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Executive Summary 
 

We researched, reported on, and reviewed the viability of four key types of long duration 

energy storage solutions (LDES) for our client, Tesla Energy: mechanical, thermal, 

electrochemical, and chemical. Little research has synthesized their deployment statuses, US 

policies and the economics of specific companies’ technologies. Thus, our work built on both 

high-level reviews of the four technologies and technology-specific research on certain 

performance attributes. This research extended from Fall 2021 through Spring 2022 in 

partnership with Tesla. 

Our project included three phases to assess the current deployment landscape, policy 

enablers and economic drivers of LDES. We 1) assessed leading projects and companies in 

LDES by researching 60+ mechanical, thermal, electrochemical, and chemical technologies, 2) 

compiled key policy drivers for LDES at the federal and RTO/ISO levels with a report on the 

leading markets for LDES included in this report, and 3) constructed a generalized LCOS model 

for each technology that was for Tesla’s private use.  

Overall project results found that there is significant momentum behind LDES 

technologies for broad applications with multiple contenders for market capitalization as the 

industry evolves. At this early stage, cost competitiveness and specific customer use case 

applications drive adoption, though we expect that as certain technologies scale, their broad 

adoption will cement leaders for respective use cases. We expect that each technology type 

(mechanical, thermal, chemical, electrochemical) will having leading companies within each 

subtype, thereby defining themselves as leaders for this technology’s set of use cases. 
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Given the majority of LDES technologies are pilots, there continues to be a lack of 

detailed specifications available about companies’ product. Additionally, reporting metrics for 

LDES face a lack of standardization, especially when reporting some performance metrics like 

capital expenditures, and this allows subjective reporting and advertising online. This lack of 

publicly available data suggests these companies, some of which are startups and others energy 

industry incumbents, are seeking offtakers, EPCs and other parties directly. 

Furthermore, we found that general technology categories tended to have similar 

specifications that lent themselves towards specific use cases. Mechanical and thermal energy 

technologies tended to be deployed in the highest capacities thanks to lower costs while 

electrochemical had the highest number of LDES projects in pipeline. Electrochemical 

technologies have the largest number of announced deployments, while chemical technologies 

are nascent and are primarily in the R&D or RD&D phase.  

Federally, support for LDES is lacking overall compared to focus on general storage 

deployment. At present, Federal Energy Regulatory Commission (FERC) policies are not 

supporting LDES specifically. LDES is still considered a technology of interest, however, and 

Department of Energy (DOE) Battery Energy Storage Technology Act (BEST), among other 

funding directives there and within the National Renewable Energy Lab (NREL), signify that it 

is one of significance to the US government. Both CAISO and NYISO have had significant 

LDES deployments and continue to be leaders in LDES policy and incentive development. 

Overall, we recommended that while Tesla need not devote a substantial amount of 

human capital to monitor these technologies at this time, they could outsource to consulting 

agencies specializing in such work while maintaining their own research to build on this project. 

As new specifications are released, it can be compiled with the data here to see which companies 
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evolve and achieve market readiness. We further recommend research into the developers, EPCs 

and other technology constraints required to install, supply, and maintain such technologies. Few 

companies have publicized whether they have these resources contractually guaranteed for their 

product or not. Clearly this market is maturing, but costs are not yet near the point of decline, 

suggesting that competition is currently limited yet not specific to only those with an early mover 

advantage.    

 

 

 

 

 

 

 

 

 

 

 

 



 

  5 

Table of Contents 
 

EXECUTIVE SUMMARY……………………………………………………………………….  

 

INTRODUCTION………………………………………………………………………………... 

 

METHODOLOGY……………………………………………………………………………….. 

 Summary 

PHASE I: LDES Technology Review 

 PHASE II: U.S. Policy Deep-Dive 

 PHASE III: Long Duration Energy Storage Levelized Cost of Storage Model 

 

RESULTS…………………………………………………………………………………………. 

 PHASE I: LDES Technology Review  

  Summary  

  Electrochemical Technologies  

   Description 

   Differentiators & Issues 

   Leading Companies & Public Announcements 

  Chemical Technologies 

  Mechanical Technologies 

  Thermal Technologies 

 PHASE II: U.S. Policy Deep-Dive 

  Summary  

  Federal Government 

California; CAISO  

  New York; NYPA 

 PHASE III: Long Duration Energy Storage Levelized Cost of Storage Model 

  Methods 

  Results  

   

DISCUSSION……………………………………………………………………………………... 

 

CONCLUSION…………………………………………………………………………………… 

 

BIBLIOGRAPHY………………………………………………………………………………… 

 

 

 

 



 

  6 

Introduction 

Often thought of as the ultimate solution to renewable energy intermittency, energy 

storage has been one of the most sought-after technologies for a clean energy future. The market 

for long duration energy storage, or LDES, is still in its infancy, driven primarily by startups 

hungry to deliver a reliable, affordable, and multi-purpose LDES to utility-scale buyers. These 

technologies stand in contrast to lithium-ion, which is not expected to be economically feasible 

beyond 4-hour durations. Even as the “Holy Grail of clean energy,” most LDES projects are in 

their pilot-phase and few have been deployed. On behalf of Tesla, this project sought to evaluate 

1) the leading technologies, their respective specifications and the companies leading their 

development, 2) the economics behind these technologies, and 3) and how federal and state 

policies are enabling deployment across the United States.   
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Methodology 

Our work with Tesla was divided into three primary phases: (I) long duration energy 

storage technology review, (II), deep dive of United States policy and incentives related to long 

duration energy storage, and (III), levelized cost of storage model for long duration energy 

storage technologies.   

 

Phase I: LDES Technology Review 

First, we used publicly available data, including company websites, news reports, 

industry reports, and select peer-reviewed articles to outline key parameters of current LDES 

technologies. For this, we organized our research by the four leading types of LDES: 

mechanical, thermal, electrochemical, and chemical. As we researched, we focused on 

technology descriptions, deployment statuses (pilot, demonstration, commercial, etc.), technical 

specifications of the LDES solutions, use cases, and product differentiators. For more 

information, please see the following section that explores the below topics for each technology.  

Generally, our focus covered the following:  

▪ Description & Typical Technologies 

▪ Differentiators & Issues 

▪ Leading Companies & Public Announcements 
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Phase II: US Policy Deep-Dive 

After understanding the competitive landscape within each LDES technology category, we 

then shifted our research to compile U.S. federal and state policies that could or have already 

enabled LDES. Using government websites and news reports, our goal was to explore and 

elaborate upon the following: 

▪ Timeline of key policies and incentives announced or enacted to enable LDES 

development 

▪ Projects launched in response to policy and incentives  

We ultimately reviewed the Federal Energy Regulatory Commission (FERC), Department of 

Energy (DOE), and National Energy Regulatory Commission (NERC) initiatives and recent 

orders. We assessed that California and New York were the two most active markets for LDES 

in the states based on a recent Energy Information Administration (EIA) Energy Storage Report 

and thereby focused on policy movers within them (Figure 1).i 

 

 

Figure 1. Power capacity and duration of large-scale battery storage by region (2018) (EIA 2020)ii 
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Phase III: Long Duration Energy Storage Levelized Cost of 

Storage (LCOS) Model 

 
One of the key technology differentiators advertised by LDES competitors is their 

projected capital costs and lifetime cost of storage (LCOS). Given the early deployment status of 

most technologies, these figures are challenging to confirm without privately held information. 

We sought to develop a generalized model to anticipate what LCOS could be for these new 

technologies based on the four respective categories of mechanical, thermal, etc. that would 

incorporate variable inputs.  

Our main steps for this included:  

1. Determining necessary components to calculate CAPEX and LCOS by researching 

equations necessary to calculate CAPEX and LCOS.  

2. Researching CAPEX and LCOS specific to each mechanical and flow company listed in 

our Deployment Log to identify components we needed to find online 

3. Reviewing publications, news reports and websites based on subcategory of technology 

type (e.g. gravity-based tech is a type of mechanical) 

4. Studying existing LCOS calculators, and  

5. Building a preliminary LCOS model of our own (in development). 
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Results 

Phase I: LDES Technology Review 

Long duration energy storage solutions bring flexibility to a grid already strained by 

aging transmission and distribution infrastructure, an increase in the deployment of intermittent 

renewables, power supply and demand imbalances, change in the flow of transmission patterns, 

and a decrease in overall system inertia.iii  Lithium-ion BESS still dominate the market, but do 

not meet the need for an all-encompassing solution for grid flexibility (Figure 2). LDES can 

provide flexibility over days, weeks, and seasons while addressing a majority of power system 

challenges including intermittent daily generation, reduced grid stability, multi-day imbalances, 

congestion, seasonal imbalances, and extreme weather events (Figure 2). 

 

Figure 2. Summary of existing and emerging flexibility solutions for different flexibility duration needs (McKinsey, 2021)iv 

Long duration energy storage technologies greatly vary across forms in their market 

readiness, max deployment size, duration, and roundtrip efficiency (Figure 3). While a number 

of technologies currently remain in the R&D/pilot phase, several mechanical, thermal, and 

electrochemical technologies are commercially viable. To date, total investment in LDES 
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companies has reached USD 2.5 billion and has continued to accelerate over time; if LDES is 

deployed at scale, by 2040 around 10 to 15% of today’s power sector emissions could be 

avoided.v 

 

Figure 3. Review of all four LDES categories and their range of parameters (McKinsey, 2021)vi 

 

Electrochemical Technologies 

Description & Typical Technologies 

Long duration electrochemical batteries store energy using an array of chemistries and 

convert chemical energy into electricity where chemical changes can, but do not have to, occur. 

Below we list the three main types of electrochemical batteries used in LDES applications: 

• Flow: utilizes reduction-oxidation reactions to generate electricity. Electrolyte 

solutions are stored in tanks and pumped over a membrane to initiate a charge and 
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discharge process.vii Various chemistries have been studied over the last 30 years, 

with vanadium redox flow and zinc-bromine batteries are being considered for 

grid-scale deployment.viii 

• Nascent metal air: uses low-cost, abundant metals to provide long duration 

flexibility and are constructed with a metal anode as well as an “air-breathing” 

cathode in an aqueous or nonaqueous electrolyte.ix These batteries are thought to 

bring together key features of conventional batteries and fuel cells.x 

• Hybrid flow: combine a liquid electrolyte with a metal anodexi 

 

Differentiators & Issues 

Flow batteries are particularly well-suited for deployment where chemical and 

equipment costs are low.xii One particular concern associated with the use of flow batteries are 

the cost of materials, such as vanadium.xiii Disadvantages also include having rather low energy 

densities and low charge/discharge rates.xiv 

Advantages include flexibility, extended lifetime, instant recharge through electrolyte 

replacement, fast response, and no harmful emissions.xv Nevertheless, given the size of some 

systems and electrolyte tanks, the geographic flexibility of these systems is limited. As such, 

these batteries are best suited to large, stationery applications. Energy capacity is a function of 

the tank size, while power is a function of the available anode surface area.xvi Even more, the 

electrolyte does not degenerate significantly nor does the depth of discharge strongly affect 

battery lifetime, enabling 100% discharge and up to 365 full cycles per year.xvii 

Metal-air batteries: Due to technical challenges related to the metal anode, air cathode, 

and electrolyte, metal-air batteries are not ready for commercial deployment at scale.xviii 
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Advantages of metal air batteries include a large theoretical energy density that can be 3-30 

times higher than lithium-ion batteries.xix 

Hybrid Flow Batteries: Hybrid flow batteries can achieve durations of 6-12 hours and 

are commercially viable, though power and energy are not “fully decoupled.xx” 

 

Leading Companies & Public Announcements 

Of the three types of electrochemical batteries we analyzed, hybrid flow batteries (liquid 

electrolyte, metal anode) have the highest degree of commercial readiness.xxi Aqueous electrolyte 

flow batteries are nearing market readiness with some pilot and early commercial deployments, 

while metal anode batteries are still in the early research and development phase.xxii So as to 

highlight two leaders in the space, we present information on the following companies (Form & 

EOS) that are vying for a broader LDES solution with multiple demonstrations in their pipelines. 

Please see Figure 12 for a more complete spectrum of companies. 

 

Form Energy: This company is making use of a “rusting battery” to deploy LDES at scale.xxiii 

Though just in its pilot phase with 2 projects in the pipeline, Form Energy is being funded by 

cleantech venture giants such as Breakthrough Energy Ventures.xxiv Its iron air technology is 

expected to have a duration of 100-150 hours and “store energy at 1/10th of the cost of Li-Ion.xxv” 

Form Energy also markets their product operating with no risk of thermal runaway and no use of 

heavy metals.xxvi 
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Figure 4. Schematic of Form Energy iron-air battery modules grouped together at megawatt-scale power blocks (left). Diagram 

of battery storage cycle via reversible rusting (Form Energy) 

   

EOS: In its pilot/commercial phase, EOS’ zinc hybrid cathode technology is behind recent 

“breakthrough” deals in California and Texas.xxvii With optimal duration of 3-12 hours, a 

roundtrip efficiency of up to 80%, as well as 100% depth of discharge, EOS is slowly becoming 

a leader in the electrochemical LDES space.xxviii In 2017, the company also reported that its 

technology is “30-40% cheaper than Li-Ion.xxix” 

 

 

Figure 5. EOS Energy Block -- a containerized solution for outdoor programs as large as 10 MW (left). The Zynth battery: a 

patented zinc-hybrid cathode (Form Energy) 
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Chemical Technologies 

Description & Typical Technologies 

Long duration chemical storage systems create chemical bonds to store energy.xxx Storing 

power in this way is not new, but its applications to long duration energy storage are rather 

nascent. Also called “power-to-X,” there are two emerging technologies of interest which are 

described below that elaborate on means of power conversion for this purpose: 

• Power-to-hydrogen-to-power: electricity powers electrolyzers to produce 

hydrogen molecules. xxxi These hydrogen molecules are then stored until energy 

needs to be discharged when the hydrogen is then fed to a turbine or fuel cellxxxii 

• Power-to-syngas-to-power: this process is similar to the former, except hydrogen 

is combined with carbon dioxide to create methane (syngas).xxxiii This can also be 

stored, burned in a power plant, or converted to ammoniaxxxiv 

 

Differentiators & Issues 

Hydrogen is an extremely abundant element that can be produced with clean, renewable 

energy. In power-to-hydrogen-to-power applications, hydrogen can store energy for several 

months, but storing power in this form is not yet financially viable.xxxv There are a number of 

factors that can increase this, including accounting for the cost of CO2 emissions to improve the 

economic case of this technology.xxxvi Though hydrogen energy storage yields one of the lowest 

efficiencies of energy storage technologies (30-45%), it has a typical storage capacity of longer 

than 1 GW and a discharge time of up to 1,000 hours.xxxvii 
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In terms of syngas, it is relatively easy to store and transport, taking advantage of existing 

natural gas pipelines if necessary.xxxviii Similar to power-to-hydrogen-to-power, power-to-

syngas-to-power is still cost-prohibitive at scale.  

 

Leading Companies & Public Announcements 

Chemical LDES technologies are all currently in the pilot phase though have promise to 

be a part of the energy transition. In a recent industry report, IRENA considers hydrogen energy 

storage to be in a Research, Development, and Demonstration (RD&D phase) and does not 

provide examples of hydrogen for LDES technology. xxxix In the same brief, IRENA highlights 

projects that hydrogen to reduce variable renewable energy (VRE) curtailment, provide 

balancing services to the grid, and as a renewable energy carrier, a continued desirable 

application for LDES. xl 

We confirmed that LDES chemical technologies are still in early development such that 

most companies do not have pilots, deployments, or cost figures to report here. Nevertheless, it is 

useful to highlight a few companies:  

 

Lavo: With little information on both pilots and cost parameters, Lavo presents a chemical 

battery solution that uses hydrogen from water to power homes and businesses. Created to pair 

with solar energy, the Lavo system stores hydrogen in a metal hydride and then converts 

hydrogen into power with a fuel cell.xli 

 

MAN: Offering a vast portfolio of technologies, MAN Energy Solutions of Germany offers 

Power-to-X technologies along with a number of other LDES solutions. Converting electricity 
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into syngas, MAN reports a duration/discharge time from hours to weeks/months and a rated 

power from 1 MW to 1 GW.xlii MAN also reports that its “PtX” technologies can store energy to 

balance seasonable mismatches. xliii 

 

Mechanical Technologies 

Description & Typical Technologies 

Mechanical energy storage systems store and release energy using potential and kinetic 

energy. Though many startups have entered this space in the last 10 years, mechanical energy 

storage is a familiar concept with widespread application in the form of pumped-hydro storage 

(PSH). Currently, other new entrants include novel PSH that would require less disruption of 

watershed systems, gravity-based energy storage, compressed air energy storage (CAES) and 

liquid air energy storage (LAES). 

• Novel Pumped Hydro: the new generation of pumped hydro aims to be less 

disruptive to water systems though functionally works like PSH systems. These 

are being built on isolated reservoirs that are thought to be less interfering with 

the greater watershed ecosystem.xliv 

• Gravity-based Energy Storage: this form lifts mass during its charging phase, 

lowering it to discharge energy for use. Though there is much anticipation around 

some forms of this, this is mostly in very early commercial stages.xlv 

• Compressed Air Energy Storage (CAES): energy is stored as the name 

implies—it uses energy in compressed air, then uses this air to run a turbine. 

These can be either under or aboveground.xlvi  
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• Liquid Air Energy Storage (LAES): this also compresses air but “use electricity 

to cool and liquify the medium and store it in cryogenic storage tanks at low 

pressure”. As a result, it can be considered either thermal or mechanical 

storage.xlvii 

 

Differentiators & Issues 

Generally, mechanical energy storage has the benefit of being proven by technologies 

and methods that have already been widely deployed, has low costs compared to other LDES 

technologies with the potential to competitively scale, and given its methods are widely known 

and components require little to no explosive components, has few safety concerns.xlviii 

Disadvantages of mechanical energy storage generally include that they face lower round-trip 

efficiency than other LDES, can be difficult to break into modules compared to other forms of 

modular batteries, and they could require a large footprint that would require significant 

permitting and siting considerations.xlix Additionally, they have be used to provide inertia, an 

ancillary service that does not require an inverter until other technologies, and their charging and 

discharging mechanisms could be distinct from one another.l 

Novel Pumped Hydro: The perceived successor to aboveground (non-novel) PSH, novel 

PSH is intended to solve many of the permitting, environmental concerns, and the resulting 

higher costs due to the latter issues of its PSH relative mostly through location considerations. 

PSH however is “the most used energy storage solution” in the world much because it can hold 

large quantities for long durations at cost competitive solutions (i.e. In the $20 - $30/kWh range) 

with high round trip efficiency.li NREL is currently funding rounds of novel pumped hydro 

development for an advanced closed-loop PSH.lii 
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Gravity-based Energy Storage: Select types of this technology have key investments 

behind them while few projects have been deployed so far. Generally, gravity-based technologies 

could have a large footprint compared to CAES and LAES mechanical technologies and could 

require significant permitting requirements. Many gravity-based technologies seek to offset such 

concerns through environmentally-friendly components often advertised to be sourced locally 

with relatively low $/kW charges.  

Compressed Air Energy Storage (CAES): Canary Media considered this one of the 

“most viable” forms of mechanical energy storage. It considers the best locations to include 

access to saline aquifers to scale the project as low as $1/kWh while having over 100 hours of 

energy supply. These sites are more cost competitive than their salt cavern sites; as such, this 

technology is geographically limited.liii 

Liquid Air Energy Storage (LAES): There is one key leader in this space that 

essentially speaks to LAES as a whole: Highview Power. More on them is discussed below. 

 

Leading Companies & Public Announcements 

Energy Vault: Perhaps the most advertised technology and the most commercially advanced 

among gravity energy storage. Energy Vault recently landed the “biggest-ever investment in a 

stationary storage technology startup” thanks to SoftBank’s investment of $10 million. Indian-

based Tata Power contracted with Energy Vault for a 35-MWh installation that has not yet been 

completed.liv 
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Figure 6. Visualization of Energy Vault's EVx (Energy Vault)lv 

Highview Power: Highview has been developing their patented cryogenic storage system since 

2011 so that Highview “no longer considers itself a startup” and is in commercial development.lvi 

Their CRYObattery store energy as liquid air which will expand into an inert gas once power is 

needed.lvii Currently they have an extended pipeline ranging from supplying a 50 MW/250 MWh 

system in the UK to 50 MW with 8+ hours of storage in Vermont.   

 

 

Figure 7. Aerial visualization of Highview's CRYOBattery. This products has already been built for commercial use. 

 

Hydrostor: Hydrostor is an example of Advanced Compressed Air Energy Storage (A-CAES). It 

compresses air using electricity, captures heat to leave in thermal store, stores the now 

compressed air, and lastly, converts compressed air to electricity on demand. Said to have over 6 
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GW/65 GWh of projects in US, Canada, Chile, and Australia. They advertise that their 

technology could have 4 hour – 25 and upwards hours of storage at $220/kWh of storage.   

 

Figure 8. Visualization of Hydrostor's A-CAES system (Hydrostor) 

 

Thermal Technologies 

Description & Typical Technologies 

Thermal energy storage (TES) systems store energy in the form of sensible, latent, and 

thermochemical heat, later releasing it to produce heat or electricity via connection to 

generator.lviii This heat will then be used to power a heat engine to produce that electricity. 

Below is a brief description of these three types of thermal energies:  

• Sensible heat: involves increasing the temperature of the solid or liquid medium. 

Molten salt is one of the most popular, though it can also be stored in the form of 

concrete blocks, rocks or sandstone, among others.lix 

• Latent heat: energy is released by producing a phase change of a material, which 

is why this is alternatively known as “Phase Change Material (PTM)” 

• Thermochemical heat: this form stores energy in the form of chemical bonds, 

storing via endothermic reactions and releasing energy via exothermic reactions 
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Differentiators & Issues 

 TES systems have been perceived as potential solutions to extreme inefficiencies in 

industrial processes that are heat intensive. It is estimated that approximately (10%) of heat is 

lost during a given process. TES systems would capture this in one of the three above-mentioned 

formats and even have the potential to convert and/or repurpose previous infrastructure for CO2 

intensive processes into TES systems. Unlike electrochemical ES, TES would often require 

“distinct mechanisms for charging and discharging”.lx Each form of heat technology has its 

respective benefits and concerns, however. 

 Sensible heat storage systems are by far the most prevalent existing system in use 

mostly because the costs associated with this technology seem low compared to alternative TES 

methods, seemingly because the science behind heating and cooling a solid or liquid medium 

comparatively mature.lxi Much of an LDES system’s storage costs come from the means of 

storing that energy, and in this case, these materials tend to be high volumes of cheap materials 

such as concrete blocks, rocks, sandstone like particles, or molten salts.lxii The downside is the 

often large footprint required for these systems given the low energy density of these materials. 

This is mostly commonly paired with concentrated solar power (CSP) where plants have been fit 

with TESS as far back as (2013?).lxiii 

 Latent heat storage systems, also known as PCMs, offer the potential to solve this lack 

of energy density. While this LDES method has little development so far, some estimate that 

PCMs could offer an energy density of around three times that of sensible heat.lxiv Yet, as the 

name implies, these PCM requires their material to change phases, utilizing the energy stored 

and released often by shifting from higher energy state to lower energy states and back once re-
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dispatched to the grid. Such phase changes require room within the system, causing a greater 

geographical footprint and higher installation costs. Such phase changes could mean even a 20% 

change in space required.lxv 

Lastly, thermochemical energy storage could be yet more energy dense than even 

PCMs. Among these three technologies, however, the International Renewable Energy 

Association (IRENA) points out that “the cost of equipment from a thermo-chemical reactor is 

much higher than the cost of the storage material”.lxvi 

 

Leading Companies & Public Announcements 

 As implied in the previous section, outside of CSP paired with TESS, most thermal 

technologies are in their infancy save few exceptions. Globally, the largest share of capacity 

installations will be thermal LDES at 60 percent. Yet, McKinsey assesses that CSP paired with 

TESS will be an “unlikely candidate for [a general solution for] LDES”.lxvii Rocky Mountain 

Institute’s Canary Media asserts this could be because capacity costs remain “prohibitively high” 

while “round trip efficiency [is] prohibitively low”.lxviii The following technologies are notable 

companies vying for a broader LDES solution with multiple demonstrations in their pipelines.  

 

Azelio: Azelio has two demonstration projects in Morocco at a CSP site, another demonstration 

project for renewable energy and wind projects at a university testing facility in Abu Dhabi, 

completed as recently as 2020. Azelio uses the unique medium of molten aluminum in their 

patented, modular TES.POD PCM technology. Each module can store approximately 13 hours of 

energy. Azelio describes their technology like this: 
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An aluminum alloy is heated by electricity from sources such as solar PV, to 

phase change at 600°C (1110°F). Heat is then transferred to a Stirling engine 

through a heat transfer fluid. The Stirling engine runs a generator for electricity 

and heat between 55-65°C (130-150°F) to be supplied on demand, at hours when 

the sun is not shining or when direct production from solar PV is insufficient.”lxix 

 

 

Figure 9. Azelio's modular TES.POD depicted on site with solar and wind facilities (Azelio) 

 

Malta, Inc: This Breakthrough Energy-backed startup boasts a 6+ hour LDES electrochemical 

system to store up to weeks worth of energy. Energy drives a heat pump that converts electrical 

energy into thermal energy. This heat is stored in molten salt while the cold is stored in a chilled 

liquid. A heat engine then uses this temperature difference to convert the energy back to 

electricity.lxx Malta has entered in an Energy Storage Agreement with NB Power to develop a 

1,000 MWh facility.lxxi 
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Figure 10. Malta's pumped thermal storage solution. Net yet in pilot phase (Malta) 

Siemens Gamesa: Siemens Gamesa completed the first pilot project for their 30 MW/130 MWh 

heat storage in volcanic rocks technology in 2019 and has since asserted they have a strong 

pipeline of demonstrations and commercially available projects in their pipeline. They claim 

their technology can store electricity for up to weeks at a time.lxxii 

 

 

Figure 11. Siemens Gamesa's ETES solution in practice (Siemens Gamesa) 
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Figure 12. List of leading companies producing LDES technologies and with an online presence. Note: Not exhaustive. 

Company  Technology 
Technology Market-Readiness: 

R&D, Pilot, or Commercial

CellCube  Vanadium redox flow batteries Commercial

ESS  Iron flow battery Commercial, Commercial Demo

Form Energy  Iron air battery Pilot

Invinity Flow battery Commercial

Lockheed Martin Flow battery Commercial

Primus Power Zinc bromide Flow Battery R&D

RedFlow  Zinc bromine flow batteries  Commercial

Sumitomo Flow battery Limited info online - R&D

UET Flow battery Limited info online - R&D

ViZn Flow battery Limited info online - R&D

Lavo Power-to-X; hydrogen R&D

MAN Energy Solutions Power-to-X; syngas Commercial

1414 Degrees Hot silicon Pilot 

Abengoa Solar (Developer) CSP; solar power tower; molten salt Commercial

Argonne National Lab
Latent heat storage (phase change 

material)
R&D

Azelio Molten aluminum Demonstration phase

Echogen Pumped thermal Commercial

Gemasolar CSP; solar power tower; molten salt Commercial

Highview Power  CRYOplatform technology, liquid air Soon-to-be Commercial

Malta Pumped thermal Pilot

NREL
Heats air to run a turbine using silica sand 

particles
Pilot in progress

Siemens-Gamesa Heat storage in hot rocks Demonstration phase

SolarReserve CSP; solar power tower; molten salt Commercial

Steisdal Storage Pumped thermal Demo to operate commercially

Terrafore

Thermal energy storage for use with CSP, 

utilizes phase change material and molten 

salt, rock, granite, or quartzite

R&D

Advanced Rail Energy Storage (ARES) Gravity-based
Commercial; demo built in Tehachapi, 

2013

Energy Vault Gravity-based Commercial, Demonstration phase 

Gravitricity Gravity-based Pilot

Gravity Energy, AG Gravity-based
R&D, Demonstration phase

Gravity Power, LLC Gravity-based Pilot

Hydrostor A-CAES Commercial

New Energy Let's Go Gravity-based R&D

Range Energy CAES Pilot, soon to be commercial

LDES Company Deployment Log

Electrochemical

Chemical

Thermal

Mechanical
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Phase II: US Policy Review 

We focused our policy review on the progress of the U.S. federal government and a few key 

markets, including California and New York, both of which are advancing and incentivizing 

LDES deployment through intentional policy choices.  

Federal Government; FERC 

Though LDES is a new technology, policies facilitating its entry have been ongoing at 

the federal and state levels as far back as 2011. Not all policies were written with LDES in mind, 

specifically, yet many that reward generator characteristics specific to LDES such as rapid 

response time and delayed output to the grid useful in capacity markets have been beneficial. Our 

research so far indicates that much of the policies designed with LDES in mind, specifically, 

have occurred within the last five years at the federal and state levels. This research is ongoing 

and we expect it to continue to the end of the academic year. 

Federal Policy Overview 

Our research of federal attitudes towards LDES so far has explored how the Federal 

Energy Regulatory Commission (FERC), Department of Energy (DOE) and, most briefly, the 

National Association of Regulatory Utility Commissioners (NARUC) have supported the 

deployment of LDES on the U.S. grid. We found that FERC’s most substantial contribution was 

FERC Order 841 passed in 2018, which requires RTOs to define rules for storage’s (all 

durations’) participation in their markets, while the DOE continues to invest in significant R&D 

towards LDES, specifically, and NARUC has encouraged system planning that would facilitate 

improved storage bankability. 
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FERC 

Key FERC orders have evolved in the last 11 years from rewarding “fast acting 

resources” in competitive markets to the integration of energy storage resources at the wholesale 

level. Though many state policies within competitive markets have driven battery integration on 

their regional grids, FERC’s authority continues to move into their ability to enforce energy 

storage’s participation across interstate lines despite state-specific policies. Below is a summary 

of the key policies affecting LDES: 

 

Figure 13. FERC Orders that have enabled energy storage participation at Grid Scale. Order 841 is highlighted for its recent 

significance. 

While all have been important contributors to FERC’s integration with the grid, the key 

order that has spurred significant state action to deploy energy storage was FERC Order 841 in 

2018. This order required system operators to remove barriers for electric storage resources to 

participate in the capacity, energy, and ancillary services markets.lxxiii Each ISO and RTO under 

FERC jurisdiction was required to revise their market structure to include market rules that 

“recognize the physical and operational characteristics of electric storage resources” and to 

implement the revisions after FERC approval. Interstate markets under FERC jurisdiction are not 
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allowed to opt-out and must develop such a plan, understanding that this ruling applies to 

resources as small as 100 kW.  

This ruling was passed understanding that FERC has the authority to regulate wholesale 

interstate markets, which, when energy is passed from a storage system to the grid of an 

RTO/ISOs, comes under FERC regulation. This thought to have broadened FERC’s authority 

over RTOs/ISOs because FERC can now regulate how energy storage interacts with interstate 

markets, even if the ESS was interconnected to grid based on regulations from states.lxxiv As of 

March 2021, FERC had approved the changes made by all ISOs and RTOs, but several RTOs, 

including MISO, ISO-NE, and SPP, are still working on implementing the approved changes 

Other criticisms of FERC order 841 include that it does not provide a clear “value stack” 

to encourage ES deployment to reward the attributes that energy storage resources, particularly 

long duration ones, have. Only some ISOs/RTOs have capacity markets, and even then, these 

markets each only reward storage up to a certain duration, but not past 10 hours just yet. Some 

have recommended that FERC should force ISOs/RTOs to revise their ancillary services market 

to value ES, not just large generators who are understood to have their respective ramp rates and 

other technological limitation by the time their energy is traded in the forward and real time 

markets. 

Results of this measure could be favorable specifically in some RTOs/ISOs for LDES. 

For instance, PJM set a minimum duration requirement in their capacity market; an energy 

storage technology must offer a 10-hour duration capability in order to be able to participate in 

PJM’s capacity market. How this duration will be compensated is still in development.lxxv 

Other federal bodies 
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National Association of Regulatory Utility Commissioners (NARUC): adopted a resolution 

calling for system planning that reflects “the full spectrum of services that energy storage and 

flexible resources are capable of providing.”  

Department of Energy (DOE): supports storage RD&D through its Office of Science, Office of 

Electricity Delivery, and Office of Energy Efficiency and Renewable Energy. Specific efforts 

such as the Advanced Research Projects Agency–Energy (ARPA- E) and Joint Center for Energy 

Storage Research support innovation in storage technology 

▪ LDES Shot Initiative: goal to reduce storage costs by 90% compared to 2020 lithium-ion 

batteries in storage systems of 10+ hours within the next decadelxxvi 

▪ The Better Energy Storage Technology (BEST) Act (passed 2020)lxxvii: requires the DOE 

to establish an energy storage system R&D program; authorizes $300 million 

between 2020 and 2024 to fund up to five demonstration projects for grid-scale 

energy storage systems. Additionally asks for: 

– Highly flexible systems with >=6 hours, lifetime of 6,000+ cycles, and 20+ years 

of operation 

– LDES of 10 – 100 hours, at least 1,500 cycles and 20 years of operation. 

Advanced Research Projects Agency – Energy (ARPA – E) Duration Addition to 

Electricity Storage (DAYS) initiative on forefront of this effortlxxviii 

– Establishes prize competition to advance recycling of some rare earth materials 

– Establishes a program at DOE to assist electric utilities with storage integration 

and system planning 
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Other federal incentives 

Outside of these programs and policies, LDES technologies, and energy storage more 

broadly, have some limited financial incentives to be built. Though there are no federal tax 

incentives specific to standalone storage, standalone storage and storage paired with renewable 

energy projects can use the MACRS depreciation method to reduce taxes in their early stages of 

development. They could additionally be eligible for opportunity zone incentives, were these 

projects to be built in economically distressed areas.lxxix  

The main financial incentive for energy storage is the investment tax credit mentioned 

before that is generally well-known. On the Investment Tax Credit (ITC). It applies to 

commercial or utility-scale PV-plus-storage systems if the storage system is charged by solar 

power at least 75% of the time. Commercial and utility-scale projects that began construction 

before December 31, 2023 can quality for 26 or 22 % deductions if these projects are connected 

to their load before January 1, 2026.lxxx 

California; CAISO 

California has set ambitious decarbonization goals, one of which includes sourcing 60% 

of all electricity from renewable resources by 2030 and decarbonizing the entire sector by 

2045.lxxxi While most of California’s energy storage has come in the form of 4-hour lithium-ion 

batteries that have helped avoid power shortage disasters, there is a great need for longer 

duration energy storage. As such, the state is pulling a number of levels to scale up state-wide 

LDES deployment. With the largest number of deployed projects in the US, CA is leading the 

charge and displaying the importance of recognizing LDES’ role in the energy transition through 

favorable incentives and policy.  
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In 2016, amended a bill to directly address the use of LDES. The Self-Generation 

Incentive Program (SGIP) was updated to include incentives for energy storage based upon 

dollars per watt-hour instead of dollars per watt.lxxxii Storage systems of 2 hours would receive 

100% of the incentive, with each additional 2 hours receiving a progressively lower percentage 

of the full incentive (rate incentive step-down).lxxxiii Four years later, the California Energy 

Commission awarded $1.2 million to Indian Energy to demonstrate the success of a non-lithium 

ion LDES solution.lxxxiv This grant was a direct result of a solicitation called, “Demonstrating 

Long-Duration and title 24-Compatible Energy Storage Technologies.lxxxv” 

Also in 2020, a group of RFO community choice aggregators announced a joint request 

for offers (RFOs) to procure up to 500 MW of LDES.lxxxvi This RFO sought a minimum of a 10-

year contract for 8+ hour energy storage solution to come online by 2026. lxxxvii The next year, 

the California Public Utilities Commission (CPUC) called for a 1,000 MW LDES (8-100 hours) 

procurement for 2026.lxxxviii Adding to this, due to climate and energy issues, California declared 

a State of Emergency. lxxxix The state created a roadmap towards 100% clean energy with LDES 

as one of five pillars for a low-carbon energy system. xc  And finally, in 2022, California’s budget 

included $380 million in financial support for LDES. Experts say this could “activate” dozens of 

projects in the state.xci 

New York; NYPA 

Similar to California, New York is looking to transition to a low-carbon economy, and in 

2021, announced a net-zero carbon target for 2050.xcii To achieve this, New York has been 

looking to long duration energy storage as a system-wide solution. In 2019, NYPA announced an 

“Innovation Challenge” that led to a collaboration with Zinc8 to develop and demonstrate a 
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LDES zinc-air technology.xciii Fast-forward to 2022, a Host Site Agreement with Partner Digital 

Energy and Fresh Meadows Community Apartments in Queens was announced.xciv 

Additionally, in 2021, NYPA announced a project with Electric Power Research Institute 

to study the use of crushed rock thermal energy storage for a pilot project in Astoria.xcv The same 

year, New York State Energy Research and Development Authority made $12.5 available for 

LDES (6+ hour) development and demonstration projects.xcvi 

 

Phase III: Long Duration Energy Storage 

Levelized Cost of Storage Model 

 
Like with most new technologies in a commodity-based market, cost is one of the key 

differentiating factors accompanying use case for energy storage. Energy storage’s lifetime cost 

is abbreviated as the levelized cost of storage (LCOS) and is typically written in a dollars per 

kWh or dollars per MWh basis, similarly to LCOE in energy production.  

Similarly to LCOE, there is no standardized version for calculating this value yet, leaving 

room for competitors in a new energy tech niche to encourage investor interests. As we found 

through our research, most of the technologies are all projects and are not yet commercially 

available on the market, therefore their actual LCOS is yet to be confirmed by third-parties. Yet, 

the competition to advertise the lowest possible LCOS for their technology continues despite this 

ambiguity. 

Tesla assigned us with researching the range of LCOS technologies available and 

determining the target range they would have to meet to enter a given technology’s market (i.e. 

mechanical, flow, thermal). As a lithium-ion battery maker and supplier, the company sought a 
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specific range of values based on existing technologies, which we had researched using publicly 

available data online and a standard LCOE calculation (Figure 13). We would then aim to use 

these values to produce the range of LCOS for a new technology and develop a price stack 

similar to examples in Lazard’s (14.).  

 

Figure 1312. Sample LCOS Calculation Method 

 

 

 

 

Figure 14. Levelized Cost of Storage (LCOS) price stack example (Lazard’s, 2021) 

Methods 

In order to calculate LCOS, we 1) needed to determine the components necessary to 

calculate CAPEX and LCOS by researching equations necessary to calculate CAPEX and 

LCOS. We chose the standard equation in Figure 1 for our eventual use, 2) researched CAPEX 

and LCOS specific to each mechanical and flow company listed in our Deployment Log to 

identify which components we needed to find online, and 3) we reviewed publications, news 
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reports and websites based on subcategory of technology type (e.g. gravity-based tech is a type 

of mechanical), 4) researched existing LCOS calculators, and 5) built a sample LCOS model for 

mechanical, thermal, electrochemical, and chemical LDES technologies. 

Results  

Our key challenges to developing the model were first understanding exactly how to 

calculate the lifetime costs involved in operating, maintaining, powering, and discharging a 

battery. Much of the knowledge here quickly becomes technical, and we have been challenged to 

be able to find a standard means of calculating LCOS for new technologies given these new 

LDES technologies intentionally withhold detailed specs of their products in development. As a 

result, we found that we were missing many key components necessary to calculating the LCOS 

of flow, thermal and new mechanical technologies due to lack of data or outdated data in some 

cases. Two consultants at Hyde Engineering and Energy Intelligence Partners, respectively, 

confirmed that there is a lack of available evidence for detailed calculations down to the type of 

tech (i.e. for A-CAES or gravity-based, specifically) 

Rather than focus on what we were missing, we then turned to building a model that 

Tesla could use in the event that more information becomes public either during or after our 

project’s completion. We built one sample model using our own understanding of LCOS for 

review with the client to better understand calculations and additionally found an example 

StoreFAST model from NREL that reflect the LCOS price stack relative to length of storage. 
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Figure 14. NREL's StoreFAST Model (NREL) 

 

Our project redirected to focusing on how to adapt the StoreFAST model to include 

newer technology types. The model itself includes A-CAES with salt, NGCC, vanadium redox 

flow batteries, and lithium-ion batteries among others, and we adapted it to include the type of 

technologies that we want to study within flow, thermal and mechanical types. We have been in 

contact with a representative for the model from NREL to discuss this and have since found that 

the model code is not public to easily mimic their financial calculations. Our creation of a 

product is ongoing.  
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Discussion 

This report reveals both the importance and complexity of integrating long duration 

energy storage systems into the U.S. market. While roadblocks vary by technology, most 

solutions are currently too nascent (in R&D phase), cost-prohibitive, and unsupported by state or 

federal policies and incentives. Nevertheless, LDES technologies hold great promise and can 

bring the necessary flexibility to a rapidly changing grid. 

Through our discussion of LDES technologies, their differentiators and issues, as well as 

leading companies in the space, we sought to flesh out the landscape of long-duration solutions. 

Furthermore, as we explored policies and incentives that can catalyze the deployment of LDES 

technologies, we also described the importance of and difficulty with calculating a wholistic 

levelized cost of storage for these CAPEX-intensive energy storage technologies. While we 

believe LDES will be just one facet of an entire suite of decarbonization solutions, it is key in 

bringing vast amounts of intermittent renewable energy sources online as well as delaying capital 

investments in transmission and distribution updates. Moreover, LDES technologies are unlikely 

to completely replace lithium-ion batteries, but instead will complement them.  

In terms of limitations, our research was based upon publicly available information, 

including websites, public announcements, news reports, and industry reports. Information on 

costs, roundtrip efficiency, and duration is limited across companies and websites. Even more, 

this field is rapidly growing, so information is constantly being updated and projects 

continuously announced. This report will be just a “snapshot” in time of what we foresee to be a 

rapid, global explosion in LDES development, deployment, and expansion. 
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We suggest further research into LDES technology costs, efficiency, and duration as they 

are reported and come online. We also suggest keeping an eye on companies that begin to 

specialize in multiple kinds of LDES technologies (ex. chemical and mechanical). In sum, we 

recommend keeping an eye on this nascent but growing industry.  
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Conclusion 

As the world transitions to a low-carbon economy, a suite of solutions will be needed 

across transportation, buildings, and power. To achieve net zero, intermittent renewable energy 

sources will need to be firmed with storage solutions that work over hours, days, weeks, and 

months. This report aimed to explore how those long-duration storage solutions work, their 

benefits and drawbacks, key players in the space, and political enablers of development in the 

U.S. We also worked to develop a levelized cost of storage model for our client, Tesla, to use as 

LDES technologies develop over time. From our research, it is clear that costs must come down 

for many LDES technologies to be market ready and competitive with current lithium-ion 

solutions. Even more, governments must work to enable and encourage development through 

favorable incentives and policy.  
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