reference
[image: ][image: ] [image: ][image: ][image: ]
[bookmark: _Ref67947832]Figure 2 a) illustrative plot of Gravity Power Module from Gravity Power Inc.[39]; b) Schematic plot of the Gravitricity system[38]; c) Design from Energy Vault[40]; d) Lifted Weight Storage module constructed by Energozapas[41] e)ARES’s demonstration project in California[42]
Comparing with traditional PSH, these novel gravity based technologies have many advantages[43], for example, the modularity. Their size can range from one hundred100- kilowatt kWhhours  to multi-gigawatt hoursGWh, resulting in lower foot prints and environmental impact. The faster response time is another advantage. Gravitricity claimed that their technology could go from zero to full power in less than a second[38]. ARES plans to actively participate in the frequency regulation market in CAISO[42], confident in their fast response time. Since there is no evaporation, as with PSH, the self-discharge rate or the energy loss during the storage is extremely low, making them ideal for long term energy storage.

The cost of the storage is difficult to estimate as they are in an early stage and could reduce sharply when scaled up. Gravity Power system is estimated to have a capital cost around 1460 €/kWh[44] for a four-hour project. As for a similar eight-hour duration project, another researcher estimated the capital cost as 148$/kWh[45]. Both studies concluded a low levelized cost of storage 148$/MWh and 123 €/MWh, and Li-ion battery is around.132-250$/MWh[46]. The main cost component for these underground projects is the excavation cost, making more than 50% of the total capital cost[47]. Thus, if an ideal site is identified, such a technology would be highly cost-competitive. Capital cost of ARES is around 1200$/kW or 160$/kWh[42]. The capital cost of Energy Vault is between 250$/kWh and 300$/kWh, and the company is ambitious with plans to reduce the cost to 150$/kWh after its tenth project[48]. The marginal cost of energy for Energy Vault is 37$/kWh[40] and could be lower if recycled bricks are used. 	Comment by Sergio Castellanos Rodriguez: I think this statement is true for many, so it perhaps should be put as a broad statement when introducing the work ahead.	Comment by Sarah Kurtz: How does this compare with what has been documented for PSH?	Comment by rui shan: I can add one or two numbers

[bookmark: _Toc71596419]2.2.3 Compressed Air Energy Storage (Jeremiah) 	Comment by Sarah Kurtz: I gave Jeremiah comments on this section last week – Jeremiah will send them to you for you to merge them.
Compressed Air Energy Storage (CAES) uses energy to compress into a large underground cavern. The air is later released into a recuperator and heated for re-expansion at a turbine for power generation. CAES can be categorized into diabatic and adiabatic. In diabatic, the heat released by compression is not captured, and the reheating of air must be accomplished via burning of natural gas or through electric heating. Adiabatic systems capture the compression heat reuse in the a recuperator, increasing efficiency for higher build cost.

While diabatic CAES is the more mature technology, the number of commercial implementations remains limited. The world’s first CAES plant was the 1978 Huntorf plant, at 290 MW, 480 MWh. The second, was the 1991 McIntosh plant at 110 MW, 2000 MWh (later 3370 MWh with upgrades)[18,49]. These two remain the only physical examples in current commercial operation, and form the basis of test cases and projections throughout the literature, though Apex has a planned 324 MW, 16 GWh project under development in Texas.[50].	Comment by Sergio Castellanos Rodriguez: To be completed when?

Diabatic CAES favors large builds with long duration, taking advantage of large underground caverns for low per kWh costs of $94-$229[18], $90-$327[9]), with total per kW estimates of $1050-$2544[18] and $885-$1368[9]. Operation and maintenance costs for contemporary systems are estimated at $8-$18/kW and $0.51/MWh respectively [9].  This comes at the expense of geographic dependence on large salt caverns, and only modest round trip efficiencies (50 – 54%)[9,18,49,51] when considering energy cost of reheating.	Comment by Jeremiah Reagan: Not sure why this estimate goes so high, references to CAES make not of it having a low cost, so I’m inclined to favor the latter estimate.	Comment by Sergio Castellanos Rodriguez: Should this be homogenized to kWh (as the operation costs) or the other way around, the operation cost brought to a MW unit?

Adiabatic systems only reached commercial production recently. After completion of their Toronto Island Demonstration Facility in 2015, Hydrostor opened their Goderich A-CAES site (1.75 MW and 10 MWh) to commercial service in 2019 in Ontario. Augwind announced a 5 MW, 20 MWh pilot in Israel. Though early system sizes are small compared to diabatic systems, Hydrostor has a 500 MW, 6 GWh project under development in Rosamond that could start by 2024. [52,53].

Adiabatic CAES (A-CAES) similarly relies on underground caverns. The use of hard rock excavation techniques allows for significantly more flexibility compared to natural salt caverns[52] [Hydrostor correspondence]. These techniques could theoretically be applied to traditional CAES to improve siting flexibility, though no plans to do so have been announced. The reuse of compression heat results in efficiencies of up to 70-75%[9,18,51] (with Augwind claiming possible 75-81% for their pilot), at increased cost. Little economic analysis of A-CAES has been done. Though current builds are significantly smaller than diabatic systems, it seems likely this is a result of low technological maturity, and larger projects are under development. Adiabatic systems should also favor large builds, though possibly limited by the ability of thermal storage components to keep pace with air storage	Comment by Sergio Castellanos Rodriguez: As in the energy and power costs? LCOE? Or in what sense?	Comment by Jeremiah Reagan: Will insert data from Hydrostor when it comes

Response times for both systems is on the order of minutes. There appears to be no intrinsic limit on system lifetime aside from standard repair and maintenance of compressor and generator systems.	Comment by Sergio Castellanos Rodriguez: What about heat exchangers?

There is a third category that can be considered an offshoot of CAES, or a hybrid with Thermal Storage, called Liquid Air Energy Storage (LAES), sometimes called cryo-storage. Air is cooled to cryogenic temperature using alternate compression and expansion cycles with associated hot and cold storage tanks. Highview is currently the only company with any LAES plants in operation. A 350 kW, 2.5 MWh pilot underwent testing between 2011 and 2014 and has since been relocated to the University of Birmingham. The 5 MW, 15MWh Pillsworth Demonstration Plant in Bury, Greater Manchester began operation in April 2018. Two more plants are under development in Vermont and Carrington, at 50 MW, 400 MWh and 50 MW, 250 MWh respectively[54].

LAES allows for higher energy density (8-24 kWh/m3 [55], as opposed to 2-6 for diabatic and estimated 0.5-20 of adiabatic[51]), and removes the cavern restriction in favor of tank storage, for greater capital costs ($2000-$4000/kW based on projections from the pilot) and O&M costs comparable to conventional CAES[56]. Round trip efficiency is ~60%, though could climb to 70% with integration of waste heat recovery if built into existing power plants[56]  	Comment by Jeremiah Reagan: Highview Data would go here

[bookmark: _Toc71596420]2.2.4 Thermal Energy Storage (Jeremiah) 
Thermal storage can be sorted into three categories based on storage medium. Sensible Heat stores energy in the temperature of a material, later drawing it out through an exchanger to generate power via steam production or the expansion of another working gas/fluid. Latent Heat storage, frequently called Phase Change Materials (PCM), utilizes a phase transition of its storage medium, reverting it to release heat, and can be further manipulated by imposing pressure conditions. Thermochemical Storage drives an endothermic chemical reaction, splitting a molecular substance into products that are stored separately and reintroduces to reverse the reaction and release heat. Energy density of each of each storage type depends on the medium used, but ranges from 10 – 50 kWh/ton for sensible heat, 50 – 150 kWh/ton ( 50 – 200 kWh/m3) for PCM, and 120 – 250 kWh/ton (200 – 600 kWh/m3) for thermochemical.[57]. 	Comment by Sergio Castellanos Rodriguez: The most conventional metric would be kWh/m3, so I would invert and put the kWh/ton equivalency in parenthesis instead

[image: ]	Comment by Sergio Castellanos Rodriguez: Subset image (c) is not clear as to what the colors/shapes represent. Either remove or make sure it is evident in the caption.
 [Sarbu 2018]	Comment by rui shan: Suggest to replace the graphs with the novel thermal storage technologies

Most thermal projects to date are not designed for electrical storage. Most sensible/latent heat systems create ice or chilled water to improve energy efficiency of commercial buildings, creating low temperature reservoirs at night for cooling during daytime[58]. PCMs feature heavily in construction materials for energy efficient buildings for temperature regulation [57]. No commercial applications of thermochemical storage appear to be in development at this time.	Comment by rui shan: Need reference to support it	Comment by Sergio Castellanos Rodriguez: As a note: Generally speaking a cooling cycle (vapor compression) uses a refrigerant (which is in nature a PCM) to do its cycle without the particular aim of improving efficiency of commercial buildings. So this statement might be redacted a bit.	Comment by rui shan: The citation (Sandia database) may not support this statement. In the database, 23MW over 72 MW ice thermal storage can provide non-spinning reserve. Better to specify the value and metric. Number of projects, MW, or MWh	Comment by rui shan: I will add it later

Thermal storage for electrical generation is dominated by sensible heat molten salt, accounting for 77% of all thermal energy stored[10]. This is almost entirely implemented as Concentrated Solar Production (CSP), with typical duration of 4 – 10 hours[58]. As CSP turns solar incidence directly into stored heat for conversion into electricity, this does not represent a true alternating current (AC) to AC system.	Comment by Sergio Castellanos Rodriguez: Power	Comment by Sergio Castellanos Rodriguez:  The current type hasn’t been discussed before so if this is an important topic for this technology it might warrant a bit more description (especially given the output of many other technologies are DC).

A suggestion would be something along the lines of: “Some storage technologies required auxiliary loads (AC-based) to operate (e.g., pumps, fans, controls), and hence to fully integrate the storage technology with the AC electric grid, a relevant efficiency metric to consider is its AC-to-AC roundtrip efficiency”

AC to AC thermal storage systems are relatively new. Systems in which a working gas/fluid is circulated between hot and cold tanks are referred to as Pumped Heat Electrical Storage (PHES). Isentropic finished their 600 kWh, 150 kW Newcastle University demonstrator facility in 2019. It pumps argon between two tanks of mineral gravel and achieved an AC to AC roundtrip efficiency of 60-65% (with theoretical 75-80%). Analysis and cost estimates for a theoretical commercial system of 16 MWh and 1.6 MW, based on data from the project then in progress[59], and using an assumed efficiency of 67% (with 52% and 72% as end case scenarios), predicted storage costs of $17/kWh ($13 – $21). The European Association for Storage of Energy[60] predicts similar efficiencies of 70 – 75% and costs of $23.8/kWh for the technology as a whole, with large scale (0.5 – 1000 MWh, 0.1 – 200 MW) but short duration (3 – 6 hour). 	Comment by Sergio Castellanos Rodriguez: Does this impact the fact that we’re talking about this here but it doesn’t meet the cutoff criteria presented earlier for the LDES category?

National Renewable Energy Laboratory (NREL) is working on their ENDURING project, in which sand storage medium is circulated between tanks and passed through a fluidized bed heat exchanger. The 405 MW and scalable 100 MW – 76 GW system claims energy densities of 450 kWh/m3, 10 – 100 hour duration, 50% roundtrip efficiency, and estimated storage cost of  $10 - $40/kWh (less if built into a pre-existing thermal plant). The modular nature of heating elements allows for broad scalability of charge time. [Survey data]	Comment by rui shan: Will you also add Siemens’s technology in this section?

Malta is constructing a 10 MW pre-production prototype of a molten salt based PHES system for 100 MW and 4-24 hour duration, with 10 hours as an initial design target. It will have a similar modularity of heating elements and variable charge rates. [Malta Powerpoint]  	Comment by Jeremiah Reagan: Do we have any actual Malta Survey data?
Siemens is developing their own Electric Thermal Energy Storage (ETES) system using volcanic rocks for both heat to heat storage and heat to electricity via steam generation when attached to an existing powerplant. Having completed a 130 MWh demonstrator in Hamburg in 2019, they are currently working on the first series of commercial pilots. [Siemens PDF and Website]


Another sensible heat, but non-PHES system is being developed by Anterra. Their thermophotovoltaic (TPV) system allows the medium to emit energy as light in the infrared and near-infrared frequencies to be absorbed by a photovoltaic cell, while other frequencies are reflected back. The 5 – 500 MWh, 10 MW system would have energy densities of 80 – 500 kWh/m3, 40% roundtrip efficiency, and ~$10/kWh storage cost. [Survey data]	Comment by Jeremiah Reagan: What is their medium? Molten Salt?

A PCM AC to AC system is being pursued by Swedish company, Azelio. Their Thermal Energy Storage Pod uses phase changing aluminum and a Sterling engine to run a turbine. The first commercial installation of their system has started in Dubai as of February 2021.	Comment by Jeremiah Reagan: Have reached out but not gotten any responses. Might not get any actually useful data from them.

There appear to be no intrinsic limitations on lifetime other than maintenance of heat engine and turbine systems. Response times are measured in seconds, except for NREL’s project, listed in minutes.	Comment by Sergio Castellanos Rodriguez: It’s not sure to which technology this is referring to. This should be placed where it encompasses the range of technologies being applied to. For example, this wouldn’t apply for TPV yet it comes after it was introduced.

Idle energy loss is the elephant in the room when discussing thermal storage, and depends on the effectiveness and cost of insulation technology. CSP systems rarely discuss heat loss, as they are typically built for duration times of 10 hours or less. Smallbone et al[59] use a daily value of 1% in their projected estimate of a PHES system, as does Siemens for their ETES, for a total 6.8% weekly value. Malta predicts <1% daily for a 10 MW system, and <0.5% daily at 100 MW. NREL’s ENDURING project claims weekly loss of ~3-5%. Anterra gives ~5-10% weekly. Theoretically, thermochemical storage would bypass the problem, but no projects appear to be under development.	Comment by Sergio Castellanos Rodriguez: I would suggest changing this for something formal (and having in mind the audience not familiar with these slangs).

[bookmark: _Toc71596421]2.2.5 Flow Battery (Noah)
Flow batteries have the potential to provide flexible long-duration storage as they can be configured in different arrangements based on power and energy needs. Flow batteries have been under development for decades, yet renewed interest due to technological breakthroughs and cost reductions in solar and wind that have renewed interest. Compared to conventional stationary batteries, flow batteries separate power density from energy capacity and duration by design, meaning that flow batteries could discharge MW-scale power within seconds. However, unlike supercapacitors or other short-duration competitors, flow batteries can also serve the 8+ hour duration range with energy capacity a function of the electrolytic tank volume. The ability to substitute different electrolytic, membrane, and electrode materials make flow batteries an attractive technology for research and development. Vanadium-redox flow batteries have demonstrated recent cost reductions and commercialization in the UK through companies such as rRedT. Zinc-based flow batteries such as zinc-cerium or zinc-bromine offer alternative options, though typically at lower efficiency compared to vanadium-redox flow batteries. Additionally, lab breakthroughs identify future potential for organic, metals-free, quinone-based systems[61]. In Germany, Jena batteries in Germany offers organic commercial options with capacities up to 40 kWh. Iron-flow batteries such as those developed by ESS, an American flow battery company, offer portability and transportability as key advantages for projects that require mobility- such as temporary micro-grids or other portable long-duration applications.	Comment by Sergio Castellanos Rodriguez: Should this be changed to “deployment and commercialization” as that’s the focus of the paper?

Power densities for vanadium-redox flow batteries (60-100 W/L) typically exceed that of other chemistries(50 W/L for zinc-based systems) and low power densities for metals-free options. Additionally, most flow batteries operate between 0-40 C. Vanadium is a highly persistent metal and potentially can charge more than 10,000 cycles, making it an attractive option due to its extended lifetime (20+ years) compared to other flow batteries – and roundtrip efficiencies are reported up to 85%[62,63]. Past studies indicate fewer GHG emissions per kWh from flow batteries storing solar and wind compared to CAES[62]. 	Comment by Sergio Castellanos Rodriguez: Should charging/discharging rate be put along with this, too? Otherwise it’s hard to assess its relevance, no?

As a long-duration option, flow batteries present interesting advantages compared to stationary battery counterparts such as lithium-ion storage and sodium-sulfur batteries. Flow batteries typically could provide load balancing, peak shaving, frequency response, voltage regulation, and ancillary service provision on the grid – yet at the same time they could expand volumetrically to increase total duration. Therefore, they may add flexibility depending on their grid application. They may charge or discharge within seconds-to-minutes, and allow for black start capabilities for small micro-grid back-up – providing resilience during emergency outages or as a replacement for building generators. Conventional lead-acid or lithium-ion batteries that may cost less upfront capital than flow batteries, may degrade faster than vanadium- or zinc-based flow batteries on the market. Primus Power, a leading flow battery developer, often points to the lower total cost of ownership as a key advantage compared to lithium-ion, though the market for 8+ hour storage is only beginning to emerge. Therefore, durability and the ability to locate flow batteries in most geographic locations make them a viable long-duration storage candidate—although they typically operate on smaller scales and shorter durations than other options considered in this study.	Comment by Sergio Castellanos Rodriguez: “Due to their high response times, flow batteries…” ?	Comment by Sergio Castellanos Rodriguez: Do they provide any cost breakdown?	Comment by Sergio Castellanos Rodriguez: Listing the restrictions would be insightful

[bookmark: _Toc71596422]2.2.6 Power-to-Gas-to-Power (Noah)	Comment by Sergio Castellanos Rodriguez: This section doesn’t cover the final “-to-Power” component. Should be deleted.
Power-to-gas has emerged as a potential way to convert and store electricity into gas, such as hydrogen, for heat or transportation. The major advantages are the opportunities for large-scale and long-duration storage that gas provides – and the potential for sector coupling across electricity, gas, transportation, and heat networks. 

Historically, major barriers to implementing Power-to-gas have been low conversion efficiencies and high costs that limit deployment. Power-to-gas technologies include the conversion of electricity into hydrogen using water electrolysis (Power-to-Hydrogen). Hydrogen can be used for industrial purposes as a chemical, injected and blended with natural gas in existing pipelines, or stored. It can be later reconverted to electricity using a fuel cell or remain as hydrogen gas. Synthetic natural gas such as methane can be produced when hydrogen reacts with CO2. This synthetic natural gas can be injected into the natural gas pipeline or stored and used to produce power in a gas turbine. 	Comment by Sergio Castellanos Rodriguez: AC-to-AC? Or what’s the typical nomenclature for these processes?	Comment by Sergio Castellanos Rodriguez: Can you add those values for both efficiencies and costs? and within costs their breakdown for power and energy? This would ensure consistency with previous sections.	Comment by Sarah Kurtz: Pipeline?

Currently, only 4% of global hydrogen production comes from water electrolysis – and a small fraction of electrolyzer-produced hydrogen is from renewable sources [64]. Two main electrolysis technologies are commercially available: alkaline (AEL) and polymer electrolyte membrane (PEM)[65]. Solid-oxide electrolysis cells are under development, but not yet commercialized. 	Comment by Sergio Castellanos Rodriguez: There have been prototypes, though (which, following the article’s flow, I believe should be included, too).

Here are two examples that could be synthesized and/or further explored:
“
• LG Fuel Cell Systems (LG) designed, fabricated, and operated a 250 kW SOFC system that was located in Canton, Ohio, and connected to a local grid. This system operated approximately 1,800 hours with more than 1,200 hours in continuous operation. Based on corporate business decisions, LG has terminated this project and departed the field.
• Fuel Cell Energy designed and fabricated a 200 kW SOFC system. This unit is located on-site in Pittsburgh, Pennsylvania. It passed all of its pre-operational tests and placed in its normal operation mode on April 9, 2019. This system is set to run continuously to test long-term operability of their SOFC system.
“
Reference: https://www.energy.gov/sites/prod/files/2019/09/f66/EXEC-2019-002655_Signed%20Report%201.pdf

The greenhouse gas footprint of hydrogen production depends heavily on the type of electricity sourced to produce hydrogen. Alkaline and PEM electrolysis with electricity from wind and/or solar PV plants lead to substantially lower CO2-equivalent emissions for the same amount of electricity of hydrogen produced. 	Comment by Sarah Kurtz: I don’t follow…?

[Could insert chart of GHG emissions by hydrogen production methods]

Globally, the largest Power-to-Gas installations exist in Europe, particularly Germany, Denmark, and Switzerland[66]. As of 2017, the largest installed industrial plant was ETOGAS- Audi e-gas plant in Werlte, Germany, using 14.4 MW of electricity from offshore wind to power a 6 MW AEL electrolyzer. The hydrogen in this application combines with CO2 from a biomethane plant to generate synthetic natural gas. The waste heat from electrolysis and methanation can supply heat to neighboring customers and the plant is eligible and participates in ancillary service markets in Germany. German power and gas grid operators have announced larger projects, such as 100 MW facility in Lower Saxony. The plant aims at reducing curtailed wind electricity, stabilizing the electric grid, and reducing need for new generation. 

AEL electrolyzers have lower installation cost compared to PEM electrolyzers. Because AEL electrolyzers have a lower minimum operating capacity of 20% and slow cold start times (30-60 minutes), AEL systems are advised to operate continuously. Another disadvantage of AEL is that the electrolytes are highly corrosive, necessitating frequent maintenance. PEM electrolyzers have faster cold start times and greater flexibility. The minimum load is reported to be 5% , but could reach 0% by 2025 [67]. PEM electrolyzers are largely viewed to have the most potential upside for commercial development and coupling with excess wind or solar PV-based electricity. Solid-oxide electrolysis cells are an emerging electrolyzer technology currently under development. 

The European Commission undertook a forecast of technology development for PEM electrolyzers and found three future potential sizes, with most PEM electrolyzers operating at 1-5 MW and new electrolyzers expanding up to 20 MW. 

	
	AEL
	PEM

	Minimum capacity [%]
	20
	5

	Pressure output [bar]
	0
	30

	Power consumption [kWh/m3H2]
	4.5-7
	4.5-7.5

	CAPEX  [$/kW]
	900-1,500
	1,400-1,800 

	Lifetime – system [years]
	20
	20

	Lifetime = stack [hours]
	80,000
	40,000	Comment by Kittner, Noah: Manuel Götz et al. “Renewable Power-to-Gas: A technological and economic re- view”. In: Renewable Energy 85 (2016), pp. 1371–1390. 

Sebastian Schiebahn et al. “Power to gas: Technological overview, systems analysis and economic assessment for a case study in Germany”. In: International Journal of Hydrogen Energy 40.12 (2015), pp. 4285–4294. 

Fuel Cells and Hydrogen Joint Undertaking. Study on early business cases for H2 in energy storage and more broadly power to H2 applications. Tech. rep. June. 2017, p. 228. url: http://www.fch.europa.eu/sites/default/files/P2H%7B%5C_ %7DFull%7B%5C_%7DStudy%7B%5C_%7DFCHJU.pdf 

Siemens AG. Siemens Sylizer 300. url: https : / / new . siemens . com / global / en/products/energy/renewable-energy/hydrogen-solutions.html 
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[bookmark: _Toc71596423]3. Technology comparison 	Comment by Sergio Castellanos Rodriguez: There were plenty of comparisons before. This could be stated more specific
[bookmark: _Toc71596424]3.1 Land footprint (Rui and Noah)
[bookmark: _Ref71576179][image: ]	Comment by Kittner, Noah: Check other flow battery values for footprint – I think systems can also be on the kW scale and in the garage range
Figure 3 Land footprints of different technologies, FB: Flow battery; Li: Lithium-ion battery; PS: Pumped storage hydropower; GR: Gravity storage; OH: Other hydropower storage; TS: Thermal Storage The estimated  footprints of thermal plants are from a report by Strata Policy[72]. Storage demand for California is based on Abido’s conference paper	Comment by rui shan: Need a hydrogen storage and CAES
Traditional long duration storage technologies, as represented by pumped hydropower storage and CAES, are commonly criticized due to theircharacterized by their geographic limitations and environmental impacts. Figure 3 highlights the land use footprint of LDES -- ranging from several square meters to the size of multiple thermal power plants, depending on application and use. Smaller footprints for emerging technologies also inspire new business models (e.g., modular distributed storage) for LDES to enter the market. Small thermophotovoltaic TPV storage options such as those developed by Antora Energy are likely to support more flexible sizing and siting, with smaller minimum footprints. In particular, Antora may be adaptable for market entry in terms of being sited next to a power grid or industrial site that requires thermal heat. Other storage options, such as small flow batteries could provide back-up power to commercial buildings or residences next to a single-car garage. The location of storage technologies also varies depending on physical power plant infrastructure are needed to complement installations. The matching scale between thermal plants and thermal storage provide a potentially profitable retrofit option – where carbon-intensive thermal generation that may be costly to operate can be phased-out by replacing silos and powering turbines with steam from particle thermal storage. These thermal technologies may offer relief to power plant owners who fear operating future stranded assets or could provide employment opportunities for workers trained in operating thermal power plants. Liquid-air energy storage can also utilize waste heat with a similar footprint. Liquid-air overcomes the geographic constraints of conventional compressed air technology, which needs underground caverns. 	Comment by Sergio Castellanos Rodriguez: Perhaps more consistent if stated in the same terms (order of magnitude of m2), too.	Comment by Sergio Castellanos Rodriguez: This sounds more like a constraint. Perhaps reword.	Comment by Sergio Castellanos Rodriguez: Last sentence was talking about commercial/residential and this goes immediately back to collocation near power plant. Either group, or let’s work on the transitions. 	Comment by Sergio Castellanos Rodriguez: If this is to be mentioned here then the subtitle should perhaps be more ample.	Comment by Sergio Castellanos Rodriguez: Was this introduced before in the list of LDES technologies? I don’t recall reading this, so it seems off.
In addition to retrofits near power plants, tower gravity technology can also be deployed near demand centers as the manufacturing and operation is similar to building construction. A place like the Union Square park plaza in San Francisco could hold a 70MWh Energy Vault project. The underwater PSH technology seems fit the size of a farm pond but it has additional requirement related to water depth. Yet, the modularity of underwater PSH adds flexibility in the location and installed capacity of new projects. For example, it is possible to deploy in larger water bodies such as Lake Tahoe. When comparing technologies, one can identify both the advantages for economies-of-scale with larger energy footprint plants such as pumped hydroPSH or advanced rail storage and the disadvantages related to limitations in the available land-area for deployment. Even some technologies with smaller footprints need additional complementary technologies to scale up– such as space for chillers to meet larger cooling requirements for some large batteries.	Comment by Sergio Castellanos Rodriguez: m2?
The land footprint uniquely describes a less-commonly discussed aspect of the energy transition. Geographic requirements, especially in states or countries with limited land availability, present constraints and opportunities for long-duration storage technologies. The co-location flexibility and modularity in arrangements could be an advantage for siting new projects and reducing overall system costs due to land. Alternatively, the footprint graph also presents market entry opportunities at different scales in the power grid, whether in the distribution system, transmission system, or as a replacement/complement to existing generation. 	Comment by Sergio Castellanos Rodriguez: and protected natural and cultural territories	Comment by Sergio Castellanos Rodriguez: while simultaneously reducing area-related environmental impacts.

[bookmark: _Toc71596425]3.2 Equivalent efficiency (Rui and Noah)
[image: ]
[bookmark: _Ref71596455]Figure 4 Equivalent efficiency of different storage technologies	Comment by rui shan: Need a hydrogen storage
Equivalent efficiency also presents a critical aspect of long-duration storage technologies, represented in Figure 4. The equivalent efficiency here is defined as the roundtrip efficiency (RTE) multiplied by the hourly idle losses from storage – which demonstrates how storage technology efficiencies change as a function of application from hourly demand arbitrage to seasonal applications. 
Lithium-ion batteries have almost the highest RTE and relatively low idle losses, but it couldcan not easily decouple the energy and power. The mechanical based storage technologies (gravity and PSH) haves a relatively high RTE and low idle loss and can outcompete with Li-ion battery at seasonal scale. Its footprint and economices of scale lead it to large energy rating. As it can efficiently store a large amount of energy over a year, it becomes ideal for provision of seasonal storage, resilience and emergency response. Flow batteriesy is are among the second tier of technologies in terms of RTE, performing  and the equivalent efficiency varies. The Vanadium based battery and ZinO batteries perform well within thefor weeks and thewith significant decline happens atafter a month scale. ZnBr batteries however would considerably drop its efficiency within days. Conventional CAES and Quidnet both need underground infrastructure and the equivalent efficiency declines at several-week-scalesimilarly to flow batteries. Considering the deliverable size and footprint, flow batteries and underground storage both play operate at weeks scale but wcould enterry the market in different ways. Flow batteries could start from commercial and industrial customers while underground storage starts at utility scale. The thermal and power-to-power (hydrogen) technologies have the lowest RTE, although the equivalent efficiency still drop little after weeks of storage. The efficiency of some thermal storage without good insulation may decline even faster. The low equivalent efficiency curves impose a great challenge for them to participate in the electricity market. Thus, we would expect them to rely on revenue from selling the heat or the gas directly.	Comment by Sergio Castellanos Rodriguez: This is too specific. Generalize to the type of technology instead.	Comment by Sergio Castellanos Rodriguez: Industrial customers (mentioned a few words back) can often acquire/deploy utility-scale projects, so this can be a bit confusing.	Comment by Sergio Castellanos Rodriguez: But why is cost not contemplated to assert this statement? In my mind that metric is quite relevant to determine whether they can compete vis-à-vis other technologies in the power sector.

[bookmark: _Toc71596426]3.3 Capital cost (need to more data?) (Noah and Rui)	Comment by rui shan: Will expand 	Comment by rui shan: Add Seasonal energy, intra-day need?

[image: ]
[bookmark: _Ref71576063]Figure 5 Average capital cost of different energy storage technologies

The cost of long-duration storage technologies also creates a variety of trade-offs and major considerations in addition to the footprint and equivalent efficiency of a candidate technology. For instance(Figure 5), the cost reduction as a function of energy rating (Figure 5) demonstrates that as duration increases, some of the larger-scale and larger-footprint technologies compete more directly on a cost basis with smaller projects and particularly could outcompete lithiumLi-ion storage. When taken together with applications (such as the equivalent efficiency for seasonal or weekly storage) and including information related to the footprint of projects, one may estimate that though flow battery technologies appear to offer capital cost advantages for smaller projects, future innovations that focus on extending the efficiency for longer durations would make flow batteries more competitive with other long-duration storage technologies. At a larger energy rating or discharging duration, technology like hydropower storage gradually outcompete gravity storage like Energy Vault which has advantages in both efficiency and footprint. However, despite the large footprint and geological constraint, hydropower storage project could be much cheaper if an ideal site appears.  Thermal storage and power-to-gas-to-power technology still burden a relatively high capital cost and would be difficult to compete with other long-duration storage technologies. Acting as an electric storage system may not be their main business model, but participating in the electric market might increase project profitability besides the revenue from selling heat or hydrogen.	Comment by Sergio Castellanos Rodriguez: I don’t follow this. Ideal as immune from droughts in the future? 	Comment by Sergio Castellanos Rodriguez: But also operational (in comparison to other power plant/technologies), too, right?	Comment by Sergio Castellanos Rodriguez: Given that their (land footprint, equivalent efficiency, and other metric) are …..  detail more	Comment by Sergio Castellanos Rodriguez: But for that to happen they should be able to compete $/kWh vs. biomethane or synth. NG (so not much of an existing option, right?)
[bookmark: _Toc71596427]4. Conclusion
In this paper, we present various long duration energy storage technologies, from the conventional pumped storage hydropowerPSH and compressed air energy storage technologies, to innovative gravity storage and thermophotovoltaic TPV technologies. The survey with technology developers, in addition to literature review bring us a real-world landscape of long duration energy storage technologies. By comparing their capital cost, deliverable size, land footprint, and equivalent efficiency, we provide them advice about their applications,identify possible market entry strategies and innovation paths to that may enhance their competitiveness. 	Comment by Sergio Castellanos Rodriguez: I’d suggest removing “real-world” and be more specific, for example, “provide a review on cost, land footprint, and electric performance of deployed pilots and prototypes of LDES technologies”.
Flow batteries, despite their diverse subtypes, have advantages in the footprint and cost, leading making them suitable in for the residential and commercial sectors, but their high idle loss constrains their charge-discharge cycle within to several daysweeks. If they can address theImprovements in their idle losses or increase their round trip efficiency,RTE they can be highlyincrease their competitiveness with other technologies in the monthly or seasonal storage market. Energy Vault and other vertical designed gravity storage technology, with a medium land footprint to be placed near demand centers, could be cost-competitive at a larger energy rating and longer discharge duration to support city level storage demand, even for seasonal storage due to their minimum idle loss. Liquid air energy storage and innovative CAES-hydro combined technologies like GLIDES share similar land footprint and deliverable size with Energy Vault, and thus could also support city level inter-day storage demand but not seasonal. In the similar inter-day storage space, we also have find conventional CASE and underground storage technology like Quidnet categorized as such due to their equivalent efficiency. They These technologies are constrained by underground infrastructure, but they also have opportunities to achieve low cost with existing underground infrastructure. To economically meet an even larger energy storage demand in a single project, we have to turn back to the pumped storage hydropowerPSH and itswhich with its low idle loss can also support its application for seasonal-level needs storage. The thermal storage and power-to-gas technologies are not currently competitive in terms of equivalent efficiency, footprint, and nor capital cost and thus we would recommend them not only rely on the revenue from electricity market and not start from a green field. The tThermal storage technologies could start from retrofitting the thermal plants to revitalize strand assets and then sell both heat and electricity. Power-to-gas project should locate where pipeline and other gas related infrastructure are already in place, because it would sell both the electricity and the gas. 	Comment by Sergio Castellanos Rodriguez: Should conclusions be company-specific? We also talked about flow batteries at a company level but I see the conclusions at a technology level for them… so we should ensure consistency.	Comment by Sergio Castellanos Rodriguez: Could be regional, too? If so, reword. 	Comment by Sergio Castellanos Rodriguez: The “recommendation” part sounds awkward. Perhaps “expect” might be more appropriate.	Comment by Sergio Castellanos Rodriguez: This needs to be revisited again (both the assumptions behind and the wording).
		Comment by rui shan: Maybe a final summary or emphasize the significance
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