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ABSTRACT

To mitigate more severe consequences of climate change, rapid decarbonization is necessary. The electric
power sector contributes about 25% of US and global emissions, and its decarbonization is critical as other
sectors become increasingly electrified. Intermittent renewable energy sources, namely solar
photovoltaics and wind turbines have reduced emissions in the power sector. A key part in achieving
higher rates of renewables adoption is energy storage. Particularly, long duration energy storage (LDES)
is needed, for which the key variables are capital cost of energy capacity and discharge efficiency. There
are few economical options available today for LDES aside from pumped hydropower storage, which is
limited by geography. Fortunately, new technologies are under development.

Thermal energy storage (TES) is a promising class of technologies because energy can be stored cheaply
as heat. A TES system converts electricity to heat and converts it back to electricity when needed. TES
systems can utilize cheap storage material, but they must address the challenges of low discharge
efficiency and to a lesser extent, high capital cost of discharge power capacity. Existing studies have mostly
focused on a specific subsystem, such as the power block or storage material, or a single TES system. Few
studies have reported on how the needs of future power systems and TES technology options guide the
design choices for a TES system. This thesis addresses the topic and presents the opportunity space for
TES systems. Three common strategies for system design are identified that balance the coupled tradeoffs
of cost, performance, and technical risk. The first strategy is retrofitting thermal power plants with TES to
replace combustion processes and operate the plants as storage assets. The second is the development
of higher efficiency power cycles, primarily closed Brayton cycles, for new storage plants operating with
maximum temperatures generally under 1000°C. The third strategy utilizes storage materials and power
cycles at temperatures significantly above 1000°C which requires considerable research and development
prior to commercialization efforts.

Compressed air energy storage (CAES) is another type of storage technology that is cited as a candidate
for LDES. Geologic and economic considerations are found to be limiting factors in large scale deployment
of CAES systems rather than technology development. However, in certain situations, CAES may be a
valuable storage option. Therefore, compared to the optimism found in literature, a more pragmatic
outlook on CAES is recommended to focus efforts on critical questions and avoid wasted resources.

The levelized cost of storage (LCOS) is used to assess future, representative TES and CAES systems in LDES
applications. A sensitivity analysis is performed on LCOS parameters to show the effect of design choices
on system cost. From the technology and cost assessments, recommendations are made to guide TES and
CAES development as options for LDES.
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1 - Introduction

The electric power sector comprises about 25% of greenhouse gas emissions for both the United States
(US) and the world (US EPA 2017; 2016). A leading cause of decarbonization is the deployment of variable
renewable energy (VRE) generators, namely wind turbines and solar photovoltaics. The costs of both
generators have drastically declined over the past decade, accelerating the rate of their deployment.

So far, thermal power generators such as combined cycle power plants, natural gas turbines, and coal
fired power have provided significant flexibility to manage intermittency from VRE sources (Kasseris et al.
2020; IRENA 2019). To further decarbonize the power sector, energy storage is necessary to balance out
the intermittency of VRE generation. The primary focus of this thesis is on grid-connected storage systems
which use electricity as the only input and output.

A useful starting question is what level of decarbonization can be achieved with presently available
technologies at current costs? Lithium-ion batteries (LIB) are getting cheaper and are already being
deployed for grid-connected energy storage with durations of 2-4 hours. However, the cost of Li-ion
batteries increases significantly for longer discharge duration. Pumped storge hydropower (PSH) has been
used for decades, but it is dependent on geography and vulnerable to shifting climate patterns that affect
water supply (Dowling et al. 2020).

Brown and Botterud address this question by modeling a simplified power system of the United States
using only solar, wind, LIB, PSH, and transmission (2021). A key finding is that increased transmission
capacity and regional interconnections reduce the energy storage capacity required and the system cost.
The system cost is the amount invested to build storage and generation assets, and it can be levelized per
unit electricity delivered. Even with increased transmission capacity, system costs rise rapidly when zero-
carbon electricity accounts for more than roughly 90% of generation.

As the power sector moves to net-zero emissions, there will be a need for long(er) duration energy
storage (LDES) to resolve intermittency and reduce reliance on fossil fuel power plants. Currently, there
is no agreed upon definition for “long duration”. Long duration has been used to describe storage with at
least 10 hours of electricity at rated capacity (California Energy Commission 2020), but some expect that
hundreds of hours could be necessary (Albertus, Manser, and Litzelman 2020a). An important note is that
duration is quoted at rated capacity; storage plants can discharge for longer duration at below their rated
capacity.

In addition to Brown and Botterud, models from other studies find that when the share of generation
from VRE sources surpasses 70 - 90% of the total, technologies like LDES reduce the total system cost by
avoiding overbuilding VRE capacity (Albertus, Manser, and Litzelman 2020a; Cole et al. 2021). Without
LDES, achieving power sector decarbonization is estimated to cost 10—50% more, depending on the
relative cost of storage, renewables, and firm, zero-carbon resources such as nuclear or
geothermal (Sepulveda et al. 2021).

There are a variety of energy storage technologies as shown in Figure 1, some of which could be used for
LDES. Besides lithium-ion batteries, another electrochemical storage technology is flow batteries which
are being researched for LDES applications. Another storage category is chemical storage, for which there
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is much discussion about using hydrogen or its derivatives such as ammonia. Under the umbrella of
mechanical energy storage, commonly discussed technologies are pumped hydropower, compressed air,
and flywheels. Thermal energy storage (TES) is also an option although relatively understudied for
electricity-to-electricity applications; TES has typically been discussed in the context of electricity-to-heat
or concentrated solar power (Dowling et al. 2020).

Energy Storage
|
[ [ |
Electrochemical
]
[ |
Hyd & E d .
Closed System Open System D):arg\t/)agt?vnes — Hydur:)n;o?/ver = Sensible Heat
— = Redox Flow = CompressedAir g Latent Heat
— Lead Acid — Metal-Air — Flywheels

Figure 1: Four energy storage technology categories shown with a few subcategories.

Mechanical Thermal

With a variety of energy storage technologies, one question is what metrics should be used to compare
technologies? Since electric power systems are usually designed to minimize cost while achieving goals
such as high reliability and broad access, cost-focused metrics are useful. Additionally, cost-focused
metrics can be used independently of the technology implementation although the values themselves are
specific to a technology.

Sepulveda et al. explores the design space for LDES using five variables: the capital costs for charge power
(S/kWe.), discharge power (5/kW.), and energy capacity ($/kWh) along with charge and discharge
efficiencies (%) (Sepulveda et al. 2021). Energy storage costs are measured in the units of medium such
as thermal (S/kWh) or mechanical energy. Dividing the energy storage by the discharge efficiency yields
units of S/kWhe. For some technologies, charge power, discharge power, and energy capacity can be sized
independently, so variables for all three are required.

In addition to these five variables, several more are useful in considering the holistic cost of an energy
storage system: the fixed operation and maintenance (FOM) costs for charge power ($/kWe-yr), discharge
power ($/kWe-yr), and energy capacity® ($/kWh-yr); variable operation and maintenance (VOM) with units

1 FOM of energy storage components are also measured in units of the storage medium e.g. kWhin.
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of S/kWhe; capital recovery period (yrs); and the self-discharge rate (fraction/hr). Together, these 11
variables provide sufficient data to assess the cost of storage technologies.

Of course, technical factors are critical too such as feasibility, ramp rates, and degradation. For specific
projects where one is deciding which technology to use, these factors should be considered. However, for
systems level analysis, assessing these factors on a comparable basis is difficult given the sensitivity to
plant-specific operating profiles.

The aim of Sepulveda et al. was to understand the importance of storage attributes, independent of
technology implementation (2021). A parametric sweep of the five variables listed above was completed
for a set of scenarios with different firm resources and varying load and weather conditions. Based on
multivariate regression, the most important attributes to reduce the total system cost were reducing
energy capacity cost and increasing discharge efficiency. Improvements in energy capacity cost and
discharge efficiency are more than twice as effective at reducing system cost compared to improvements
in discharge power cost, charge power cost, or charge efficiency.

Their study found that to achieve system cost reductions greater than 10%, energy capacity costs need to
be below 20 $/kWh. This cost target agrees with findings from other work (Albertus, Manser, and
Litzelman 2020a; Ziegler et al. 2019a). Storage systems with discharge efficiencies in the range of 40-60%
are found to reduce system costs 5-20% when energy capacity costs are 20 $/kWh. even with power costs
at 1000 $/kWe.

Given this background of important characteristics for LDES, this thesis examines how thermal and
compressed air energy storage may be suited, or not, for LDES. For each storage type, the technology is
first assessed by its major components and then at the system level before providing estimates for the
key variables listed previously. Following that, those estimates are used to generate levelized cost of
storage (LCOS) values which is a measure, albeit imperfect, of the economic competitiveness of a storage
technology. LCOS values are calculated per technology under varying discharge duration and cycling
frequency. For insight on connecting engineering decisions to economics, cost breakdowns by subsystem
are completed and sensitivities to high-, mid-, and low-cost scenarios are examined.
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2 - Thermal Energy Storage

2.1 Introduction

In 2017, about 75% of the world’s electricity supply was generated by thermal power sources—that is, by
plants where a fuel is combusted to heat steam, air, or another fluid that drives a turbine (IEA 2019). As
the electricity sector decarbonizes, the heat sources used for thermal power generation will transition
away from fossil fuels to relatively greater reliance on sources such as geothermal energy, hydrogen fuel,
solar thermal energy, biomass, nuclear fission, and possibly nuclear fusion. Some of these plants will need
to respond to variations in the availability of renewable energy sources; for these types of generators,
thermal energy storage (TES) can provide flexibility.

Some concentrated solar power plants, which have been deployed to a significantly lesser extent than
solar photovoltaics, already use TES with thermal oil or molten salt to shift generation from peak sunlight
hours to match demand. Researchers have proposed TES for nuclear plants to decouple the power block
from the reactor so that plant can provide both baseload and peaking capacity (C. Forsberg, Brick, and
Haratyk 2018). In these roles, TES can improve efficiency, serve combined heat and power needs, and
deliver other services. Together, these opportunities present interesting opportunities for TES
technologies in the decarbonized grid of the future.

This thesis focuses on electricity-to-electricity storage, which is a significant but narrower opportunity for
TES. The potential of electricity-to-electricity TES centers on the ability to use very low-cost storage
materials such as crushed rock. To utilize such low-cost storage mediums, the key challenges to overcome
are the low discharge efficiency and high capital cost of converting heat to electricity.

A combination of high power and low energy costs suggests that TES will be most interesting as a long-
duration storage technology. Basic geographic constraints may be a factor, primarily the ability to deliver
the several thousand tons of storage material needed for a gigawatt-hour-scale facility. A TES facility
would have a similar areal footprint as a thermal power plant, which typically requires tens to hundreds
of hectares on relatively flat land. Water demands for cooling will depend on the system design.
Economies of scale generally disfavor electricity-heat-electricity TES in small-scale applications such as
behind-the-meter electricity storage.

A review of the TES systems that have been proposed by commercial developers and researchers suggests
three main strategies for overcoming the key challenges of heat-to-electricity efficiency and cost of power.
In all strategies, TES utilizes low-cost storage materials. In the first strategy, TES is installed at existing
thermal power plants, particularly coal plants, to replace heat from fuel combustion and to reuse the
existing power generation equipment, which reduces the cost of power. The second strategy considers
more efficient power cycles with peak temperatures slightly above the range of thermal storage
technologies used presently. The third strategy relies on even higher temperature storage to increase
efficiency, and, in some embodiments, requires research and development on newer power conversion
technologies. These strategies provide several pathways for TES to support a decarbonized grid.

This chapter begins with a brief description of how thermal energy storage works, followed (in Section
2.3) by an overview of TES technologies grouped by function: charge, store, and discharge. With that
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foundation, Section 2.4 describes systems that utilize each of the three strategies for overcoming TES’s
key technical challenges. Section 2.5 provides cost estimates for two illustrative systems in 2050; Section
2.6 concludes.

2.2 What Is Thermal Energy Storage?

TES systems use electricity to heat up a material; the heated material is then insulated until the energy is
needed, and finally the heat is converted back to electricity through a power conversion device. Figure
2.1 illustrates typical energy losses associated with each step for a generic TES system with 47% roundtrip
efficiency (where “roundtrip efficiency” is defined as the fraction of electricity delivered back to the grid
over the electricity drawn from the grid).
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Figure 2: Energy losses (in orange) for each step of a generic TES system. The heat loss during storage
will depend on how the system is operated.

The figure shows one of the key challenges of TES: the efficiency of the heat-to-electricity conversion step
is the limiting factor for roundtrip efficiency. By contrast, the first step—converting electricity to heat—
can be accomplished with minimal losses, and given sufficient insulation, losses to the ambient
environment during heat storage (step two) can be limited to acceptable levels. More details are provided
in Section 2.3.

2.3 Technology

The three main steps in TES are converting electricity to heat, storing heat, and converting heat back to
electricity. While this basic description is true for storage technologies generally, it is worth examining the
different technology options at each step before discussing entire systems. Certain synergies between
these options are relevant for overall system design; these synergies are discussed in Section 2.4.
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2.3.1 Charging: Electricity to Heat

Since this thesis focuses on TES systems that have only electrical energy as the input and output, other
potential sources of heat are ignored although such sources can be utilized in real systems and can
improve system performance. Those other sources include waste heat, nuclear, geothermal, combustion,
and solar thermal.

Technology options for charging a TES system—that is, for converting electricity to heat—include a
resistive heater, inductive heater, or heat pump. The figure of merit for converting electricity to heat is
the coefficient of performance (COP) to distinguish it from thermal efficiency. Thermal efficiency is how
much electricity is generated from a quantity of heat, and it cannot be higher than 100% and is often much
lower. On the other hand, COP can be greater than 100%. For reference, a residential heat pump has a
COP around 2 to 4 depending on ambient and desired temperatures. For relatively small temperature
differences, the COP can be high, but as the temperature differences increase, COP falls, as seen in Figure
2.2. The figure shows a nominal case where low-temperature heat is supplied by ambient air at 25°C.
Changes in heat pump design could improve the COP slightly and adjust the ratio of high and low
temperature thermal energy. Higher capital and operating costs are drawbacks of heat pumps compared
to resistive and inductive heaters. Exact values are unknown since high-temperature heat pumps are not
commercially available yet.
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Figure 3: Comparison of coefficient of performance (COP) values for electricity-to-heat technologies. The
Carnot lines show the ideal case; the upper line is applicable if sub-ambient (cold) thermal energy is
utilized. For heat pumps, the solid line indicates the approximate COP within the range of operating

temperatures. The dashed section continues the trend to higher temperatures.

For the heat pumps in the figure, the following equations and assumptions are used:
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Equation 1 is given by Olympios et al. (2021) to describe a case where thermal energy from both the high
and low temperature steps are stored. Equation 2 is derived from the same reference for the case where
only the high temperature thermal energy is stored. Temperature is expressed in Kelvin. The exact values
for n, T;, and T5; depend on system configuration. For the Carnot case, n = 1, and for the representative
case, 7 = 0.85. For another thermodynamic analysis of pumped heat TES, see Laughlin (2017).

Resistive heaters can convert electricity to heat with a COP above 90%, but their COP cannot exceed 100%
(Amy et al. 2018). Resistive heaters can be placed directly in the storage material, built into piping, or
placed close to the container or pipes for indirect heating. Induction heating uses oscillating magnetic
fields to generate heat within the storage material or an intermediate heat transfer fluid. Induction
heating can overcome some heat transfer resistance compared to indirect resistive heating; however,
inductive heating equipment is more expensive and not easily applied to all materials.

The maximum storage temperature will be a factor in choosing the heater. Current heat pump designs
have practical limits around 550°C due to the properties of the materials available (at reasonable cost) for
use in turbomachinery (Frate, Ferrari, and Desideri 2020; Laughlin 2017). Meanwhile, inductive heaters
can heat materials to 3000°C, but ambient conditions and containment materials may set a lower limit
(AZO Materials 2015; Inductotherm Corp. 2020). Resistive heaters made of metallic materials can reach
1400°C in oxidative environments (Kanthal 2018), and heaters made of ceramics or other materials can
exceed 2000°C depending on the environment (Amy et al. 2018). Higher-temperature heaters tend to be
more expensive.
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In a power system with high shares of variable renewable generation, electricity prices are expected to be
low for many hours of the year—as discussed in the literature (Sepulveda et al. 2021). Thus, it may be
advantageous (though not necessarily so) to trade off higher COP in favor of lower charging power cost.
Even so, charge efficiency and cost are found to be of secondary importance compared to other
parameters.

Lower charging efficiency means more electricity will be used for the same amount of heat stored. This
has no impact on the amount of storage capacity needed to meet a target discharge profile, which is
determined by discharge efficiency and the rate of self-discharge. Resistive heaters will likely be the most
common type of heating element used for TES systems given their simplicity and lower cost per unit of
power.

2.3.2 Storage

As mentioned in the introduction to this chapter, the advantage of thermal energy storage compared to
most other forms of storage is the ability to use low-cost storage materials. Long-duration storage, which
TES systems are suited for, should aim for a capital cost below $20 per kilowatt-hour of electrical energy
(kWhe) (Albertus, Manser, and Litzelman 2020b; Ziegler et al. 2019b).

To help understand the material selection process, the storage cost which is expressed in units of
electricity (S/kWhe) can be separated into the discharge efficiency penalty and the thermal storage cost
(S/kWhy,). For a heat-to-electricity efficiency of 50%, the storage cost should be below $10 per kWhy.
Efficiency values range from approximately 40% to 60%, as discussed in the next section on discharging
technologies. Regardless of the exact efficiency, this cost target significantly constrains which materials
can be used. The cost of some materials would itself exceed the target, even before accounting for
containment, insulation, and construction which are costs associated with energy capacity.

As discussed in Section 2.3.3, which focuses on the discharging step in TES, higher storage temperatures
can increase the thermal efficiency (converting stored heat back to electricity). Although the efficiency of
this step will largely depend on the energy conversion system used, thermal inefficiencies act as a penalty
on the capital cost of energy. Thus, high-temperature materials are desired because they enable higher
efficiency (see discussion on Carnot efficiency in Section 2.3.3). However, costs for containment and
insulation also increase with temperature. Different systems make different tradeoffs between energy
cost, power cost, and heat-to-electricity efficiency, one of the key design challenges for TES.

The temperature—efficiency relationship generally rules out materials that cannot go above 400°C. These
materials may still be useful for applications aside from power generation, such those described in Box
2.1

Thus, considerations of materials-based energy cost can quickly filter out incompatible choices. Material
cost per unit of thermal energy can be estimated with just a few variables. For sensible heat, the variables
are cost per mass, specific heat capacity, and change in temperature.? For latent heat storage, the

2 Trivially, cost per mass can be expressed as cost per volume and density.
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variables are cost per mass and latent heat of fusion; latent heat of fusion is the energy associated with
the phase transition between solid and liquid.

Besides cost, there are several ways to categorize storage materials. The broadest distinction is between
storing thermal energy as sensible heat or latent heat. An object that increases in temperature as it is
heated gains sensible heat, where the term “sensible” refers to the fact that the heat can be sensed
through a change in temperature. By contrast, latent heat is the heat absorbed or released at a constant
temperature or within a temperature range during a phase change.
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Figure 4: Categories of storage materials. Within latent heat materials, solid—liquid phase change
materials (PCMs) are the practical choice. Listed materials (purple boxes) are indicative of the storage
subtype; they do not represent an exhaustive list.

A benefit of latent heat storage compared to sensible heat storage is higher specific energy (energy per
mass) and energy density (energy per volume). For latent heat, these values can be an order of magnitude
larger than for sensible heat. However, for grid-scale storage, the space occupied by the plant is not a
primary concern. Rather, the primary concern is cost—provided that the energy storage technology can
meet the requirements of the specific application. For the heat storage applications described in Box 2.1,
such as residential heating, higher energy density is favorable.

Sensible Heat Storage

Materials for sensible heat storage can be grouped by whether they are solid versus liquid. Liquids can be
moved easily, which facilitates efficient heat transfer, but there is a risk that they will solidify, which could
damage the system. In concentrated solar plants, this problem is solved by using electrical heat tracing in
the pipes and cold storage tank. Downsides of this approach are increased capital cost and parasitic energy
losses.
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Molten salt is an example of a liquid storage material that has been used to provide over 13 GWh, of
storage in concentrated solar power plants.® Most molten salts in use for storage today are nitrate salts
with maximum service temperatures around 550°C (Laughlin 2017), but their cost exceeds the target of
$10/kWhy, (Glatzmaier 2011). There have been efforts to reduce the cost by increasing the temperature
limit of molten salts with carbonate and chloride salts, but corrosion has been a major challenge (Liu et
al. 2016). Other liquids such as molten glass and silicon have been proposed as candidate materials. Glass
and silicon can reach temperatures of 1200°C and 2400°C respectively, but each introduces new
challenges (Mohan, Venkataraman, and Coventry 2019; Amy et al. 2018; 2021).

Traditionally, liquids have been stored in two tanks, one for the hot liquid and one for the cold. This
requires that the containment volume is double the storage material volume. An alternative design is a
thermocline tank, which stores the hot and cold liquid in the same tank with a means to reduce internal
heat transfer losses (Black & Veatch 2010). Such means include physical barriers and stratification. The
capital cost savings of eliminating one tank must outweigh the operational costs of increased heat loss
from the hot to the cold section.

One area of research involves filling thermocline tanks with cheaper solids while using a liquid to transfer
heat in and out of the tank. This is better understood as a form of solid storage with immersion in the heat
transfer fluid than as a form of liquid storage because the majority of heat capacity is supplied by the
solids. Other forms of solid storage operate without constant immersion.

Solid storage has the potential to be less costly than liquid storage if earth-abundant materials are used.
The challenge then becomes transferring heat to and from the solid. At larger storage volumes, both the
heat transfer rate and amount of useful heat decrease if the process relies only on thermal conduction
through the solid.

To avoid this, one option is to arrange the solid material so that fluids can flow through the interstices.
Flow is easier to control for shaped materials like firebricks than for bulk materials like crushed
rock (Soprani et al. 2019). The heat transfer fluid may make direct contact or flow in pipes for indirect
heat transfer. As with thermocline tank systems, solid storage designs need to account for internal losses
due to temperature gradients during charge or discharge. Additionally, solids can break down over time
due to thermal cycling. This damage can be managed with controlled heat transfer rates and material
selection. Thermal cycling can also cause settling of loose solids to the bottom of the container, placing
stress on the container when it cools (Flueckiger, Yang, and Garimella 2013).

Another solid storage option uses particles stored in tanks along with particle-compatible heat exchangers
(Ma, Zhang, and Sawaged 2017). Unlike solids in other forms, particles can be moved around readily,
which makes it possible to separate the design of the heat storage component from the design of the heat
transfer process. If the solid storage component is not required to do both, the heat exchanger can be
sized independently of the system’s energy storage capacity to reduce total system cost. Particles can be
moved by conveyors or through fluidization. Fluidization involves blowing gas under the particles and

3 Calculated from “DOE Global Energy Storage Database” as of October 2020 (link).
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lifting them such that they move like a fluid. Fluidization has been used for decades in some combustion
and chemical processes. As with liquid storage, particles can be stored in two tanks or a single tank.

Latent Heat Storage

As already noted, latent heat storage utilizes a phase transition, hence the name phase change materials
(PCMs). Most PCMs rely on solid-liquid transitions. Liquid—gas and solid—gas transitions are not practical
because the large difference in volume creates significant engineering challenges and costs. Solid—solid
transformations either occur at low temperatures or have relatively low latent heats—less than 25% of
the latent heat of metal-based PCMs undergoing solid-liquid transitions (Nishioka et al. 2010; Fallahi et al.
2017). A PCM can store additional heat as sensible heat in its liquid and solid phases.

In the simplest case, a single material such as a metal alloy undergoes phase transition to absorb or release
heat. A mixture of materials can also be used to reduce cost or lower the high melting point of a cheap
material such as silicon. Reducing the melting temperature is desirable for lower temperature systems
because it reduces costs associated with high-temperature tolerance. At a specific ratio of the constituent
materials, a mixture is eutectic, which means that the mixture undergoes phase change at a single
temperature. Non-eutectic mixtures undergo phase change over a temperature range within which solid
and liquid phases co-occur. Figure 2.4 shows several options for PCMs and compares their melting
temperature to energy density; data for this figure is available in the appendix.
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Figure 5: Comparing potential phase change materials by their melting temperature and latent heat of
fusion.

Since PCMs solidify as they release heat, they cannot flow like the liquids used for sensible heat storage.
For this reason, heat transfer for PCMs presents challenges similar to those for bulk solids used in sensible
heat storage. There are several potential engineering solutions. Some designs embed heat exchangers
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into the PCM and pump heat transfer fluids through the assembly. Filler materials with high thermal
conductivity, such as metal fibers, can be added to the PCM to improve heat transfer rates (Lin et al. 2018).
The PCM can be encapsulated so that a heat transfer fluid can flow over the PCM without mixing or
reacting with it (Wickramaratne et al. 2018). An interesting variation on encapsulation involves the use of
miscibility gap alloys, which embed a PCM inside a matrix of a different material instead of in individual
capsules (Sugo, Kisi, and Cuskelly 2013). The bulk encapsulation process could be cheaper than individual
encapsulation. For example, aluminum can be embedded in a graphite matrix and copper can be
embedded in an iron matrix (Reed et al. 2019; Sugo, Kisi, and Cuskelly 2013).

Beyond heat transfer, other design concerns include cycle life, component segregation for multi-
component materials, and undesired reactions with containment materials (Myers and Goswami 2016;
Fernandez et al. 2017). Another challenge in some systems is volume expansion during melting or
solidification. This can introduce stresses that cause the containment vessel to fracture over time (Datas
et al. 2016).

Figure 2.5 shows cost estimates for several sensible and latent heat storage options. The estimates are
based only on direct material costs to provide a general comparison. Data used to generate this figure is
available in appendix.
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Figure 6: Sensible heat materials (purple) are shown with fixed material cost and variable maximum
operating temperature. Latent heat materials (teal) are shown at melting temperature with a range of
material costs. The figure does not show cost estimates for materials that utilize both sensible and latent
heat.

In addition to grouping materials by the heat storage mechanism they use (i.e., sensible vs. latent heat),
materials can be classified by their thermal and mechanical properties, and by other characteristics such
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as toxicity and reactivity with container materials. While there is flexibility in selecting storage materials,
this design choice involves tradeoffs that affect the rest of the system in terms of its ability to achieve low
cost per unit of energy with acceptable efficiency and discharge power cost.

Containment and Insulation

Containment and insulation are integral parts of the storage system. Higher temperatures can increase
the probability of containment failure through mechanisms such as corrosion and creep. Reliable
containment is necessary so that the system can last hundreds or thousands of cycles over a plant’s
lifetime. Without reliable containment, leakage of storage materials or heat transfer fluids would lead to
downtime and necessitate potentially challenging repairs for some designs. Compatibility between the
storage and containment materials can be system specific.

Insulation is a key factor in setting the self-discharge rate. For reference, current molten salt tanks lose
roughly 1% of stored heat per day (Sioshansi et al. 2009). Although this may seem high relative to other
technologies, a constant heat loss rate of 1% per day leaves about 85% of total capacity after two weeks.
Besides insulation, two other important factors are the ratio of the container’s surface area to its volume
and the temperature of the storage material. The larger the system, the smaller its surface area relative
to its thermal mass. This results in lower rates of heat leakage and makes insulation more cost-effective.

In sensible heat storage systems, heat loss reduces the amount of energy stored and the temperature of
the medium. Lower temperatures reduce discharge efficiency. In latent heat storage systems, energy
capacity will be lower, but the temperature will stay constant provided that the PCM has not completely
solidified. That may be beneficial for maintaining discharge efficiency, but the temperature difference to
the ambient environment maintains a higher self-discharge rate. In both cases, the storage medium can
be heated above the designed discharge temperature to offset predicted self-discharge losses, assuming
the system can tolerate higher temperatures.

High-temperature insulation can be expensive—it is sometimes 10 or 100 times more costly than
fiberglass insulation, which is typical for lower-temperature applications. Therefore, high-temperature
insulation is usually limited to the hottest sections of the system. As the temperature decreases away
from the inner layers, lower-cost materials such as aluminum silicate and mineral fiber can be utilized.
Instead of air within the insulation, inert gases such as nitrogen and argon can be used to reduce oxidation,
which can degrade insulation materials.

In high-temperature systems, radiative heat loss will also be a concern. One option that has been
suggested involves low-emissivity coatings using metallic films (Robinson 2018). Low-pressure
environments or vacuum-insulated panels have been suggested as a means to improve thermal insulation
by reducing convective heat transfer (Robinson 2018). While such panels are used in buildings, reliability
may be a challenge for hotter structures.

As a fraction of system cost, insulation costs can be quite significant. This can make high-temperature heat
storage materials less attractive despite their low costs. According to some estimates from the literature,
insulation costs can account for about half of the total energy capacity cost of TES systems (Amy et al.
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2018; Ma, Davenport, and Zhang 2020). This suggests that lower-cost production methods or cheaper
insulation alternatives are areas for future research.

2.3.3 Discharging: Heat to Electricity

In the heat-to-electricity conversion step, higher temperatures yield higher efficiencies as seen in Figure
2.6, although further efficiency gains become incremental at very high temperatures (beyond roughly
1200°C).
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Figure 7: Approximate efficiencies of heat-to-electricity technologies plotted against Carnot efficiency.
“Turbine" is an estimate of realistic efficiency potential for technologies that involve heating up
compressible fluids (Henry and Prasher 2014). See appendix for equations.

Still, one reason to go to high temperatures is to enable higher rates of radiative heat transfer, which is
crucial for some solid-state energy conversion devices. In addition to efficiency, key metrics are cost,
flexibility, and technical readiness. Flexibility encompasses startup time and cost, ramp rates, minimum
load, and part-load efficiency. For purposes of this thesis, it is assumed that future TES systems (2050
timeframe) will be sufficiently flexible to warrant excluding these considerations from the modeling
analysis presented in Chapter 4. The value of flexibility depends on factors beyond the boundary of a
storage plant. Table 2.1 compares currently dominant thermal power conversion technologies and
alternative options that are at various stages of development.
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Table 1: Comparison of heat-to-electricity conversion methods

Alternative technologies have the potential for reduced capital and operating costs, but they have not
been demonstrated yet. [1] “Solid-state” encompasses several technologies: thermoelectric, thermo-
photovoltaic, and thermionic generators and electrochemical heat engines. [2] Value for supercritical CO;
the exact value will depend on the gas and thermodynamic cycle used.

Current Alternative
Power Block Steam Turbine | Air Brayton Combined Closed Brayton Solid-state!"!
Turbine Cycle
Technology Mature Mature Mature Early commercial | Lab and small
Maturity pilots, historical scale
experience
Capital cost High Moderate to High Moderate to Moderate to
(relative) high high low
Operating High Medium Medium Medium Low
cost (relative)
Maximum 600°C 1500°C 1500°C 800°ct? >1500°C
temperature
Efficiency 30-45% 30-45% 50-63% 45-55% 15-60%
Characteristics | Slow startup Fast response | Moderate Fast response Fastest
time (hours) (mins) response time (mins) response time
time (min - (sec); lacks
hours) rotational
inertia

Steam Rankine Cycle

The steam Rankine cycle works by pumping and heating water, and then expanding the hot, pressurized
steam over turbine blades. This turns a shaft which is connected to an electric generator. The steam is
then condensed before repeating the cycle. Modifications to the basic steam Rankine cycle, such as
superheat, reheat, and regeneration, are commonly used to increase efficiency. Additionally, plants can
be designed to operate with subcritical, supercritical, or ultra-supercritical steam. A supercritical fluid
exists in a range of temperature and pressures where it is not distinctly a gas or liquid. Supercritical fluids
have useful properties such as higher density, which increases the power density of an electricity
generation system. Higher pressures and temperatures require more expensive materials. Steam
temperatures can be as high as 620°C and research is ongoing on systems that reach 700°C. For reference,
the maximum operating temperature of nitrate molten salts currently used in concentrated solar power
systems is about 550°C.
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If the power plant has been shut off for a period, such that components have cooled down, components
are heated gradually over several hours before generating power. This reduces thermal stress, which can
shorten the lifetime of components. Electrical trace heaters and other measures can reduce the startup
time (Shawn Flake 2016; IRENA 2019). Once running, steam plants can adjust power output faster, at a
rate of around 2% of nameplate capacity per minute (IRENA 2019). Overall, steam Rankine cycles use
mature technology and can achieve 30%—45% heat-to-electricity conversion efficiency (Beér 2007).

Open Brayton Cycle

In an open Brayton cycle, air is drawn from the atmosphere, compressed, heated (via combustion) to
temperatures that are typically in the range of 1000°C-1500°C, and expanded before being exhausted
back to the atmosphere. Although various open Brayton cycle designs are possible, the most common one
involves axial compressors and expanders. In this case, the power from the expander is used to rotate the
compressor and generator.

The Brayton cycle or slight variations of it underlie combustion turbines that have generated power for
decades. Most gas turbines today combust natural gas directly in the working fluid to provide heat,
although oil and other fuels can be used. “Gas turbine” here refers to the natural gas in a combustion
turbine rather than to the gas that is the working fluid. Additionally, "turbine” can refer either to the entire
gas turbine unit, which includes the compressor, combustor, and expander, or just to the expander. This
thesis uses “turbine” to refer to the entire unit and “expander” to refer to the component.

Less common are indirectly fired open Brayton turbines, which use a heat exchanger to supply heat from
coal, biomass, or other fuels with high ash content that would otherwise damage the equipment. Work is
ongoing to adapt turbines for non-combustion applications, driven by interest from the nuclear and
concentrated solar power communities .

Open Brayton turbines have much faster startup and response times compared to steam turbines given
their lower thermal inertia; some can start up in less than 10 minutes and have ramp rates around 10%
per minute (IRENA 2019).

Improvements in materials and blade cooling have allowed for higher peak temperatures in combustion
turbines, which increases efficiency. The limitation for TES is building a heat exchanger that can withstand
high pressure and temperature to deliver desired efficiencies. Demonstrations have been limited to
around 1000°C (X. Zhang et al. 2018).

The exhaust from a turbine (or multiple turbines) can be hot enough to heat steam in a Rankine cycle; this
configuration is called a combined cycle power plant. The high- and low-temperature cycles are commonly
referred to as the topping and bottoming cycles. Compared to standalone natural gas turbines, which
have efficiencies around 30%—40%, a combined cycle power plant can reach 50%—62% efficiency (Power
Engineering 2018). However, startup time and overall flexibility are worse for a combined cycle plant than
for a standalone turbine due to the constraints of the steam Rankine cycle.

Alternative technologies
Several alternative technologies are not necessarily new, but their lower performance to date or their
early stage of development has limited their use for broad applications in power generation. With
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additional research, development, and deployment, however, they may have the potential to become
more cost-effective than or to be used with today’s technologies.

Closed Brayton cycle

Although closed Brayton cycle turbines are uncommon today, they were initially preferred over open cycle
gas turbines in the 1950s because the internal combustion of low-quality fuel would ruin turbines
(McDonald 2012). In a closed Brayton cycle, the working fluid is reused—it is cooled down after the
expander and then returned to the compressor. To increase efficiency, heat is transferred from the low-
pressure expander exhaust to the high-pressure gas before external heat is supplied—this process, which
is known as recuperation, reduces external heating requirements. Closed Brayton cycles allow for the use
of working fluids other than air. Another advantage of these designs is that the background pressure—
i.e., that of the low-pressure gas—can be increased to raise the gas density, which in turn increases the
power density of the system and reduces costs.

Early designs used either air, nitrogen, or helium as the working fluid. Compared to using air, nitrogen
reduces oxidation which extends the lifetime of components. Still, like open Brayton cycles, air and
nitrogen require high temperatures (above 1000°C) for high efficiency.

Helium is attractive for its favorable heat transfer characteristics and inertness for potential coupling with
nuclear reactors. However, there are challenges with helium systems such as leakage and unwanted
vibrations that can cause damage. Historic experience with helium turbines and further details about the
challenges of this technology are available from McDonald (2012). One concern with helium is long-term
supply adequacy: the current supply is expected to last around 100 years, although new discoveries would
extend that estimate (Bradshaw and Hamacher 2013; Glowacki, Nuttall, and Clarke 2013). Although a 100-
year supply would extend beyond the 2050 timeframe of this study, most helium is co-produced with
natural gas extraction, which is expected to decline, thus introducing uncertainty in current estimates.
Given this concern, the benefits of helium may not outweigh its disadvantages when compared to other
working fluids.

Currently, supercritical carbon dioxide (sCO,) has been the focus of much research. There is potential to
achieve thermal efficiencies of 50% or greater with peak temperatures around 700°C and work is ongoing
to increase the temperature (ARPA-e 2019). There has been interest in developing this cycle from the
nuclear community (for high-temperature reactors) and from the concentrated solar power community
(for increased efficiency). There is also interest in using sCO; in fossil-fuel-based power plants, for which
some designs have integrated carbon capture. The idea for a sCO, power cycle has been around since the
mid-20%™ century; however, there have been challenges in developing materials and components that can
withstand high temperature and pressure (DOE 2015). There is also a version where the sCO, becomes
liquid for the compression stage of the power cycle, in which case it is a sCO, Rankine cycle.

Since work on developing sCO; technology is ongoing and there are few commercially operational
facilities, current estimates of cost are uncertain. In its SunShot program, the U.S. Department of Energy
(DOE) has set a cost target of $900/kW. with 50% heat-to-electricity efficiency and air cooling at 40°C
(Mehos et al. 2016). Projects that use sCO; are being built beyond the benchtop scale. One company has
delivered electricity to the grid from a 50-MW, combustion-based sCO, demonstration plant in Texas
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using a variation known as the Allam-Fetvedt cycle (Patel 2021). Another company offers an 8-MW sCO,
Rankine system designed for waste heat recovery; this system has been factory tested and one unit is
slated for commissioning in 2022 (Held 2014; Siemens Energy 2021). Although early applications of sCO,
cycles may rely on combustion, much of the underlying knowledge and experience will be transferrable
to TES and other non-combustion applications.

Solid-state energy converters
Unlike turbines, this class of devices avoids the need to simultaneously contend with large thermal fluxes
and mechanical forces (Henry and Prasher 2014). This opens the door to a broader variety of materials.

Thermoelectric Generator

The Seebeck effect, which underlies thermoelectric generators, has been known for over two centuries.
Thermoelectric generators have found use in applications including satellites and rovers, which use heat
from nuclear material. This technology is well suited for applications that have volume constraints and
require long lifetimes with minimal maintenance. However, efficiency has been limited to a range of 1%—
15% due to tradeoffs inherent to these devices’ material properties (Henry and Prasher 2014; Q. Zhang et
al. 2017). Unless efficiency can be improved significantly, thermoelectric generators are unlikely to be a
primary conversion method for TES.

Thermophotovoltaics

Thermophotovoltaics (TPV) are photovoltaic cells that are designed to convert photons from a thermal
emitter, instead of the sun, into electricity. The thermal emitter is usually hotter than 1000°C and has a
different wavelength distribution than the sun. Accordingly, TPV cells are designed differently than solar
PV cells. Recent work has demonstrated efficiencies greater than 40% and pathways to greater than 50%
efficiency (LaPotin et al. 2021; Omair et al. 2019). These pathways involve advances in multi-junction cells,
spectrally selective emitters, and back-surface reflectors to increase efficiency as well as reusable
substrates for lower cost manufacturing (Amy et al. 2018; D. Fan et al. 2020). Given the similarities to solar
photovoltaics, existing research and fabrication methods can be leveraged for faster progress. A study
from 2003 estimated TPV costs at around S3 per watt (Palfinger et al. 2003) and projected future costs
around 30 cents per watt. The latter projection is supported by similar estimates from newer studies (Seyf
and Henry 2016).

Electrochemical Heat Engine

Electrochemical heat engines, often called thermally regenerative electrochemical systems, use
temperature-driven changes in electrochemical potential to generate electricity. Some systems cycle a
battery between two temperatures; however, these designs have achieved low performance to date (Lee
et al. 2014; Linford et al. 2018). Others use a heat-driven pressure gradient to pass ions through an
electrolyte (Limia et al. 2017). Recently, a new class of continuous electrochemical heat engines was
introduced that could enable greater efficiency by decoupling thermal and electrical conduction pathways
(Poletayev et al. 2018; Henry 2018). In one version, heat is supplied to a high-temperature electrolyzer
that generates hydrogen, and a lower-temperature fuel cell converts the hydrogen into electricity. The
devices can be assembled in a closed loop with heat exchange between the chemical products of both
devices to increase efficiency. Some electricity from the fuel cell powers the electrolyzer. With a supply
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of external heat to reduce the electrical demand of the electrolyzer, net electrical output is positive with
efficiencies estimated around 10% (Poletayev et al. 2018). Different symmetric reactions can be used, so
that devices can be designed for low- or high-temperature heat sources.

Thermionic Converter

Thermionic converters have a hot cathode and a cold anode. Heat is applied to the cathode which causes
electrons to be emitted; the electrons then travel—either through a vacuum gap or through a vapor—to
the anode. The electron balance is restored by electrically connecting the cathode and anode, which
powers a load. Active research efforts during the latter half of the 20" century focused on using
thermionic converters with nuclear power, particularly for space applications (Abdul Khalid, Leong, and
Mohamed 2016). Renewed research on thermionics will need to address challenges around materials and
fabrication before this technology can see use with TES (Go et al. 2017). Commercialization efforts,
typically with fuels as the heat source, for applications such as remote or portable power and combined
heat and power are ongoing (James Temple 2020).

Figure 8 shows what a few of these heat-to-electricity technologies look like as built.

Figure 8: Images of a few heat-to-power technologies. Clockwise from top left: steam turbine, gas
turbine, thermionic converter, thermoelectric generator (Seetenky 2007; DOE 2006; Chao 2016; Gerardtv
2010). For scale, the gas turbine is several meters in length, and the thermoelectric generator is a few
centimeters in length.

Other technologies
Several other heat-to-electricity conversion technologies are in use commercially or are the subject of
active research. At present, however, these technologies seem unlikely to be competitive with the options
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described above as the primary conversion method in TES applications. Examples of technologies in the
research phase are pyroelectrics and thermoacoustics (Pandya et al. 2019; Timmer, de Blok, and van der
Meer 2018).

Systems that use an organic Rankine cycle are used commercially for waste heat recovery and geothermal
applications. They are designed to generate power from low-temperature heat, so their efficiency is
relatively low: typically 10%-20% (Quoilin et al. 2013). This precludes the use of an organic Rankine cycle
as the primary discharge method in a TES system, though such systems can be used in conjunction with
other technologies.

Stirling engines are technologically mature and have the potential to achieve high efficiency. This makes
them attractive for small scale, distributed power generation. However, the cost per unit of power
remains high compared to Brayton turbines or combined cycle plants of similar thermal efficiency.

2.4 Systems

The technologies discussed so far can be assembled in a variety of combinations to form a complete
system. In weighing tradeoffs, some designs balance cost, performance, and feasibility better than others.
A review of academic papers and commercial efforts to develop thermal energy storage shows that
systems tend to follow one of three strategies:

1) Reutilization of power plant infrastructure
2) Increased efficiency at medium temperatures
3) High-temperature systems

These three strategies are listed in order of decreasing technical maturity. Technologies from each
strategy will mature over time, providing a role for TES from the present day to beyond 2050.
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Table 2: Three near- and long-term strategies for TES

Strategy Retrofit Increase efficiency at Ultra-high temperature
medium temperature

Readiness Today Low - moderate risk Moderate - high risk
< 10 years > 10 years

Power conversion Steam turbine Closed Brayton Combined cycle, solid-state
e.g. sCO,

Storage materials Crushed rock, molten PCM e.g. metal alloys Silicon, silica, graphite

salt

Max temperature 650 C 850C >1200C

Efficiency 30-45% 40 -55% 50 - 60+ %

Response time mins - hours mins sec - mins

Minimum load 10-50% 10 - 50% ~1-40%

(% nameplate capacity)

2.4.1 Reutilization of power plant infrastructure

A number of power plants, particularly coal-fired ones, are being retired before the end of their expected
lifetime because they can no longer run economically or meet environmental standards. This is happening
today in industrialized regions like the United States and European Union. Early retirements are also likely
in countries with younger power plant fleets, such as China and India, as they try to meet decarbonization
targets.

There is an opportunity to reuse these power plants for thermal energy storage. As shown in Figure 2.8,
thermal storage and a heat exchanger to generate steam would replace the combustion boiler. Resistive
heaters or heat pumps would draw (low/zero-carbon) electricity from the grid to charge the system. The
existing turbine, pumps, cooling tower, and other equipment would be reused to generate electricity
without emissions.
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Figure 9: Simplified diagram of how a thermal storage system can reuse equipment at a steam turbine
power plant. In this example, two-tank molten salt is used; cheaper, alternative storage methods are
available.

At first glance, the efficiency of steam Rankine cycles seems too low to make the system economical.
However, it might be possible to acquire existing plants at low cost if the alternative is early retirement.
Retirement could have negative value to the plant owner due to decommissioning costs net scrap value.
In addition, existing grid connections can be reused. Lastly, with peak temperatures around 600°C, a wide
variety of cheap storage materials can be utilized, allowing for lower energy capital cost compared to
current, two-tank molten salt storage systems. Together, these factors could allow for economical reuse
of fossil fuel powered steam turbines in regions with high shares of renewable generation.

An important consideration is the remaining lifetime of the power plant being repurposed. On average, a
steam turbine plant in the United States operates for 50 years (Grubert 2020). Although there is variation
between plants based on equipment, operational history, and repairs, this is a useful approximation. Use
of steam turbine plants for energy storage could extend or shorten the nominal 50-year lifetime through
a combination of lower utilization but more cycling. The top chart of Figure 2.9 shows the age distribution
of installed steam turbine capacity in the United States that is less than 50 years old. The bottom chart
shows when that capacity is expected to retire based on a 50-year retirement date. The figure uses data
from the U.S. Environmental Protection Agency’s 2018 eGRID database and does not consider new
capacity additions.
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Figure 10: The upper graph shows age distribution of operational steam turbine capacity in the United
States, including standalone turbines (coal, gas, nuclear, solar thermal, etc.) and turbines in combined
cycle power plants. The lower graph projects available capacity for future years assuming a 50-year
lifetime. Data is from EPA’s eGRID 2018 database, so plants brought online after 2018 are not counted.

Many U.S. coal plants will reach 50 years of operating life between now and 2040, limiting their potential
lifetime as energy storage plants. Steam turbines attached to combined cycle plants could remain
available longer since most were built after 2000. Although more detailed analysis is required, the lifetime
of these plants, after they are retrofitted with TES, could be extended with targeted repairs.

As shown in Figure 2.10, existing power plants are distributed throughout the continental United States,
so this strategy is not geographically limited. The window of time to utilize U.S. coal plants is short, given
that retrofitted plants need to have sufficient remaining life to recover costs. Fortunately, the
technologies required to implement this strategy are at a high level of technical readiness and could be
deployed quickly with public and private coordination. Further, there is relevant experience to guide
design from the construction of concentrated solar power plants and the repowering of coal plants into
combined cycle power plants.
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Figure 11: Geographic distribution of steam turbine capacity in the United States that is expected to be
available in 2050, using the same data source and assumptions as Fig. Figure 10.

Internationally, there is a longer window of opportunity because coal plants have been built more recently
and continue to be built, particularly in emerging market and developing economy countries. Plans to
install new steam turbine capacity, mostly coal-fired, are generally being scaled back as countries
reevaluate the economics and environmental impact of coal-fired electricity (CREA 2021). Figure 2.11
shows the steam turbine capacity that will be less than 50 years old in 2050 for the ten countries with the
largest installed base of currently operating plants. The figure does not account for the construction of
new plants. In China and India, which currently lead the world in new capacity additions, most new and
recently built plants are either supercritical or ultra-supercritical and therefore have typical efficiencies
above 40% (Hart, Bassett, and Johnson 2017).
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Figure 12: Steam turbine capacity for plants that will be 50 years old or less in 2050 for top-ten countries
and the rest of the world (RoW). The figure includes turbines that are attached to combined cycle gas
plants. Calculated from S&P Global Platts database 2016.

Researchers and commercial developers have recognized this opportunity. Designs have been proposed
that use phase-change silicon, ceramic packed beds, or rocks to store heat cheaply (Meroueh and Chen
2019; Alumina Energy 2021; John Parnell 2020; GIZ 2020). One company started operating a pilot project
in Germany during 2019 that has an energy capacity of 130 MWh, and discharge capacity of 30 MW. The
facility uses rocks, resistive heaters, and a steam turbine (Darrell Proctor 2019). While it did not repurpose
an existing power plant, that is the intent for future projects (Collins 2021).

While some steam turbine retrofit concepts use resistive heating to charge the system, whereas others
envision using a heat pump, a steam turbine would still be used to generate electricity. In the United
States, the DOE has funded feasibility studies of this concept (Office of Fossil Energy 2020). In Germany,
work towards a pilot project is underway (Jason Deign 2019). A heat pump for charging would improve
roundtrip efficiency, and lower costs for discharge power would offset some of the increased cost for
charging equipment.

Despite this potential, realistically, only some fraction of existing power plants will have sufficient
efficiency and flexibility, and be in an appropriate location, to operate as TES plants. At this point in time,
it is unclear how large that fraction is. As an example, one technical challenge will be to modify existing
plants and design their thermal storage components such that the repurposed facilities can operate more
flexibly than they were originally designed to for purposes of baseload power generation. Otherwise,
frequent cycling will shorten plant lifetimes. Solutions can be leveraged from ongoing work to increase
coal plant flexibility in response to intermittent renewable generation (IRENA 2019) and through
strategies such as pairing batteries with TES (John 2017). Batteries could provide short-duration storage
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to reduce cycling, and, when longer-duration storage is needed, batteries could provide time for the plant
to warm up.

In the future, a strategy of reusing existing power plants may overlap with the third strategy: deploying
high-temperature systems. A high-temperature topping cycle could repower a steam plant as a combined
cycle plant or run in parallel to (and later replace) a natural gas combustion turbine at a combined cycle
plant. Similarly, TES retrofits could function as intermediate storage options until it becomes economical
to convert TES steam plants into combined cycle systems that use hydrogen or other carbon-neutral fuels.
At that point, the thermal storage components could provide operational flexibility.

2.4.2 Increased efficiency at medium temperatures

Although the definition of “medium temperatures” is ambiguous in the literature, it is used here to refer
to approximately 550°C—-1000°C. Heat at these temperatures can drive alternative power cycles, such as
closed Brayton cycles, to achieve roundtrip efficiencies in the range of 40%—55%. These cycles can be
paired with sensible heat storage materials such as rocks, or with phase change materials like aluminum
alloys.

Some proposed systems use sCO; Brayton or Rankine cycles for power generation. These cycles can
increase efficiency with heat recuperation, as shown in Figure 2.12. With recuperation, less external heat
is required, and the heat is supplied within a smaller temperature window near the peak cycle
temperature. For this reason, latent heat storage is a more obvious match than sensible heat storage for
sCO; and other systems with similar recuperation. The energy cost for sensible heat storage systems
increases when these systems operate over a small temperature range, but sensible heat storage is still
an option if the storage materials are cheap enough. For charging, resistive heaters are generally a better
match since high-temperature heat pumps rely on sensible heat exchange rather than latent heat.
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Figure 13: Diagram of recuperated, closed Brayton power cycle commonly used for medium-
temperatures TES systems (Turchi, Ma, and Dyreby 2012; McTigue et al. 2019). A heat pump (not
pictured) could charge the hot (dark orange) and cold (dark blue) stores. Heat addition is shown with a
two-tank liquid medium although other formats are possible. Heat rejection can be accomplished by air
cooling instead of cold storage which would be favorable for resistively charged systems.

Others have proposed using sCO, or non-supercritical fluids in a closed Brayton cycle to discharge the
system, and a reverse Brayton cycle (i.e., a heat pump) to charge the system (Laughlin 2017; McTigue et
al. 2019). This approach is commonly called pumped thermal energy storage or pumped heat storage. A
heat pump would be similar to Figure 2.12 except the positions of the compressor and turbine would be
switched as well as the flow direction. For non-supercritical fluids, research has concentrated on the use
of inert gases such as helium, argon, and nitrogen for the working fluid. This approach increases the
roundtrip efficiency by focusing on improvements to the charging efficiency, which can reduce the
delivered cost of electricity. Heat recuperation can be used to increase charge and discharge efficiency.
Even with recuperation, some versions of this power cycle can have a larger temperature range for
external heat, making it amenable to latent and/or sensible heat storage.

As mentioned in Section 2.3.1, low electricity prices reduce the benefit of high charging efficiency relative
to capital cost for charging power. Additionally, charging efficiency does not affect the amount of storage
material needed.

A heat pump can be also used to store thermal energy at sub-ambient temperatures. Cold storage
increases the discharge efficiency without requiring the hot storage to be at higher temperature. The
downside to using a heat pump for charging is that it will require an additional set of turbomachinery
equipment beyond the set used for discharging, which increases capital cost. This additional cost can be
mitigated if reversible turbomachinery is developed (ARPA-e 2018).

Some versions of pumped thermal energy storage can use readily available equipment, which reduces
commercialization risks. Current efforts to develop sCO, power systems range from projects that use lab-
scale equipment at kW capacities to megawatt-scale demonstration plants. Since there is more
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uncertainty about the power block than about the energy storage components of sCO, systems, the
current rate of progress indicates that utility-scale deployments are likely to be possible before 2050.

2.4.3 High-temperature systems

This third strategy uses storage at high temperatures, ranging from 1000°C to 2400°C, or potentially
higher. Temperatures in this range enable the use of combined cycles or solid-state energy converters
that can achieve similarly high efficiencies of 50%—60%. Sensible or latent heat is possible with both
technologies. Examples of each type are shown in Figure 14.
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Figure 14: A sample of high-temperature systems with different designs. Clockwise from top left: particle
storage with combined cycle (NREL 2018); silicon PCM in container atop a heat exchanger with Brayton
turbine (Chad Taylor et al. 2020); silicon PCM with TPV (Datas et al. 2016); liquid silicon with TPV (Amy et
al. 2018,).

Turbomachinery-based designs generally limit technical risk to the heat exchanger that connects storage
to the turbomachinery, and to the energy-related components, for either sensible or latent heat systems.
However, technological improvements with respect to attributes such as startup time and ramp rate may
be limited, particularly if a combined cycle system employs a steam Rankine bottoming cycle. By
comparison, alternative energy converters, namely solid-state devices, still require R&D to achieve similar
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efficiencies and cost per power, but they hold potential for better all-around performance. This includes
high efficiency even at small scales.

At a systems level, these designs introduce risk in both the storage and discharge components. By
comparison, the retrofit strategy can use established technologies for both storage and discharge. Most
of the risk of the second strategy lies within the discharge components, although the use of latent heat
storage introduces risks as well.

Figure 14 does not provide an exhaustive sampling of high-temperature systems. The variety of available
designs suggests that, given the technical uncertainties, no dominant design has emerged yet. The system
shown in the top left of the figure uses particle storage with a fluidized bed heat exchanger to power a
combined cycle. The system at the top right uses the latent heat of silicon with an air Brayton turbine. A
version of this system has been deployed for a commercial pilot project in Australia, the same one
mentioned in Section 2.5. However, that project incorporates gas heating, so it does not represent a pure
storage technology (Power Technology 2019). With further development, combined cycle configurations
of this system are possible to boost efficiency. The system shown at the bottom right uses phase change
silicon alloys with thermionic-enhanced thermophotovoltaic cells (Datas et al. 2016). Its modular design
may prove useful to overcome scaling challenges. The system at the bottom left uses sensible heat from
liquid silicon at a peak temperature of 2400°C to power thermophotovoltaic cells.

High-temperature systems face several challenges. As one example, metallurgical-grade silicon is a
common choice in high-temperature systems because it melts at high temperature (1414°C) and is
inexpensive (Figure 2.5). Silicon expands as it freezes, however, which creates stresses in the container.
Over time, these stresses can cause cracks and lead to containment failure (Jiao et al. 2019; Kevin Moriarty
2019). One solution is to alloy silicon to reduce this expansion; however, the alloy elements may be
expensive even in small proportions (Jiao et al. 2019). Additionally, chemical reactions can occur between
the container and the silicon or silicon alloys—for this reason, ensuring low reactivity has been a topic of
research (Hoseinpur and Safarian 2020; Amy et al. 2021).

One design (not pictured) uses long, horizontal graphite blocks laid in parallel to store heat around 2000°C
and generates electricity with TPV panels (Haley Gilbert 2021). Heat is transferred radiatively to the TPV
panels as they slide between the blocks. Fewer moving parts and the use of sensible heat simplify the
system design. As with all bulk solid storage systems, a tradeoff of this design is that, under partial
discharge conditions, thermal gradients will develop within or between the blocks and cause some energy
loss.

Another challenge arises from a phenomenon known as “creep,” which refers to the deformation of a
material under stress even at levels of stress that are significantly below the material’s breaking strength.
High temperature accelerates creep, leading to problems such as imperfect seals and changes in expected
failure mode.

In the tradeoff between cost, performance, and technology readiness, the high-temperature strategy
picks the first two. Achieving increased efficiency and flexibility while maintaining low storage cost
requires high-temperature storage and/or new power conversion devices. On the structural side, more

39



research is needed to understand material performance at high temperatures and to ensure reliability for
the intended lifetime of the plant.

2.5: Thermal Energy Storage for Non-Electricity Storage
Although this thesis focuses on energy storage using electricity as the only input and output, thermal
energy storage can also be utilized in other applications. These uses are briefly addressed in this section.

2.5.1 Flexibility for Thermal Power Plants

Thermal storage can be used to store heat from a relatively inflexible heat source, such as a large coal or
nuclear plant, and later use this heat to generate electricity on demand. This flexibility can help thermal
power plants respond to variable renewable generation more efficiently. Steam accumulators, which
store pressurized steam from a boiler or another heat source and later return steam directly to the system,
represent an early form of thermal storage. They have been used in power plants and industrial facilities
for decades (Gonzalez-Roubaud, Pérez-Osorio, and Prieto 2017). For longer duration storage, it would be
more economical to store heat in an unpressurized fashion because pressure vessels are expensive. There
is interest in systems that incorporate thermal storage between a nuclear reactor and its power
generation unit as a way to address ramping constraints on the reactor (C. Forsberg, Brick, and Haratyk
2018). Similarly, thermal storage could be used to provide flexibility in the operation of combined heat
and power plants. Separately, an existing commercial TES project in Australia stores heat from either
combusted biogas produced by a wastewater treatment plant or from grid charging. Heat from both
sources is used to generate electricity (Power Technology 2019).

2.5.2 Heat End Use

As seen in Figure 2, converting heat back to electricity is the most inefficient step in TES systems.
Therefore, TES can be valuable in applications where heat is the desired output, enabling greater demand-
side flexibility. For example, instead of using electrical energy storage to power heating or cooling
equipment, thermal storage can be used with materials such as wax or ice. This is an opportunity for TES
given growing demand for cooling and electrification of heating, as discussed in Chapters 8 and 9.

There are companies that are already providing TES for space cooling and refrigeration in commercial
buildings such as offices, warehouses, and data centers (Greentech Media 2020; Google 2021).

In countries like France and China, tariff structures support off-peak electric heating of hot-water tanks or
firebricks (for space heating) to even out load profiles for baseload generators (C. W. Forsberg et al. 2017).
Drake Landing is a planned residential community in Canada that stores heat seasonally from rooftop solar
thermal collectors in boreholes (Mesquita et al. 2017). In the winter, a district heating system circulates
warm fluid to the homes, which are equipped with heat pumps.

The industrial sector is characterized by diverse processes with a range of specific requirements for
temperature, heat transfer rates, and process integration, among other constraints. For example, milk
pasteurization and cement clinker production have notably different requirements. Thus, the applicability
of thermal storage to industrial applications will vary (Friedmann, Fan, and Tang 2019; Thiel and Stark
2021).
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2.6 Cost Estimates

Data from published papers and reports were used directly or as parameters to develop cost estimates.
Although some demonstration plants have been built, no utility-scale TES facility has been built yet. At
this early stage, significant uncertainties apply when projecting costs and performance to 2050. This study
makes several assumptions, for example with respect to learning rates for power conversion devices. The
values are provided in Table 3 for three representative TES systems, each corresponding to one of the
systems described in Section 2.4. The remainder of this section describes the methodology to estimate

specific variables.
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Table 3: TES System cost estimate

Key metrics for three illustrative TES systems. FOM and VOM are fixed and variable operation and maintenance costs, respectively. The storage
cost in S/kWhe is calculated by the cost expressed as S/kWh, divided by the discharge efficiency. The crushed rock system follows the strategy of
increasing efficiency at medium temperatures. The liquid silicon system uses high temperatures to increase efficiency.

Technology Steam turbine retrofitted with Crushed rock with sCO, Liquid silicon with multi-
thermal storage junction TPV
Cost Scenario High Mid Low High Mid Low High Mid Low
Charging Capital Cost S/kWe 3.3 3.3 3.3 3.3 3.3 3.3 24 24 24
Discharging Capital S/kWe 290 258 225 1,226 736 494 880 498 362
Energy Capital Cost S/kWhn 22 12 2.8 9.0 54 2.9 26 16 6.4
S/kWhe 63 32 6.5 20 11 5.3 52 30 11
Efficiency up % 97 97 97 99.5 99.5 99.5 99.5 99.5 99.5
Efficiency down % 35 39 43 46 50 55 50 54 57
Capital Recovery Yr 30 30 30 30 30 30 30 30 30
FOM discharge S/KWe-yr 8.7 7.7 6.8 3.9 3.9 3.9 4 2 2
FOM charge S/KWe-yr 0.1 0.1 0.1 0.08 0.08 0.08 0.58 0.58 0.58
FOM storage S/kWhih-yr 0.66 0.75 0.84 0.05 0.03 0.02 0.15 0.09 0.04
VoM S/kWhe 0 0 0 0 0 0 0 0 0
Self-discharge % per hr 0.04 0.04 0.04 0.04 0.02 0.02 0.04 0.02 0.02




The cost values are provided in 2020 USD for all three systems. Steam turbines retrofitted with thermal
storage assumes that a steam turbine plant can be acquired at zero cost. A resistive heater, thermal
storage, and a steam-generation heat exchanger are required, and they constitute the power and energy
costs. The thermal storage costs are based on molten salts for the high-cost estimate and crushed rock
for the low-cost estimate. An average of the two are used for the mid-cost estimate. These costs are
assumed to be achievable in the near term, approximately 2025.

Crushed rock storage with a closed Brayton sCO; power block is representative of systems that follow the
strategy of increasing efficiency at medium temperatures. Liquid silicon storage with thermophotovoltaic
(TPV) cells is representative of systems that follow the high-temperature strategy.

One of the differences between the systems is the tradeoff that they make between storage cost and
efficiency. The liquid silicon system has higher storage cost due to higher temperatures, which enable
slightly higher efficiency. On the other hand, the steam turbine retrofit has the lowest discharge
efficiencies but can achieve low energy cost in the near term.

The estimates in Table 2.3 show that there is potential for TES to achieve a cost target of less than $20 per
kWhe for long-duration storage technologies.

Lower discharge power costs are expected for a futuristic, TPV-based system, as compared to a
turbomachinery-based system, because of TPV cells’ modularity and manufacturing process (Kavlak,
McNerney, and Trancik 2018).

2.6.1 Discharge power cost

The methods used to estimate power capacity cost for the two TES systems are similar to the ones in
Schmidt et al. (2017). From a high level, a logistic curve models annual production rates of power
components (GW/yr). The formula for a logistic curve is

L
f(x) = 1 + e—k(X—xo)

where L is the maximum value, k is the growth rate, x is the number of years from 2020, x, is the
midpoint.

Annual production rates are summed to calculate cumulative production. A single factor power law relates
cumulative production to cost per power ($/W) using a constant factor and an exponent based on learning
rates. The formula for the power law is
(y)=Cy*y?
gy o*Y
b = —log,(1 —LR)

where C, is a constant term, y is the cumulative capacity, and the exponent b is calculated from the
learning rate, LR.



The logistic curve is modeled with a maximum value of 58 GW/yr. This results from an estimated 7000 GW
of global power capacity installed for TES with power systems having a lifetime of 30 years for both
technologies, and the two technologies each having 25% share of the 7000 GW (7000 GW / 30 years *
25% = 58 GW/yr). The value of 7000 GW is estimated from early modeling results of both Texas and New
England. The power capacity necessary for the United States was estimated by scaling the values for each
region by the ratio of the US’s net generation to that of the region (EIA 2015). Using the ratio of net
generation as a proxy for storage power capacity, a factor of 10, which is an order of magnitude estimate
used by this report, is used to estimate the global energy storage capacity from US capacity in 2050. In
2020, global electricity generation was 6.3 times greater than the United States and on an increasing trend
(BP 2021). Capacity built for non-storage applications of TPV and sCO, cycles was not included in the global
capacity estimate but would be beneficial to reducing costs.

The inflection point of the logistic curve is set at 2045. The assumption of 25 years (from 2020, when costs
were modeled) to reach the inflection point is an aggressive but plausible timeframe given that there has
been progress on both technologies already (Gross et al. 2018). The logistic growth rate is calculated by
assuming the production rate in 2020 is 1 MW/yr.

For the “Liquid silicon & Multi-junction TPV” system, the mid- and low-cost estimates are based on Amy
et al. (2018). Values from the paper adjusted for overhead and interconnection costs as well as inflation.
For the high-cost estimate, values from literature were used to calculate the constant factor in the power
law formula. Essig et al. estimates $0.84/W (2020S, Supplementary Figure 3) as the cost for a multi-
junction cell in a long term scenario for a plant with a production volume of 1 GW/yr (2017). The cell
efficiency in Essig et al. is lower than in Table 2.3. It is assumed that more efficient cells can be produced
from similar equipment and processes, so the cost per watt is adjusted for higher efficiency resulting in a
lower cost. Assuming that a company with a single, large manufacturing plant has a maximum market
share of 10% (Statista 2017), the constant in the power law is calculated using the corresponding
cumulative capacity when global annual production is 10 GW/yr (such that 10 GW/yr * 10% market share
=1 GW/yr plant). The learning rate is set at 15%, less than the historical rate for crystalline silicon PV cells
(Kavlak, McNerney, and Trancik 2018). Non-cell costs are applied from Amy et al. along with overhead
costs (2018).

For the “Crushed rock & sCO,” system, a similar approach is used. The average of three cost estimates for
the main components of a sCO; cycle in Carlson et al. (2017) is adjusted for inflation and assumed to be
achievable in 2022. From this, the constant factor in the power law is calculated for learning rates of 5%,
105, and 15% which correspond to the high-, mid-, and low-cost estimates. Values for civil, electrical, and
indirect costs from case 6 of Sargent & Lundy (2020) are added onto the cost of the components, for a
subtotal of 221 $/kW in 2020. These additional costs decline at the percentage rate given in NREL’s Annual
Technology Baseline (ATB) with 2020 as the baseline which results in a 14% reduction by 2050. Following
this, overhead costs are applied.
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2.6.2 Energy cost

The energy costs for the “Liquid silicon & Multi-junction TPV” system are based on Amy et al. (2018). The
high- and low-cost scenarios use the high and low estimates from the paper adjusted for discharge
efficiency and overhead costs. The mid-cost scenario is the average of the high- and low- cost scenarios.

The energy cost of the “Crushed rock & sCO,” system was estimated using a bottom-up model of a
rectangular trench filled with basalt (C. Forsberg and Aljefri 2020). Basalt was assumed to cost $73 per
ton (Alibaba 2021c; Strefler et al. 2018), insulation and containment cost approximately $4200 per m?
(Black & Veatch 2010), and excavation at $130 per m? (Specialty Grading 2020; “How Much Does Rock
Excavation Cost?” 2018).

Early capacity expansion model runs that suggested roughly 100 hours of duration would be optimal for
a system with similar values as the mid-cost case. Therefore, with a nominal power capacity of 1 GW. and
discharge efficiency of 50%, the energy cost was estimated for a capacity of 200 GWhy.. The high-, mid-,
and low-cost values were calculated by varying the depth of the trench between 20-30 m and the
temperature difference between roughly 200°C- 500°C. For a sense of scale, a trench with an energy
capacity of 200 GWh, would be about 20 m deep, 60 m wide, and 550 m in length although exact values
depend on the assumptions used.

At smaller scales, the surface area to volume ratio increases, so the energy capacity cost increases as well
(as described in Section 2.3.2) but generally by less than 10% even for a system with an energy capacity
of 20 GWhyy,.

The low temperature difference reflects a scenario using molten salt as a heat transfer fluid that comes
into direct contact with the rock. At higher temperature differences (and correspondingly higher
temperatures), molten salts may not be a viable heat transfer fluid, but other fluids could be used with
indirect heat transfer. Other storage concepts may also be able to provide heat at the same temperatures
with similarly low cost (Ma, Davenport, and Zhang 2020).

2.6.3 All-in cost

The following values were used to estimate the all-in cost. The overhead factor is multiplied to the direct
and indirect costs for power and energy. The values are based on numbers from Sargent & Lundy (2020)
and the MIT Energy Initiative’s Future of Storage study.

Table 4: Parameters to calculate all-in cost

Sales tax 7.5%

EPC fee 20%

Project contingency 10%

Overhead (multiplier) 1.4 (1 + EPC fee + Sales tax) * (1 + Contingency)
Interconnection 30 S/kW
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2.7 Conclusion

Thermal energy storage (TES) remains a promising option for long-duration energy storage because heat
can be stored in cheap materials. The main challenge for this class of technologies is converting heat back
into electricity efficiently and cost-effectively. This chapter describes three approaches that address this
challenge.

The first strategy repurposes existing steam turbine power plants by replacing the fossil fuel and boiler
used in those plants with thermal storage and a new steam generator. This approach can be implemented
today since it relies on commercially de-risked technologies. Areas for improvement include reducing the
cost of energy and creating engineering plans for optimal integration and operation. Experience with
concentrated solar power is translatable to subcritical steam plants—and with more work, TES can be
extended to supercritical and ultra-supercritical plants. The latter two types of plants will likely remain
online longer given their higher efficiencies and deployment in countries with longer decarbonization
timelines. In the interim, adding TES to supplement combustion would reduce emissions and provide
flexibility in responding to intermittent output from solar and wind generators. Once this strategy is
demonstrated, governments and owners of fossil-fuel power plants may find that TES offers an attractive
opportunity for repurposing otherwise stranded assets.

The second approach uses alternative power cycles, namely closed Brayton cycles, that have higher
increasing efficiency at medium temperatures (550°C-1000°C). In general, the thermodynamics are
understood, whereas work remains to be done on component fabrication and testing. Although there are
still technical challenges to resolve to enable higher temperatures and efficiencies, commercial
demonstrations of these power cycles are underway in non-storage applications. As the demand for gas-
fired open Brayton turbines declines, the gas turbine industry may find a significant opportunity in
manufacturing and servicing these new turbines for low- or zero-carbon thermal power plants. Progress
in non-storage applications will drive down power block costs, with benefits for systems that follow this
second strategy.

The third strategy utilizes high-temperature materials and power conversion devices to reach high levels
of efficiency and reduce power costs. Given the R&D required, grid-scale deployment is unlikely to be
feasible in the 2030s but could be viable before 2050. A challenge for this approach is improving the
lifetime performance of high-temperature materials to ensure they are reliable for the lifetime of the
plant. This includes all the “auxiliary” components such as pipes, pumps, and sensors, which may need to
be re-designed from their lower-temperature counterparts. If these engineering issues can be resolved,
high-temperatures TES systems hold promise for low energy cost, relatively lower power cost, high
efficiency, and favorable flexibility.

The following recommendations reflect the stage of development of different TES technologies and
therefore track the three strategies closely. DOE has already funded studies on the integration of TES with
coal plants. An analysis of national, retrofit-capable capacity combined with detailed studies of
representative plants would provide a more accurate assessment of the potential for the retrofit strategy.
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Support for first-of-a-kind projects through DOE’s Loan Program Office, state energy innovation grants, or
other programs could kickstart the industry. The second strategy would benefit from funding for scale-up
programs and support for manufacturing. The third strategy would benefit from applied research to
improve understanding and capabilities for high-temperature materials, engineering, and energy
conversion systems.

Just as experience and price reductions for rechargeable batteries have been driven by larger volume
markets like electric vehicles, TES would benefit from earlier adoption in applications for thermal power
plant flexibility and heat-only storage. Learning in these areas would increase the industry’s experience
and the market’s familiarity with this type of energy storage, paving the way for grid-scale TES.
Meanwhile, the technology could support emissions reductions in the buildings and industrial sectors.
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3 - Compressed Air Energy Storage

3.1 An overview of compressed air energy storage

Compressed air energy storage (CAES) is a mechanical energy storage technology that uses electricity to
compress air; the compressed air is then stored and re-expanded at a later time to generate electricity.
The compression of the air generates a considerable amount of thermal energy. CAES systems can be
categorized by how this thermal energy is handled and where the compressed air is stored.

In diabatic CAES (D-CAES) systems, the heat of compression is transferred to the environment and
restored by gas combustion on expansion. In adiabatic CAES (A-CAES) systems, the heat of compression
is captured, stored separately from the compressed air, and returned during expansion.

CAES systems can also be distinguished based on whether they store compressed air above or below
ground. In aboveground systems, the compressed air is stored in pressurized vessels made of materials
such as steel or concrete. In underground systems, the compressed air is stored in existing geologic
formations or in mined cavities.

In its simplest configuration, an A-CAES system consists of an air compressor, a storage chamber that
holds the pressurized air, a thermal energy storage facility, and a turbine. In a D-CAES system, the thermal
storage facility is replaced by a fuel combustion system.

In contrast to D-CAES, A-CAES is an energy storage technology. The efficiency of an A-CAES system is
measured by dividing its electrical energy output by the electrical energy input. Studies of A-CAES systems
have estimated efficiencies on the order of 55%—65% based on simulations (Hartmann et al. 2012; Barbour
et al. 2021). The energy density of the aboveground thermal storage of A-CAES is comparable to that of
thermal energy storage (without compressed air), making the aboveground footprint of an A-CAES facility
similar to that of a thermal energy storage facility. Based on the values that have been reported for A-
CAES systems regarding low energy cost, moderate efficiency, and low self-discharge rate—and assuming
that these values can be achieved in practice—A-CAES technology could be suitable for long-duration
storage and is therefore worth further study.

D-CAES systems are not emissions-free if they are fueled by natural gas, as is typically proposed. Although
D-CAES does not qualify as an energy storage technology, these types of systems provide a mechanism
for using cheap electricity to enhance the power generation efficiency and lower the CO; emissions of a
gas turbine. For this reason, D-CAES is not discussed in detail in this thesis, though in a later section of this
chapter (Section 3.7), it is noted that such systems may still merit investigation as an option for low-carbon
electricity generation. Still, the volume of compressed air stored by the D-CAES system would limit the
duration of any performance improvements achieved by adding D-CAES.

3.2 CAES development efforts to date

Storing energy by compressing air is an old idea that has been used in industrial settings since the 19
century. In industrial settings, compressed air was stored aboveground and was used to operate
pneumatic equipment. Compressed air was first proposed as a grid-scale energy storage option in the
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1940s (Gay 1948). It drew increased attention in the 1960s, prompted by interest in finding ways to store
power from inflexible generators, such as large nuclear and coal-fired power plants, during periods of low
demand (Budt et al. 2016; Donadei and Schneider 2016). D-CAES systems were the first options to be
studied and two facilities of this type were commissioned: one in 1978 at Huntorf, Germany, and one in
1991 at McIntosh, Alabama.

The Huntorf plant, based on the flowsheet shown in Figure 3.5, has power and energy capacities of 321
MW and 640 MWh, respectively, and a discharge time of two hours. This plant stores compressed air in
caverns with volume 310,000 m? excavated in a salt dome and operates between minimum and maximum
pressures of approximately 45 and 70 atmospheres (atm) respectively.

Charging Process Discharging Process

Flue gas

Generator

Compressed Air
Storage

Figure 15: Flowsheet of a conventional diabatic CAES system with two combustors, which describes the
D-CAES plant at Huntorf, Germany (Figure: Future of Storage).

The Mclntosh facility is based on a more advanced design, using a recuperator as shown in Figure 3.2. It
has a power capacity of 110 MW, which is smaller than Huntorf, but a higher energy capacity of 2.86 GWh
and a maximum discharge time of 26 hours. The compressed air is stored in a 270,000 m?3salt cavern and
the system operates between approximately the same maximum and minimum pressures as the Huntorf
plant.

In both plants, natural gas combustion contributes significantly to energy capacity. At Mclntosh, for
example, for every unit of electrical energy generated, about 0.7 units of electrical energy (during
charging) and 1.2 units of energy from natural gas are required (Donadei and Schneider 2016).
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Figure 16: Flowsheet of a diabatic CAES system with a recuperator, which describes the D-CAES plant at
Mcintosh, Alabama (Figure: Future of Storage).

Though many D-CAES projects were proposed over the last three decades, all were subsequently
abandoned; as a result, no D-CAES plants have been constructed since 1991. For a brief historical
overview, the reader is recommended to Budt et al. (2016) and Donadei and Schneider (2016). In the
United States, recently abandoned proposals include major projects sited in an abandoned limestone
mine in Norton, Ohio and another sited in sandstone aquifers near Des Moines, lowa. Apex-CAES is
pursuing development of a 324-MW, 16-GWh D-CAES facility near Bethel, Texas, but there has not been
publicly documented progress in recent years.

Some of the reasons for this lack of deployment activity are common to other storage technologies in
looking at the evolution of the electric power sector over the past several decades. These reasons include
lower than expected deployment of nuclear power, increased adoption of combined cycle power plants,
and lower natural gas prices starting around 2009.

Other challenges are unique to grid-scale CAES including the need for large, typically geological, air-
storage chambers with capacities on the order of tens of thousands to millions of cubic meters and the
need to efficiently capture, store, and later return the large amounts of thermal energy that are generated
when air is compressed.

At present, there are no active, grid-scale A-CAES facilities, though small-scale A-CAES facilities have been
built. As with D-CAES, many projects have been proposed and then discontinued. This was the case for
two highly visible recent initiatives: the Adele Advanced Adiabatic CAES project in Europe, which was
proposed in 2012, and the Lightsail Energy project in the United States, which was launched in 2008. Both
were cancelled within the past few years. On a more positive note, Hydrostor, a Canadian company,
commissioned a 1.75 MW (discharge), 15 MWh commercial A-CAES facility in Goderich, Canada in 2019
(“Hydrostor” 2021). Hydrostor has also announced plans for several projects on the order of several
hundred megawatts in California and outside the US, which, if completed, would represent the first grid-
scale deployment of A-CAES. Hydrostor excavates caverns in hard rock to store the compressed air, which
is maintained under constant pressure by means of a surface water reservoir. In addition, ALACAES, a
Swiss company, successfully tested a 600-kW, 1-MWh A-CAES pilot plant using a mountain cavern in 2016
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(“ALACAES” n.d.). At least two A-CAES test facilities are currently operational in China. The larger of the
two uses aboveground storage and has a capacity of 10 MW and 40 MWh (Tong, Cheng, and Tong 2021).
Other A-CAES and liquid air energy storage facilities for testing and commercial uses are reported to be
under construction in China (Tong, Cheng, and Tong 2021).

The only geological formations used for large-scale CAES storage to date have been salt domes, but
bedded salt, hard rock caverns, and saline aquifers have also been studied for compressed air storage.
Design constraints include the ability to maintain pressures on the order of 100 atm for hours to days and
sufficient internal permeability to allow rapid discharge of the compressed air.*

Besides diabatic and adiabatic CAES, there is a third form of compressed air energy storage known as
“isothermal CAES.” In this method, heat is continuously removed from the air as it is compressed (versus
after each compression stage), so that the air temperature remains constant. The process is reversed for
expansion. Isothermal compression and expansion processes are in principle more efficient than diabatic
or adiabatic CAES, but it is difficult to achieve efficient and cost-effective isothermal processes in practice.
Isothermal CAES has been the subject of some research and commercial development efforts, but no
large-scale system of this type has yet been built (Jeff St. John 2015). This is in part because isothermal
CAES does not address the key barriers to CAES deployment.

3.3 Outlook

Despite the fact that no grid-scale CAES facility has been deployed recently, the technology continues to
attract interest. This is partly because CAES, in contrast to some other long-duration energy storage
concepts, does not face fundamental technical challenges aside from identifying suitable underground
sites for storing compressed air. Nonetheless, given the lack of progress, the future for CAES is unclear.
Remaining sections of this chapter discuss mechanical and thermal requirements, cost estimates, and
promising areas for technology improvement that could be relevant in determining whether CAES has a
role to play in achieving a decarbonized electrical grid by 2050.

3.4 Basic principles of adiabatic CAES

When air is compressed adiabatically —meaning that the air is insulated from the environment during the
compression process—it heats up. Thus, for example, if air initially at room temperature and pressure
were compressed to 75 atm (a typical pressure for a CAES system), and if all the heat of compression were
retained in the air, its temperature would reach approximately 750°C. This air has the capacity to do work
because it is both hot and under pressure.

However, storing hot, compressed air is impractical. One issue is that hot air occupies more volume than
the same mass of air at room temperature, increasing the cost of storage. Air at 750°C, for example,
occupies about 3.4 times the volume of the same amount of air at the same pressure at room

4 For further discussion, see Section 3.3.6.
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temperature. Furthermore, insulating a large volume of hot, pressurized air is difficult and expensive. For
these reasons, a CAES system must remove the heat of compression so that the compressed air is left at
a temperature close to that of the ambient environment. In an A-CAES system, a heat exchanger transfers
this thermal energy to a thermal energy storage (TES) system.

3.5 Mechanical and thermal storage requirements

Grid-scale deployment of CAES depends on the availability of suitable, large-scale, underground air
storage. The locations of such sites might not overlap with the preferred locations for energy storage.
Furthermore, air storage might need to compete at some sites against the storage of other gases such as
carbon dioxide and hydrogen.

Thermal storage requirements for a given plant configuration depend on the design of the compression
and expansion processes. In a system with single-stage compression, about half the electrical energy is
converted to mechanical exergy, the other half is converted to thermal exergy (MIT Energy Initiative
2022). As the number of compression stages increases, the temperature of the TES system decreases. In
isothermal CAES systems, thermal energy is removed continuously from the air as it is compressed and
expelled to the environment at ambient temperature.

3.5.1 Air storage and geological siting

CAES with aboveground air storage

Given the need to store large volumes of air at high pressure, aboveground storage options such as tanks
or pipelines are expensive for long-duration storage. Further, locating many pressurized tanks in close
proximity introduces safety risks. One potentially feasible option for longer-duration, aboveground
storage is liquid air energy storage, which is discussed separately in Section 3.7.

For shorter-duration applications, CAES would compete with electrochemical storage technologies, such
as lithium-ion and flow batteries, and other grid-balancing strategies, such as demand management. A
new-build CAES plant would have power costs about two to three times higher than lithium-ion batteries,
which currently represent the leading short-duration storage technology (MIT Energy Initiative 2022). If
CAES power costs can be reduced to comparable levels, potentially by re-purposing gas turbines as
discussed later in this chapter, energy costs for CAES would need to be lower than for batteries (battery
energy costs are about $250/kWh.). According to the literature on pressure vessels and aboveground D-
CAES, air storage costs in the range of $50-5200 per kWhe are achievable, although costs in this range
have not yet been demonstrated in practice (Cardenas et al. 2019; Thompson 2016). Additional costs are
incurred for thermal storage.

Even if aboveground CAES systems can achieve power and energy costs that are competitive with other
grid-balancing options, other considerations such as efficiency, siting flexibility, response time, and
modularity would favor electrochemical storage technologies or demand management. In regard to siting
flexibility, Figure 17 illustrates the typical range of energy densities for CAES systems (Budt et al. 2016; He
et al. 2021); energy densities for pumped storage hydropower and lithium-ion batteries are shown for
comparison. As an example, a 4-hour, 100-MW CAES system with an energy density of 10 kWhe/m3would
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require air storage capacity of approximately 40,000 m?, about equivalent to the volume of 16 Olympic-
sized swimming pools.> An equivalent lithium-ion storage system would occupy 30 to 65 times less space.

PSH
CAES
Li-ion
0.1 1 10 100 500

Energy Density (kWh_ / m®)

Figure 17: Typical ranges of energy density, on a logarithmic scale, for pumped storage hydropower
systems with heads of approximately 50 to 1,400 meters, CAES, and Li-ion batteries.

For these reasons, CAES with aboveground air storage is generally not favorable for short- or long-duration
storage. Aboveground liquid air storage, discussed later in this chapter (Section 3.7) may be an exception.

CAES with underground air storage
For underground storage, the commonly studied geological options are domal or bedded salt caverns,
aquifers, depleted oil and gas wells, and hard rock mines. Figure 3.9 illustrates each option.

5 The volume of air storage is much greater than the volume of thermal storage. Therefore, air volume is the main
factor in the energy density of CAES.
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Salt caverns, domal and bedded; Aquifers and Depleted Fields Mined Rock Caverns
bedded not shown.

Figure 18: lllustrations of underground formations to store compressed air (Figures used with permission
from Geostock Sandia).

Domal and bedded salt storage caverns are created using solution mining. This process starts with drilling
a hole into the salt formation, then pumping water underground to dissolve the salt. The saturated brine
is removed for waste disposal. The shape of the dome is controlled with a layer of oil to prevent dissolution
of the cavern ceiling. Solution mining is a well-developed process that is used to create caverns for storing
natural gas and waste. In the United States, suitable salt formations are concentrated around the Gulf
Coast, the eastern half of the Great Lakes region, and in pockets of the Great Plains (Samir Succar and
Robert H. Williams 2008).

Aquifers and depleted oil and gas wells are generally used “as found,” compared to other air storage
options that involve mining operations. During first time setup at aquifers, air is injected to adjust the
water level (Medeiros et al. 2018). For oil and gas wells, setup may involve flushing out residual
hydrocarbon liquids and gases. Otherwise, residual hydrocarbons that are not removed before the well is
used for CAES could mix into the stored air and be released when the air is extracted, contributing to
greenhouse gas emissions.

Hard rock caverns left behind from mining operations can be suitable for air storage. In some cases, mine
sections may have to be sealed off to prevent leakage. This type of geology is attractive for compressed
air storage, but suitable sites are limited. New caverns can be created using standard mining methods,
although the cost may be prohibitively high unless there is value in the mined material.

Note that salt and hard rock caverns can be sized to hold the volume of compressed air needed to deliver
a specified energy capacity (via solution or rock mining). On the other hand, the maximum volume of
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aquifers and depleted oil and gas wells is fixed by geology. If the desired energy capacity exceeds the
available volume, adjacent formations must be identified and developed.

Several metrics are used to compare underground formations. The first one is the capital cost to evaluate
and develop a site. This amount includes the cost to drill rock samples and test wells, apply for permits,
conduct seismic testing, and test injections, among other steps. Most of the cost relates to energy capacity
although some costs, such as the drilling of injection/extraction wells, relates to the rate of air flow and
thus to the system’s power capacity. Other metrics are the minimum and maximum pressures of the
stored air. A minimum pressure is needed to maintain the structural integrity of the underground
formation and to match the minimum turbine input pressure. The gas that maintains this pressure is called
cushion gas, which is injected but never extracted. The minimum pressure is set either by considerations
of structural integrity or by the designed inlet pressure of the first expander, whichever is greater.
Maximum pressure is set by the physical properties of the underground formation.

Other metrics are porosity and permeability. Porosity is a measure of the empty space in a material.
Permeability is a measure of how easily a fluid can flow through a material. A material can be porous
without being permeable. Aquifers and depleted wells are filled with rocks of various shapes and sizes,
leaving room for air in the voids between them and in the accessible pores of the rocks themselves. Low
porosity means less volume for air. Low permeability means higher pressure losses when injecting or
withdrawing air. The air-flow rate (and thus power) can be reduced to minimize pressure losses or
additional injection/extraction wells can be added. Salt formations and hard rock caverns are almost
entirely hollow, so losses are lower when injecting or extracting air.

Another consideration for injection and extraction rates is the structural integrity of the underground
formation used to hold the air. This affects cycling frequency and thus can restrict the operational profile
of a CAES plant.

The self-discharge rate of the storage site, which is air leakage through the surrounding earth, is also
important. Often, the permeability of the overlying rock is distinct from the permeability of the geologic
layer where the compressed air resides. For salt formations and hard rock caverns, leakage rates can be
quite low. For other underground air storage options, leakage rates are site dependent. In any case, the
primary factor in a plant’s self-discharge rate will likely be the thermal storage.

The literature suggests that much of the United States has favorable geology for CAES, as seen in Figure
19. The literature also reports favorable geology in other countries (Aghahosseini and Breyer 2018; King
et al. 2021). Regional analyses are often done at the macro scale, whereas technical and economic
feasibility must be assessed at specific locations. Thus, the macro scale estimates are prone to
overoptimistic estimates of air storage capacity.

The most favorable type of storage for compressed air is a salt cavern because salt caverns entail lower
development risks, minimize internal pressure losses, and are compatible with frequent cycling. However,
CAES will have to compete with other current and future uses for salt caverns: such caverns are used
today to store natural gas and waste and could be used in the future to store hydrogen and possibly
captured carbon dioxide. Hydrogen, in particular, presents storage challenges because it is a small
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molecule that can diffuse easily through many materials and can be chemically and biologically reactive.
Salt caverns have so far been the preferred choice for underground hydrogen storage, since other forms
of storage are more susceptible to leakage and salt has low reactivity with hydrogen (Zivar, Kumar, and
Foroozesh 2020). CAES has approximately ten times lower energy density than chemical energy storage,
and chemical energy storage is not limited to electricity generation since hydrogen and other molecules
can be used as feedstocks for chemical processes (Ozarslan 2012). Thus, if the supply of salt caverns
available for storage applications is geologically limited, chemical energy (i.e. hydrogen) storage would be
the higher-value and therefore preferred choice rather than CAES.

Porous geological media, which include aquifers and depleted wells, have also been used to store natural
gas, but these facilities are cycled seasonally rather than daily or weekly as might be expected for CAES.
Low cycling frequency for natural gas storage is economical because of the high energy density of chemical
bonds. For CAES systems, which rely on mechanical exergy, more frequent cycling may be possible,
depending on site conditions. Hydraulic fracturing for CAES might be used to improve permeability, but
very little research has been published in this area.

Salt domes-most favorablerz
[I17]] for solution cavities
-~ Salt beds-favorable for
solution or mined cavities
] Sedimentary - favorable
| for mined cavities and injection |
in porous rocks
% Granitic, plutonic - favorable
for cavities in hard rock

{5 Sedimentary - injection in porous rocks
__ limited to favorable structure

ZZ) Volcanic and sedimentary - not favorable

Figure 19: Map, which was originally commissioned for underground petroleum storage, showing regions
of the United States that are favorable for CAES (Figure: Barnes and Levine 2011).

One example of the challenges of siting underground storage other that salt caverns is presented from an
attempt made between 2009 and 2016 to develop an abandoned natural gas reservoir for a D-CAES
project. The effort did not proceed beyond the request-for-proposals stage because the project proved
economically uncompetitive with alternative storage bids. While A-CAES could mitigate some of the
technical issues that made this project uncompetitive, removing residual methane from the reservoir
without significant emissions would have been a remaining challenge.
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A recent paper by Guo et al. provides a good review of CAES with aquifers (Guo et al. 2021). It discusses
relevant analytical studies and summarizes results from an aquifer-based plant in lowa that was proposed
in 2003 and from field testing of an aquifer in Illinois during the early 1980s. Guo et al. conclude that a
main challenge is the geological heterogeneity of aquifers and the need for better modeling and
characterization methods to accurately assess a given aquifer’s suitability for CAES. Under the right
conditions, a porous medium could have cost and performance characteristics that could make it viable
for underground air storage.

Unless information is available from prior studies, site-specific data must be collected for any
underground storage option to determine feasibility. This requires hundreds of thousands to millions of
dollars in upfront investment depending on the analyses required (Holst et al. 2012; Medeiros et al. 2018).
While there is no guarantee of feasibility for any of the underground storage options, there will be greater
uncertainty about the suitability of porous media storage sites.

Overall, the most favorable options for compressed air storage are salt caverns and abandoned hard rock
mines. Both are in demand for competing uses, such as for chemical energy storage, and both are limited
in supply. For porous media, suitability depends on site-specific conditions and on ensuring that resulting
energy capacity costs and effects on efficiency are acceptable. Historically, some attempts to develop
CAES projects in the United States have underestimated siting challenges. Looking ahead, more research
on the challenge of identifying suitable underground storage sites would be needed to assess whether
CAES could have a meaningful role in grid-scale energy storage.

Isochoric or isobaric compressed air storage
In isochoric storage, the volume of compressed air stays constant while the pressure changes. The
Mclntosh and Huntorf plants both use isochoric storage in salt caverns.

As mentioned in section 3.2, an alternative is isobaric storage. Isobaric systems use a fluid, such as water,
to maintain the compressed air at a constant pressure. This fluid can be stored in a pool on the surface so
that the hydrostatic pressure equals the pressure of the compressed air in the underground formation.
On discharge, the fluid replaces the volume previously occupied by air, so a cushion gas is not required,
although the minimum storage pressure is still constrained by the turbine’s required input pressure.
Because isobaric storage designs can maintain constant high pressure, they reduce the need for throttling.
Thus, isobaric storage systems can achieve exergy densities two to three times greater than isochoric
storage systems (Garvey and Pimm 2016; He et al. 2017).
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Figure 20: Surface reservoir provides pressure to enable air extraction at constant pressure. (Figure:
Giramonti and Smith 1983)

While isobaric storage can provide higher exergy densities, the choice of pressure-compensating fluid has
practical constraints. In a salt formation, salt would dissolve in the water, creating a saturated brine that
would be corrosive to pipes and power equipment. Protective coatings could mitigate corrosion at
additional cost. Another method of mitigation could be to use a thin layer of oil to reduce evaporation of
brine into the compressed air (Giramonti and Smith 1983). Alternatively, fluids other than water could be
used but they would have to be cheap and non-toxic since they would be needed in large quantities. For
these reasons, isobaric storage is often suggested for proposed projects that use hard rock caverns.

3.5.2 Thermal energy storage capacity requirements

As described in Section 3.4, A-CAES systems require that the thermal energy generated in compression be
stored and later restored during expansion of the compressed air. Given the high pressures and
temperatures involved, using a pressurized vessel for thermal storage is impractical. As a result, heat
exchange is necessary—potentially using an intermediate heat transfer fluid between the air and thermal
storage. Temperatures of 300°C-400°C are typical of proposed A-CAES systems. These temperatures are
lower than those encountered in the systems covered in section 2 on thermal energy storage. Still, the
overall design process is the same, with flexibility to make different choices about thermal storage
material, insulation, containment, heat exchanger, etc. The key difference is that lower temperatures
allow for the use of cheaper materials—for storage and throughout the system—so that thermal energy
storage costs ($/kWh,) can be lower.

Although there is some latent heat associated with water condensation due to ambient humidity, air
intercooling is predominantly the removal of sensible heat from air.® While thermal storage using latent
heat or combined sensible and latent heat is possible, it is likely most cost-effective to use sensible heat
storage to recover as much thermal energy as possible from compressed air. A maximum temperature of
400°C is comparable to the temperatures found in parabolic trough designs for concentrated solar power
stations that use thermal oil. Although thermal oil may be a suitable heat transfer fluid, it would not be

6 Chapter 4 provides additional information on sensible and latent heat.
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the cheapest option for energy storage. Other options are thermoclines or solid storage using materials
such as recycled concrete or scrap metal (Geissbiihler et al. 2018; J. Fan et al. 2018). Solid storage systems
could use indirect or direct contact heat exchange with the heat transfer fluid, subject to the compatibility
of the two materials.

3.6 Cost estimates

Since no large-scale A-CAES systems have been built, cost estimates must be developed from reports and
academic literature. Many of these sources, however, provide estimates for D-CAES systems or do not
specify whether the system is diabatic or adiabatic. A further issue is that among available papers and
reports, several rely on the same few sources. As a result, older cost estimates have propagated to the
more recent literature, often without clear justification. This introduces uncertainties as to the true versus
reported costs of CAES.

Nonetheless, estimates for high, middle, and low costs can be developed from literature and compared
against relevant benchmarks. For example, cost information for gas turbines and thermal energy storage
systems can be used to estimate reference costs for CAES power and energy capacity, respectively.
Because the aboveground power components of a CAES system, such as compressors, expanders, and
heat exchangers, are technologically mature, their costs for a given plant design can be estimated by
engineering firms. Costs for low- and medium-temperature thermal storage can be estimated with some
accuracy using data from concentrated solar power applications. Costs for higher-temperature storage
(above 600°C) are more uncertain; some estimates are available in Section 2.5. Most of the remaining
uncertainty around CAES costs comes from uncertainty about the cost of air storage.

Five sources were identified that together provide a total of six cost estimates for A-CAES systems (Guerra
et al. 2020; Huang et al. 2017; NYSERDA 2009; Gallo et al. 2016; IEA 2015). Gallo et al. (2016) provide high-
and low-cost cases; both are included in this analysis. Another study by Guerra et al. (2020) presents
minimum, baseline, and maximum costs—in that case only the baseline estimates were included because
the underlying paper is focused on modeling the system effects of long-duration storage technologies and
does not focus on CAES in particular.

Costs were adjusted for inflation from the year specified to 2020 using the consumer price index. If the
year was not specified, the date of publication was used. In addition, some sources assumed roundtrip
efficiencies higher than what is likely to be achievable in practice (e.g., 75% vs. 55%-65%) and did not
disaggregate roundtrip efficiency into charge and discharge efficiencies (Yu, Engelkemier, and Genger
2022). Based on a collaborator’s simulation, charge and discharge efficiencies have similar values which
can be expected in an ideal case. Therefore, as a simple estimate, the square root of the reported round
trip efficiency was used to approximate charge and discharge efficiencies. To normalize cost estimates,
the quoted energy cost was multiplied by the ratio of approximated discharge efficiency to the discharge
efficiency from a colleague’s simulations. Where reported efficiencies are higher than my estimates, this
approach increases energy costs. Similarly, power costs were multiplied by the ratio of reported roundtrip
efficiency to roundtrip efficiency from simulations (59%) (Yu, Engelkemier, and Genger 2022). After
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adjusting for inflation and efficiency, the average of the six estimates were taken to arrive at a single
estimate for power and energy costs in 2020.

Most references report power costs as a single value, but the charge and discharge power components
power cost

IM

can be sized independently. Therefore, it was necessary to attribute some fraction of “tota
to charging and the remainder to discharging. For an ideal A-CAES system, the charging and discharging
systems would be symmetric, so a 50/50 split would be expected. Of the five sources, two disaggregated
power costs. One assumed a 40/60 split for charging and discharging; the other assumed a 55/45 split. In
an actual system, the charging side is at a higher temperature and pressure, so charging power cost should
be slightly higher. In this thesis, power costs are disaggregated using a 55/45 split.

The estimates of 2020 cost are used to project costs for 2050 by applying cost-reduction assumptions
from references that provide cost estimates for the near-present and 2050. The fact that no A-CAES plant
has been built creates additional uncertainty here. Based on a review of the literature, it is assumed that
power costs could decline by 0%, 8%, and 24% from 2020 to 2050 in the high-, medium-, and low-cost
scenarios, respectively. For context, the 2020 Annual Technology Baseline (ATB) published by the U.S.
National Renewable Energy Laboratory projects that capital costs for gas turbines will decline by 14%
between 2020 and 2050. Although the ATB does not explain the basis for these assumptions, design and
manufacturing improvements to turbomachinery and other gas turbine components would generally be
applicable to CAES as well. Likewise, values from the literature are used as the basis for the assumption
that energy costs could decline by 0%, 11%, and 50% between 2020 and 2050 for high-, medium-, and
low-cost scenarios, respectively. The low-energy-cost scenario reflects the potential for improvements in
siting and developing air storage facilities, along with cost declines in thermal storage. Table 3.3
summarizes the estimates for 2020 and 2050 cost and efficiency values.
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Key metrics for A-CAES system. FOM and VOM are fixed and variable operation and maintenance costs, respectively.

Table 5: CAES System cost estimate

Technology 2020 2050

Cost Scenario Reference High Mid Low
Charging Capital Cost S/kWe 452 452 418 344
Discharging Capital Cost S/kWe 617 617 570 469
Energy Capital Cost S/kWhe 53 53 47 27
Efficiency up % 74 74 74 74
Efficiency down % 79 79 79 79
Capital Recovery Period Yr 30 30 30 30
FOM discharge S/kWe-yr 35 3.5 35 3.5
FOM charge S/kWe-yr 3.5 3.5 3.5 3.5
FOM storage S/kWhp-yr 0.53 0.53 0.47 0.27
VoM S/kWhe 0 0 0 0
Self-discharge % per hr 0.04 0.04 0.02 0.02




Given limited cost data, some strong assumptions had to be made. Variable operations and maintenance
(O&M) costs are set to zero, and those costs are considered to be captured by the fixed O&M costs. The
fixed O&M estimate for power is based on a standalone gas turbine given similar components. The cost is
split evenly between the charge and discharge (Sargent & Lundy 2020). The FOM for energy is an order-
of-magnitude estimate of 1% of the energy capital cost (Oliver Schmidt et al. 2019). The self-discharge
rate is set by the thermal storage losses. They are estimated to be 1% per day in the high-cost scenario
and 0.5% per day in the mid- and low- cost scenarios.

3.7 Potential for CAES technology improvement

This section briefly describes a few technology concepts that could be used to improve CAES performance
or cost. This discussion focuses primarily on concepts that could be relevant in situations where suitable
underground storage sites can be identified. Only liquid air energy storage meaningfully addresses the
problems with aboveground air storage. This section begins by discussing two concepts that could be
applied to both adiabatic and diabatic CAES systems (i.e., bypass turbines and reuse of gas turbines); then
liquid air storage is discussed before going on to other concepts that would be specific to either adiabatic
or diabatic systems.

3.7.1 Bypass turbines

The requirement to throttle air down to the input pressure of the first turbine during discharge, as shown
in Figure 3.3, significantly reduces the discharge efficiency of a CAES system. This efficiency loss can be
reduced with a variable pressure throttle (Yu, Engelkemier, and Genger 2022). During discharge, the
throttle regulates the air to two pressure levels in sequence, and both turbines can be maintained at
constant operating conditions. At the beginning of the discharging process, the compressed air is throttled
to match the high-pressure turbine inlet; it then passes through both turbines in series. When the cavern
pressure falls below the pressure required at the first turbine inlet, the compressed air bypasses the first
turbine and is throttled to match the second turbine’s inlet pressure. Reducing exergy losses through the
throttling valve enhances the discharge efficiency of the system.

3.7.2 Reuse of gas turbines

One cost-cutting approach that has been proposed involves reusing stranded gas turbines to reduce the
cost of CAES charge and discharge power(Nakhamkin 2010). To complete the CAES system, however,
other components are still needed to perform functions such as heat exchange, thermal storage, and air
storage.

Significant modifications are required to reuse existing gas turbines. These units contain integrated
compressor and turbine stages. Some of the motive power generated during expansion drives the
compression stage while the remaining motive power is used to generate electricity. This mode of
operation requires compression and expansion to occur at the same time. For CAES operation, however,
the compression (charge) and expansion (discharge) steps must be decoupled. One approach to deal with
this design difference is to decouple the compressor and expander by adding a clutch mechanism to the
gas turbine unit. Another approach is to use one half of the gas turbine by removing blades from the



compressor and adding a bypass to use just the expansion section, and vice versa. With this modification,
two gas turbines are needed to create a compressor and expander pair.

An additional consideration is that gas turbines are designed to operate with specific pressure ratios and
within a maximum pressure limit, so they could only be reused for the low-pressure compression and
expansion stages. An additional challenge with this retrofit approach is that the location of existing
turbines may not coincide with sites where underground air storage is available. Alternatively, there
would be costs to relocating gas turbines. Given these issues, repurposing retired gas turbines seems
unlikely to be an attractive option.

3.7.2 Liquid air energy storage

Aliquid air energy storage (LAES) system charges by compressing air to high pressure, similar to an A-CAES
system, but the air is then cooled before its pressure is reduced to near-ambient levels. The pressure
reduction can cool air to temperatures around -196°C where some of the air becomes liquid. (Air is a
mixture of gases; its dominant component is nitrogen, which liquefies at -195.8°C.) The air that does not
become liquid remains as a cold gas at ambient pressure; this air goes through a heat exchanger to cool
the high-pressure, ambient-temperature gas. To generate electricity, the liquid air can be pumped to high
pressure, heated back to a gas, and then run through one or more turbines, using a simple Brayton cycle
or a derivative. Other methods have been proposed that use a Rankine cycle. In either approach, the heat
from compression is stored so that it can be used during discharge, as with A-CAES. The ability to recover
cold thermal energy during discharge and use that energy for the next charging cycle is unique to LAES.

Charge and discharge power capacity for LAES systems can be sized independently, as in CAES. Unlike
CAES, however, LAES offers siting flexibility since all components are above ground. Liquid air has an
estimated energy density around 95 kWh/m?3, which is about 10-20 times the energy density of CAES. This
greatly reduces the challenges associated with aboveground storage (Guizzi et al. 2015). Energy storage
capacity for LAES systems scales with the size of their cryogenic tanks and hot and cold thermal stores.
Gas liquefaction, using either the Hampson-Linde cycle, the Claude cycle, or another cycle, is a mature
process that is already in use for industrial gas supply, natural gas liquefaction, and other applications.
Compared to other liquefaction processes, the novelty in a LAES system lies in recycling the hot and cold
thermal energy, which is key to increasing roundtrip efficiencies of approximately 50%—60% (Borri et al.
2021). In non-LAES gas liquefaction plants, heat recovery from compression and expansion is not possible
because the gas is typically exported. Integration with waste heat from a nearby source can further
improve the efficiency of LAES systems.

For LAES, technological maturity is not the primary concern, although gas liquefaction facilities do require
advanced industrial capabilities and skilled labor. The key questions center on cost and efficiency. Given
limited development to date, reliable cost estimates are not currently available. Small-scale plants (300
kW/2.5 MWh and 5 MW/15 MWh) have been built, and plans for larger facilities have been announced
(Borri et al. 2021).

3.7.3 Adiabatic CAES with resistively heated thermal storage
For a typical adiabatic system, the temperature of thermal storage depends on the pressure ratio of the
compressors and on the decision to employ intercooling (or not). Resistive heating can be used to increase
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the temperature of thermal storage. Higher temperatures increase discharge efficiency and energy
capacity for a given volume of stored air. Additionally, higher temperatures increase design flexibility with
respect to the compression stages.

Since resistive heating introduces additional energy beyond the energy used for compression, systems
that have this feature are no longer adiabatic, by definition. They still qualify as a form of electricity
storage because only electricity enters and leaves the plant. In the literature, these systems are described
as “combined heat and compressed air energy storage” or “hybrid thermal-CAES” (Houssainy, Janbozorgi,
and Kavehpour 2018).

A thermal storage system can be designed to meet the maximum allowable temperature for each
expansion stage. For the high-pressure turbine, maximum temperature is constrained by material limits.
For the final expansion stage, allowable turbine inlet temperatures can be as high as those for open
Brayton turbines, which are around 1400°C, although materials in the heat exchanger could enforce a
lower limit. With resistive heating, the thermal storage component for a CAES plant could resemble the
thermal energy storage systems described in Chapter 4.

3.7.4 Diabatic CAES for grid decarbonization

Although D-CAES is not a focus of this chapter, there may be a role for the technology when looking at the
bigger challenge of decarbonizing the overall power system. As literature shows, dispatchable generation
resources such as gas turbines with carbon capture and sequestration (at an approximately 90% carbon
capture rate) are deployed even in highly carbon constrained scenarios (MIT Energy Initiative 2022). D-
CAES systems paired with carbon capture and sequestration (CCS) can be viewed as analogous to gas
turbines with CCS. The difference is that D-CAES systems can use low-carbon electricity to compress air
ahead of time, increasing fuel efficiency during discharge. When the stored air is depleted, a D-CAES plant
can switch modes to operate the compressor and expansion train simultaneously, like a gas turbine
(Thomas McCafferty 1980, 1). Alternatively, hydrogen can be used instead of natural gas to eliminate the
need for on-site CCS. For more technical detail and an example of a D-CAES system suited for CCS, see
Zeynalian et al. (2020).

3.8 Summary findings and recommendations related to compressed air energy storage
Despite decades-long interest in adiabatic CAES and experience from two operational D-CAES plants, this
energy storage technology has not found recent success. Aboveground CAES has been the subject of some
research, but it is impractical for grid-scale electricity storage. CAES with underground air storage does
not present major technical challenges with respect to its aboveground components—rather the
challenge is finding and developing suitable underground sites to store compressed air.

Caverns in salt domes, bedded salt, and hard rock are attractive options for underground air storage.
However, chemical energy (e.g., hydrogen) storage is a competing use for these geological features that
may be more economical given its higher energy density. Studies indicate that porous media, such as
aquifers and depleted oil and gas wells, are usable for CAES, but these options have not been
demonstrated yet.
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A-CAES is generally suited for long-duration storage, where low energy cost is a key metric. Key cost
drivers for these systems are the siting process, the development of air storage facilities, and thermal
storage equipment. Although cost estimates for CAES are subject to multiple uncertainties, estimates of
energy cost for this technology are generally higher than estimates for other energy storage technologies
that are expected to be available in the future. Power costs for CAES are not expected to decline
significantly.

Potential opportunities to increase efficiency and lower power costs include incorporating a bypass
turbine, reusing existing gas turbines, and applying resistive heating to the thermal storage component.
However, none of these options addresses the critical issue of developing adequate underground air
storage. Liquid air storage does solve the air storage problem, so it may offer a promising path forward.
Given the early stage of development of liquid air systems, however, more data on performance and cost
are needed to assess whether liquid air could be a competitive storage technology.

Ultimately, deployment of A-CAES with underground storage seems viable, and in some regions with
favorable geological resources it may play a non-trivial role in the future. However, geological constraints
and limited cost reduction potential would appear to make CAES less competitive over time as other long-
duration storage technologies mature. Unless liquid air energy storage proves a major exception, CAES is
unlikely to play a significant role in grid-scale storage—in the United States or globally.
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4 - Levelized Cost of Storage

Levelized cost of storage (LCOS) is a useful metric to compare the holistic cost of technologies that are
serving similar roles such as long duration storage. However, comparing the LCOS of technologies serving
different functions, for example, long duration storage to frequency regulation, would be misleading.

Another limitation of LCOS is that calculation methods generally ignore details such as ramp rates which
would be a relevant factor in operation. Furthermore, one of the main limitations of LCOS as a metric is
that it measures the cost of a storage system, not its value. The difference between cost and value is
nominally the profit which would drive investment decisions.

To measure value, capacity expansion models (CEM) or other simulations, which account for other
resources on the grid, are required. However, CEMs require extensive datasets and expert users. CEMs
require data on the cost of generators, fuel, storage, transmission, load profiles, renewable resource data
(e.g. wind and solar data), and existing resource capacities among other information. The results are also
dependent on simplifications used for model tractability and what policy scenarios are implemented. For
further discussion on this topic, the reader is referred to the Future of Energy Storage (2022) by the MIT
Energy Initiative.

While waiting for models which are validated and easy to use to become publicly available, LCOS is a useful
metric for technology assessment since it can be calculated from handful of variables and provides insight
on ways to lower the system cost. Estimates reported here are for nt"-of-a-kind systems.

4.1 Default values and sensitivities

In a system with high shares of VRE generation, studies have noted that for many hours of the year, prices
will be low for many hours of the year due to the low marginal cost of VRE generators (Sepulveda et al.
2021; MIT Energy Initiative 2022). For a small percentage of time, the price will be high when storage or
other backup resources are utilized. Grid-scale storage systems would have access to wholesale prices.
Current wholesale prices are around 40 S/MWh but that varies greatly by location and time. For the LCOS
calculations, the price of electricity to charge a storage system is set at 10 $S/MWh. This lower price reflects
a future where abundant VRE generation causes low wholesale prices for significant fractions of the year
and is when energy storage plants would charge (Sepulveda et al. 2021; MIT Energy Initiative 2022). The
change in LCOS for other wholesale charging prices can be quickly estimated by the reader by adding the
difference in the wholesale price and the penalty from roundtrip efficiency. Technologies with lower
roundtrip efficiency are more sensitive to electricity prices, but at low prices, the penalty is small relative
to the capital and operating expenses.

According to current expectations on the relative costs of VRE generation and energy storage, long
duration storage is expected to have low capacity factors. While long duration storage is not expected to
operate in simplified charge-discharge cycles (Schmalensee, Junge, and Mallapragada 2020), it is useful to
see how LCOS changes for different cycling frequencies and discharge durations.

66



Financial assumptions used to calculate LCOS are listed in Table 5. The values are based the MIT Energy
Initiative’s Future of Energy Storage report which was in part based on NREL’s ATB for 2020.

Table 6: Financial parameters

Debt fraction 40%
Inflation rate 3%
Interest rate 3%
Rate of return on equity 8%
Tax rate (Federal and state) 26%

Unless otherwise stated, LCOS values are shown for the mid-cost estimates provided in Tables 2 and 3,

and the charge-to-discharge power ratios are set to unity.

4.2 LCOS of TES

4.2.1 Retrofits
The LCOS for a steam turbine plant retrofitted with TES under various cycling frequencies and discharge
duration is shown in Figure 21. The high- and low-cost estimates refer to the values in Table 3.
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Figure 21: LCOS of TES retrofit with steam turbine plants for high-cost estimate (top) and low-cost
estimate (bottom). Different color scales are used between the two graphs to highlight the range of LCOS
values. The upper and lower white dashed lines indicate capacity factors of 25% and 5%, respectively.

For the high-cost TES retrofit estimate at the top of the figure, the LCOS increases quickly as cycling
frequency decreases. The low-cost estimate has lower LCOS values and remains relatively low over a wider
range of operating conditions. For example, at 10% capacity factor, the LCOS for the high-cost scenario is
$361/MWh for twice-weekly discharge (104 cycles per year) and $1266/MWh for twice-monthly discharge
(24 cycles per year). For the low-cost scenario, the values are $94/MWh and $175/MWh. Since the LCOS
of the high-cost estimate is significantly higher than typical wholesale power prices, a high-cost system is
unlikely to be built. On the other hand, a low-cost system is potentially attractive; therefore, the
remainder of the analysis will focus on the low-cost system.

To understand where the difference in LCOS values arises, Figure 22 illustrates the cost contributions of
each variable to the levelized cost for the low-cost scenario.
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Figure 22: LCOS breakdown for steam turbine plant with TES using low-cost estimates. All three panels
are at 10% capacity factor but with varying cycling frequency and discharge duration. The legend
abbreviations are cost per power (CPP with subscripts “c” and “d” for charge and discharge), cost per
energy (CPE), fixed and variable operations and maintenance (FOM and VOM).

While a low LCOS can be achieved for daily cycling, thermal transients could make daily cycling for only a
few hours impractical for steam turbines. As the discharge duration increases, the contribution of the
energy cost increases as expected. Thus, it is critical to reduce capital cost of energy capacity by a factor
of 10 from by switching from molten salts to a cheaper medium. Although this system is characterized by
relatively low roundtrip efficiencies (35%—45%), which incurs a penalty of around $15/MWh on a levelized
basis, aggressively reducing the energy capacity cost enables low-cost, long duration energy storage.

So far, the values shown have been for systems with a lifetime of 10 years which may be indicative for
systems reusing coal plants in the United States and other industrialized nations as discussed in Section
2.4.1. It may be advantageous to invest in repairs to extend the lifetime of these plants. Since the repairs
and costs would be specific to each plant, a rough estimate is made by doubling the power capacity cost
of the low-cost estimate. Repairs would be associated with the existing steam turbine plant and therefore
scale with power capacity. The LCOS of the low-cost scenario and the adjusted one are shown in Figure
23 with varying lifetimes.

69



T T
——Low-cost + repairs
—Low-cost

200 -

-
a
o

LCOS ($/MWh)
3

50 1

5 10 15 20 25 30 35 40
Storage lifetime (yr)

Figure 23: LCOS versus lifetime for the low-cost estimate (blue) and the same estimate with doubled
power capacity cost (red).

For a system with an original lifetime of 10 years, repairs would pay for themselves if an additional 6 years
of operation could be earned under the hypothetical repair costs. Although it becomes less cost-effective
to repair plants with remaining lifetimes of 15 years or greater, it could be an option to build and maintain
LDES resources until more cost-effective technologies are available. Beyond the United States and in
regions with newer coal fleets, power plants repurposed for TES could have 20 years of lifetime remaining.
At 20 years, most of the cost reductions due to increased lifetime are realized. While fewer repairs may
be needed, there could be costs associated with converting the plant from baseload to flexible operation.

Despite uncertainties with the cost assumptions and potential engineering challenges, cost and
performance estimates based on presently available technologies highlight the attractive potential to
reuse steam turbine power plants as near term, cost-effective LDES globally.

4.2.2 Future technologies

Future TES technologies have potential to provide similarly low levelized cost as the retrofit option but
with the flexibility to build anywhere since newer technologies would not rely on existing on-site
infrastructure. Figure 24 shows the LCOS for a crushed rock & sCO; system and a liquid silicon & TPV
system using the mid-cost estimates from Table 3.
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Figure 24: LCOS of (a) crushed rock & sCO2 and (b) liquid silicon & TPV systems based on mid-cost
estimates. Note the color scaling is unique to each graph to maximize contrast, and the y-axis limits
differ between the two plots. (c), (d) Self-discharge cost of the two technologies as a percentage of LCOS,
which is calculated as the cost to recharge the lost heat.

With the mid-cost estimates, crushed rock has lower energy cost ($/kWhw*n,), so the LCOS is slightly
lower than the liquid silicon system in the low cycling regime. Otherwise, the two technologies have
similar LCOS values over a range of cycling frequencies and discharge durations. This a result of both
having similar discharge efficiency and energy capacity cost ($/kWhy) despite using two different
strategies for TES and thus having drastically different thermal designs. For further detail, the cost
contributions of each cost category are illustrated in Error! Reference source not found..
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Figure 25: LCOS of the crushed rock (top) and liquid silicon (bottom) at 10% capacity factor and varying

cycling frequency.

Between the two technologies, the main differentiator is the energy cost. The difference becomes more
pronounced with longer discharge duration. Other costs such as charge and discharge power, FOM, VOM,
and the charging cost are similar between the two technologies.

Sensitivity analyses between the three cost scenarios for each of the two technologies are shown in Figure
26. Sensitivities are shown for variables adjusted one-at-a-time.
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Figure 26: LCOS sensitivity analysis for the future TES technologies: crushed rock & sCO; and liquid silicon
& TPV. The estimates are shown for a system opearting at 10% capacity factor and 52 cycles per year.
The red bars indicate increase in costs, while green bars indicate decreasing costs.

The horizontal bars originate from the LCOS calculated from the default values for the corresponding cost
scenario. The green bars show the change in LCOS if that single variable is adjusted to the value in the
low-cost scenario. Likewise, the red bar shows the change in LCOS using the high-cost estimate. Variables
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that remained constant between scenarios are not plotted. Across both technologies and all three cost
scenarios, discharge power and energy costs were the variables that had the greatest effect on LCOS. This
may seem partly contradictory to the literature which finds discharge efficiency and energy cost to be the
important variables. However, they are not contradictory because first, the sensitivity analysis uses a wide
range of estimates for some variables rather than a fixed percentage difference across all variables. For
example, the high and low discharge power costs are +69% and -34% of the mid-cost estimates whereas
discharge efficiencies vary -8% and +10% respectively. The second reason is that the sensitivity analysis
assesses LCOS of a single technology, not the interactions at a systems level as a capacity expansion model
would.

While there are characteristics of the two technologies not captured by their LCOS that could have
meaningful impact, such as ramp rates, TES has potential for low LCOS through multiple technology
pathways.

4.3 LCOS of CAES

Although CAES will have challenges with identifying suitable underground storage sites, it could be
feasible in some locations, so the potential range of LCOS is calculated. As listed in Table 5, energy costs
for CAES are higher than TES even though CAES has higher discharge efficiencies. As such, Figure 27 shows
the LCOS of CAES is higher than TES for the same cycling frequency and discharge duration.
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Figure 27: LCOS of CAES based on mid-cost estimate.

Figure 28 shows the breakdown of the levelized cost by category.
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Figure 28: Contribution of cost categories to the LCOS of CAES at 10% capacity factor for varying cycling
frequencies.

With CAES, the levelized costs of charge and discharge power capacity are similar, unlike TES where the
charge power cost is a small percentage. The higher roundtrip efficiency of CAES reduces the cost penalty

from the electricity needed to charge the system.

Like Figure 26, Figure 29Figure 27 illustrates the range of LCOS values across the low-, mid-, and high-cost

scenarios with one-at-a-time sensitivity analysis.
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Figure 29: LCOS sensitivity analysis of CAES.

Charge and discharge efficiency were held constant across the three scenarios, so the two variables are
not shown. Energy and discharge capital costs decline significantly between the low- and mid-cost
scenarios which in turn causes the largest changes in LCOS.

While the LCOS values for CAES may seem promising, the underlying cost assumptions have
uncertainties as described earlier. Additionally, the cost assumptions do not capture the key challenges
associated with deploying CAES at grid-scale which include finding suitable underground air storage
sites.
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5 - Conclusions

Decarbonization of the electric power sector through high shares of renewable energy generation is
critical to decarbonizing the global economy. As the share of VRE generation grows, longer duration
energy storage (LDES) will be essential to minimizing the cost of this energy transition. The most important
factors for LDES are reducing energy capacity cost and increasing discharge efficiency. Among a variety of
technology options, thermal energy storage (TES) and compressed air energy storage (CAES) were
assessed for their potential as LDES technologies.

Although CAES has a decades-long history and low technical risk with above-ground components, the
identification of suitable geological sites for underground air storage is a critical challenge for grid-scale
deployment. In the most favorable sites, such as salt domes and hard rock mines, CAES will be competing
with chemical energy storage which has approximately ten times greater energy density. Other
underground resources such as aquifers and depleted oil and gas fields may work, but site-specific data
will need to be collected to determine viability. Aboveground CAES with pressurized tanks is
uncompetitive for short or long duration energy storage. On the other hand, liquid air energy storage
(LAES) may solve the energy density issue of aboveground CAES and the siting challenges of underground
CAES. Unfortunately, representative performance data and costs for LAES are not available yet. Despite
the uncertainties with CAES, this thesis provides guidance to people researching technologies for CAES
and those considering CAES for commercial development.

Thermal energy storage (TES) is a worthwhile technology to consider given the multiple strategies to
achieve low energy cost and increase discharge efficiency, the key variables for LDES. This thesis identified
three strategies that TES technologies generally utilize. For the first strategy, TES using materials with peak
temperatures around 600°C can be installed with existing steam turbines; they would be charged by low-
carbon electricity to replace or supplement heat from fossil fuel combustion. This strategy uses
commercially available technology, so it could be deployed within the decade. In the second strategy,
systems can utilize more efficient power cycles, namely closed Brayton cycles, paired with slightly higher
temperature thermal storage. Although R&D challenges remain, some closed Brayton cycle equipment is
undergoing validation, pointing the way to deployment between 2030 and 2050. The third strategy is to
use much higher temperature storage, 1000°C or greater, with a combined cycle or solid-state energy
converters to reach even higher discharge efficiencies. Additional research is required for the third
strategy, so grid-scale projects are expected to be deployed closer to 2050.

This thesis brings together context on the energy storage needs of a deeply decarbonized grid with the
technical aspects of thermal as well as compressed air energy storage to find promising paths to lower
cost energy storage. The hope is that with better alignment between R&D and the modeled requirements
for a decarbonized grid, we can get there faster and cheaper.
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Appendix

Data for Figure 5

Material Type Tmelt Density Enthalpy Enthalpy
(volumetric)
- - °C kg/m3 kl/kg kWhih/m?3
Silicon Metalloid 1414 2330 1787 1157
Iron Metal 1668 7850 247.3 539
Nickel Metal 1455 8902 293 725
Manganese Metal 1246 7260 240 484
Copper Metal 1085 8940 208.7 518
Aluminum Metal 660 2712 396.9 299
Zinc Metal 420 7135 112 222
KF Salt 858 2480 468 323
NacCl Salt 801 2160 482 289
MgCl, Salt 714 2320 452 291
NaNOs; Salt 307 2260 172 108
Data for Figure 6
Material Type Costiow Costhigh Th,low Th,high T. Cp het
- - S/kg S/kg °C °C °C J/(kg*K) ki/kg
Graphite Sensible 0.70 2150 2400 1900 2000 [1]
NaNOs- Sensible 1.23 500 565 293 1386 [l
KNO;
Rock Sensible 0.10 700 1000 100 1100 [3]
Silica Sensible 0.35 700 1650 100 1128 [4]
Aluminum | Latent 1.40 2.50 660 396 | [5]
MgCl, Latent 0.11 0.18 714 453 | [6]
NaCl Latent 0.06 0.12 801 482 | [7]
Silicon Latent 1.60 3.00 1414 1800 | [8]

Sources for material costs:

[1] Kelsall, Buznitsky, and Henry 2021; Statista 2019

[2] Glatzmaier 2011
[3] Alibaba 2021c

[4] Ma, Davenport, and Zhang 2020
[5] Robinson 2018; Trading Economics 2021
[6] Alibaba 2021b; Dave Gibson 2011; Anita Balakrishnan 2015
[7] Dave Gibson 2011; Alibaba 2021a; U.S. Geological Survey 2021
[8] Amy et al. 2018; U.S. Geological Survey 2021
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Discharge efficiency curves for Figure 7
The first equation is the formula for Carnot cycle efficiency. The Carnot cycle takes place between low-

and high-temperature thermal reservoirs at T and Ty in units of Kelvin. The second equation is a
formula for thermal efficiency of a cycle using a compressible fluid heated from T to Ty in units of
Kelvin (Henry and Prasher 2014). The second formula is descriptive of Rankine and Brayton cycles.
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