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ABSTRACT

In light of the need to reduce CO2 emissions from fossil fuel use, increased use of renewable
energy has become one of the strongest available energy alternatives to date. However, one of
the main issues slowing the penetration of renewable energy is its intermittent availability. A
cost-effective and dependable bulk energy storage (BES) technology will be a critical component
of the electric grid going forward. Furthermore, while solutions are being sought to quickly
decarbonize the energy system, carbon capture and storage (CCS) technologies have been
proposed as an effective tool to limit CO2 emission from the use of fossil fuels. The deployment
of CCS technologies has been slowed, however, by the lack of a regulatory or market driver and
the high cost of the technology. For these reasons, increased effort has recently been focused on
finding strategies for alternative use of COz that could provide a potential offset for the cost of
CCS, with the main goal of helping to accelerate its deployment.

Use of carbon dioxide for energy storage has been proposed as a concept that could help develop
better BES systems while using COz, potentially providing a most needed offset for the cost of
CCS. This proposition becomes more attractive if it has the additional potential of being
combined with long-term geologic sequestration (GS) of COax.

This report reviews the ideas proposed so far on the use of CO: for energy storage in subsurface
schemes, with the focus on two questions: 1) is the scale of CO2 utilization meaningful to
provide economic benefits to the energy storage scheme and/or CCS deployment and 2) do the
proposed ideas have the potential to be combined with long-term GS of carbon dioxide?

From this review, it seems likely that using COz2 for energy storage might be feasible only at
small to moderate scales, with minor economic or storage potential for CCS operations.
However, all the ideas to date are at an early stage of development, and most of the studies so far
use simple models with assumptions that could greatly affect their feasibility and impact.
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INTRODUCTION

In light of the need to reduce CO:2 emissions from fossil fuel use, the increased use of renewable
energy has become one of the strongest available energy alternatives to date. However, as has
been widely recognized, one of the main issues slowing down the penetration of renewable
energy is its intermittent availability. This intermittency also carries strong challenges for its
integration into the grid—in particular, to balance demand and supply of electricity. Therefore, a
cost-effective and dependable bulk energy storage (BES) technology will be a critical component
of the electric grid going forward. Such technology will be essential to manage supply and
demand and to optimize the complex integration of several forms of energy, including nuclear,
fossil-fuel-based, and renewable power.

While solutions are being sought to quickly decarbonize the energy system, carbon capture and
storage (CCS) technologies have been proposed as an effective tool to limit CO2 emission from
the use of fossil fuels. Its deployment has been slowed down, however, by the lack of a
regulatory or market driver and the high cost of the technology—especially CO:2 capture. For
these reasons, increased effort has recently been focused on finding strategies for alternative use
of CO2 that could provide a potential offset for the cost of CCS, with the main goal of helping to
accelerate its deployment.

Use of carbon dioxide for energy storage has been proposed as a concept that could help develop
better BES systems while using COz, potentially providing a most needed offset for the cost of
COz capture. This proposition becomes more attractive if it has the additional potential of being
combined with long-term geologic sequestration (GS) of the utilized COx.

This report reviews the few ideas that have been proposed to date [1, 7, 8, 9, 10] about the use of
CO: for energy storage in subsurface schemes, with the focus on two questions: 1) is the scale of
CO2 utilization meaningful to provide economic benefits to the energy storage scheme and/or
CCS deployment and 2) do the proposed ideas have the potential to be combined with long-term
GS of carbon dioxide?

The proposed concepts to use CO2 for subsurface energy storage are derived from compressed
air energy storage (CAES) systems. This report begins by providing a review of CAES in the
following section.

Underground Compressed Air Energy Storage

From the different BES technologies currently available, CAES has been identified as one of the
most cost-effective alternatives when hundreds of megawatt-hours of energy storage is needed
[2]. The basic concept for CAES is to use off-peak and low-cost electricity from the grid to
compress air and store it for later use. When needed, at times of high peak of electricity, the
compressed air is released from where it was stored to deliver power back to the grid. In the
conventional CAES cycle (see Figure 1-1), the air is driven through a compressor, where the
motor is powered with electricity from the grid, and stored in a container above-ground or a
reservoir/cavern below-ground. When released, the compressed air is preheated, combusted, and
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expanded with a reheat turboexpander that drives the generator that produces the electricity. In
this case, the combustor that heats the expanding air is operated with fossil fuels (natural gas or
fuel oil). This is a diabatic process in which heat generated during compression is wasted—
therefore, there is a need to reheat the air during expansion, which is done through the use of
fossil fuels.

Inlet Air

Electricity Is Used To

/— Clutches —\

Exhaust Air

Electric Power is
Generated During

Power Compressor
During Off-Peak
Time Periods

(Left Clutch is Closed
And Right Clutch Is Opened)

On-Peak Time Periods
When Air Is Released
From Store and
Heated By Fuel

(Left Clutch Is Opened
And Right Clutch Is
Closed)

Motor - Expander

Waste Heat
To Atmosphere

0.7 kWh of Plant Input

Electric Energy + 3800 Btu's of
Fuel Energy Produce About

1 kWh of Plant Qutput Electric
Energy

to the atmosphere. n
Air Store
(Above Ground or
Below Ground)
Figure 1-1

Schematic of a compressed air energy storage system [2]

While air is compressed
into storage system,
waste heat is vented

A second type of CAES works in an adiabatic manner (A-CAES) by storing the thermal energy
produced in the compression phase during off-peak electricity times and using it in the power
generation phase, avoiding the need for fossil fuels and therefore avoiding CO2 emissions.

In any of these types of CAES systems, it is possible to store the compressed air above-ground in
pipes or vessels—a more flexible option but limited in size—or store it underground. For
subsurface storage, the options include the following:

e Caverns. These include hard rock or salt caverns artificially mined. These constant-volume
cavities are more straightforward to operate, but they are limited geographically.

e Porous formations. These are sedimentary rocks, similar to those used for CO2 geological
storage, and are more abundant geographically.

A special type of underground CAES, porous medium CAES (PM-CAES), uses permeable
reservoirs (porous formations) as storage reservoirs [2, 3, 4]. These reservoirs include permeable
sandstones, depleted gas or oilfields, or even naturally fractured limestones. These underground
reservoirs, however, need to fulfill certain requirements such as the following:

e Maintain a pressure balance with the stored air; these formations should therefore be deep
enough to sustain pressures on the order of ~4 to ~20 MPa (600 to 3000 psi)

e Provide sufficient thickness and permeability to ensure sufficient volume and adequate rate
of airflow

e Have an impermeable seal above (and around) them to avoid leakage of the injected air
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As mentioned, most of these requirements are shared with potential storage formations for
carbon sequestration.

While there are two operating CAES plants with underground storage in caverns—in Germany
and in the United States (Alabama)—PM-CAES has been only partially tested in two projects in
the United States: in lowa and California [3, 4, 5]. The fact that this idea has not been used at a
full plant scale might seem surprising given that storing or producing fluids from porous
reservoirs is a well-known practice in the oil and gas industry and in the seasonal gas storage
business. The final report on the California test performed by Pacific Gas & Electric Company
(PG&E) [5] states that the project demonstrated the technical feasibility of PM-CAES at an
abandoned natural gas reservoir but lacked economic feasibility.

CAES Systems with CO2

Even if CAES has been recognized as promising and one of the most cost-effective BES

technologies, its development has been limited because of a few factors:

e Its low thermal efficiency, which ranges from ~40% in conventional CAES to ~70% in
advanced adiabatic CAES (AA-CAES) [1, 6]

e CO: emissions from combustion of fossil fuels in the case of conventional CAES

e The specific requirements needed in the case of A-CAES/AA-CAES, which include high-
temperature thermal storage and materials resistant to such high temperatures [1]

To overcome some of these limiting factors, CAES schemes with CO2 instead of air have been
proposed with the following potential advantages:

e Using CO:2 provides better energy density than using air because CO:2 density increases when
it approaches its critical point [1, 3, 4].

e These systems offer an alternative use of CO2 with the potential offset of cost/emissions and
eventually co-sequestration of CO2 in a combined energy storage—CCS operation.
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2

LITERATURE REVIEW OF CO. FOR ENERGY
STORAGE

As mentioned, this report will review proposed schemes in the literature of using CO: for
underground energy storage with the focus on understanding whether the scale of CO2 use is
meaningful for offsetting emissions/cost and whether there is potential to combine energy
storage with CCS operations [1, 7, 8, 9, 10]. Three main ideas have been explored in the
literature that meet our criteria of interest:

e Using COz as a cushion gas instead of air in PM-CAES [7]
e Using COz in a transcritical and supercritical underground closed loop [1]
e Using CO2 and enhanced geothermal energy combined with energy storage [8, 9, 10]

CO: as Cushion Gas in PM-CAES

In a traditional PM-CAES, air is used as the working fluid; as discussed in the previous section,
it is compressed and injected underground into a porous formation to later be produced and
expanded to generate electricity. However, most of the injected air is never recovered from the
storage reservoir. The never-recovered portion of air is called cushion gas, and its function is to
provide pressure support to the working gas. Oldenburg and Pan [7] proposed a scheme in which
PM-CAES and geologic sequestration of CO2 could be combined when COz is used as the
cushion gas. A similar idea has been explored in the context of natural gas storage [11].

PM-CAES with COz has initially two appealing propositions:

1. COz2 is an attractive cushion gas because its large increase in density near its critical point
translates into high compressibility, which implies the potential to store more air (and
therefore more energy) for a similar increase in reservoir pressure.

2. Relatively large quantities of CO2 could be permanently stored at the back end of the
reservoir.

To test their idea, the authors performed simplified fluid flow simulations as a proof-of-concept
of an idealized system (see Figure 2-1) to understand both the extent to which the high
compressibility of CO2 could be a benefit in this type of system, and the mixing behavior of CO2
and air. The latter could be a concern because if CO2 is mixed with the working fluid (air), it
could end up being produced and lost up the well.
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Figure 2-1

Sketch of PM-CAES system proposed by Oldenburg and Pan [7]. CO: is used as a cushion gas in
a permeable reservoir at 750 m depth, where air is the working fluid, injected and produced in
daily cycles. The location of the working cushion gas interface is varied in the simulations to
investigate its optimal position.

This process has a few steps. The first is to inject CO2 into the reservoir to position it as a
cushion gas, followed by the injection of an air bubble that pushes the cushion gas to the back of
the reservoir. These first steps are not modeled in the paper; rather, it is assumed that this has
already happened similarly to CO2 injection through a well into a permeable formation in
sequestration projects.

Once the cushion gas is in place, operating the PM-CAES requires injection and production of
air in daily cycles, which produces cycles of pressurization and depressurization near the
wellbore, as well as gas mixing between the working and cushion gases (air and CO2). There is a
trade-off between the first and the latter effects that will be explained later in this report.

The simulated setup consisted of a 1-D radial model with pressure and temperatures equivalent
to a reservoir at a depth of 750 m (2460 ft). The studied reservoir was defined as 25 m (82 ft)
thick and extending up to 1 km (0.62 mi) from the well. The authors simulated several scenarios
in which the amount of CO2 varied as well as the position of the interface between air and COa.
All simulations consisted of 30 days of daily CAES cycles in non-isothermal conditions.

After simulating 30 days of cyclic air injection in different scenarios, considering variable
amounts of COz and different positions of the interface between the working and the cushion
fluids, following are some of the authors’ observations:

1. The pressure difference at the well—testing different amounts of COz and a scenario without
COz as cushion gas—was modest. The pressure oscillation during these cycles barely
reached the area where the CO2 was located (at the back of the reservoir).

2. When the air/CO: interface was located closer to the wellbore, the CO2 entered the well in
considerable quantities—implying a cushion gas loss as early as perhaps the first cycle (that
is, when the interface was located ~20 m from the wellbore).

Note that the last observation implies that to maximize the compressibility advantage of using
CO2, the air/COz interface should be positioned close to the wellbore. However, this
configuration results in strong and detrimental air/CO2 mixing because of the large fluid
velocities that result in large dispersive fluxes, with the resultant CO2 production (and loss) at the
well. This is a result of the pressure gradients intrinsic in PM-CAES, which do not happen in
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contestant-volume caverns; as the authors point out, this is the main challenge in taking
advantage of the “super-compressibility” of COz2 for this proposed scheme.

The authors concluded that the best performance of the system occurs when the CO2 cushion is
at the far end of the reservoir, where CO2 mixing with the air is slow. This configuration will
sacrifice most of the compressibility advantages but will allow for significant quantities of CO2
to be used—which could potentially influence the economics of the PM-CAES plant, depending
on the price of CO2. They emphasize that even if the compressibility advantage cannot be
exploited as initially anticipated, in some situations the use of CO: as a cushion gas is still
advantageous, especially if there is interest to combine it with CCS. Results from one scenario of
this simplistic radial model indicate that if the air/COz interface is located 500 m from the well
(total reservoir length considered is 1 km) where little mixing is expected, the percentage of the
total reservoir volume that could be occupied by COz is 75%. In the most conservative case
explored (with respect to mixing effects), where the interface is located 700 m away from the
well, the percentage of the total reservoir volume that the CO2 could occupy is ~50%.

With a simple formula, using the parameters of their simplified model (porosity, thickness, and
CO2 density for average reservoir conditions), the authors estimate that CO: stored could be on
the order of 1.2 million tonnes of COz as cushion gas. And although they point out that this
amount is small compared to the annual emissions from a 1000-MW coal-fired power plant, the
use of 1.2 million tonnes of CO: as a cushion gas could imply a positive impact (if there is a
carbon tax or cap-and-trade policy) on the upfront cost of the PM-CAES plant. Furthermore, the
authors used the non-radial case simulated by Kiling and Giimra [12] as an example of what an
operator could gain from storing the COa. They estimated the amount of CO: that could be used
as a cushion gas (replacing the N2 used [8]) on the order of ~12.5 million tonnes with a COz
price of $50/tonne; if they assume that 80% of the cost is allocated to COz capture and transport,
the geologic storage could still imply a benefit to the operator of $120 million.

In summary, it seems that PM-CAES could be an interesting idea for utilization and
sequestration of CO2 at modest and limited scales. However, more studies are needed to fully
comprehend the behavior of the CO: as a cushion gas. More sophisticated models are necessary,
considering the non-homogenous permeability structures of real reservoirs, potentially leading to
higher transient pressure that could compromise the seal. Similarly, better understanding is
needed of the geomechanical effects of the pressure of daily cycling and induced thermal stresses
that could induce or trigger micro-seismicity. Furthermore, if the use of CO2 cushion gas is
attractive at least to offset some of the initial capital cost needed for a PM-CAES project, a
whole system analysis would be necessary to understand the economics of such systems.

Two-Reservoir Compressed CO2 Energy Storage System

The second idea reviewed here has been proposed by Liu et al. [1], in which the COz is used as a
working fluid in a closed loop. This idea tries to improve two of the main recognized drawbacks
for CAES: its low thermal efficiency and its low energy storage density.

Liu et al. [1] proposed a compressed COz energy storage (CCES) system using two underground
reservoirs at different depths. As the authors point out, the concept of CAES comes from the
Brayton cycle, which is more efficient when non-ideal gases (at the specific conditions of
operation) are used. One such gas is COz2, which in the proposed scheme could attain a higher
performance than other CAES systems, such as AA-CAES [1, 13, 14].
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In CCES, the appealing propositions (in the context of our review) are as follows:

e Achieve better performances by using COz as the working fluid.

e Potentially reduce greenhouse gas emissions if this scheme could be combined with geologic
carbon sequestration.

The CCES system shown in Figure 2-2 uses a shallower formation at low pressure to store CO2
exhausted from the turbine and a deeper formation at a higher pressure where the CO2 stored is
from the compressor. As mentioned, this is done in a closed loop. The paper presents an analysis
done in permeable formations, but the authors point out that it could also work in underground
caverns. Furthermore, this system can be operated in two ways, based on the same principles
differing only on the state of the COxz:

e Transcritical compressed CO2 energy storage (TC-CCES) system: COz transitions from
supercritical to gaseous conditions in the turbine

e Supercritical compressed CO2 energy storage (SC-CCES) system: COz is above its
critical pressure during the complete cycle.

— Electricity »Low pressure CO; ——High pressure CO,

Compressor Turbine

i Caprock

Aquifer

Figure 2-2
Compressed CO: energy storage system (CCES) using two underground saline formations [1]

The proposed scheme, illustrated in Figure 2-3, involves the following steps:

1. Using extra energy from the grid at off-peak times, low-pressure CO2 (working fluid) is
removed from the low-pressure reservoir (shallower unit) where it is stored and then
pressurized and injected into the high-pressure reservoir (deepest unit).

2. In the case of a multi-stage compressor setup, the heat generated during the compression
of the CO:z is stored in a thermal energy storage (TES) system through a cooling fluid; the
compressed COz, at the last-stage compressor, is then injected into the deepest reservoir.

2-4



3. When electricity is at high demand, the high-pressure COz is delivered to the recuperator,
passing through a throttle valve at a set pressure to absorb stored heat in the TES
described in Step 2.

4. The COz (heated and pressurized) is delivered to the turbine.
5. In the turbine the CO:2 expands, generating shaft work.

6. COz2 exhausted from the turbine is stored in the shallower unit at low pressures.

u ‘b h '
Compressors Turbines
B H 1
4
i I g

1
1
Inner coalers 11 11 P
LS
b . B
4 ,,
Pre-vooler

Figure 2-3
Compressed CO: energy storage system (CCES): a) schematic of TC-CCES; b) schematic of SC-
CCES [1]

The paper focuses more on the thermodynamic analysis (exergy analysis) of the CCES systems
than on the subsurface performance. The subsurface performance is incorporated only as a
simple parametric study of a few subsurface parameters such as pressure, temperature, and
volume of the reservoir. Volume is estimated using an analytical formula that assumes that the
reservoirs are closed-storage formations [15]. The volume of the reservoir is:

Mco,
s =
(310 + BW)PCOZAP

where Mco2 = mass of coz; pcoz = density of COz at reservoir conditions; AP = magnitude of the
pressure increase between the beginning and end of injection; By = pore compressibility; Bw=
change in brine density.

The main objective of the analysis was to understand the thermal properties of the system, where
the performance of the subsurface portion (that is, the behavior of the CO2 in both reservoirs) is
incorporated only to understand its effect on the overall system.

Summary of TC-CCES and SC-CCES Thermodynamic Analysis

Because of the variability among the different types of CAES systems, using a single-parameter
performance index to compare them is not always possible [16]. In this case, the authors evaluate
the performance of the TC-CCES and SC-CCES systems by analyzing their exergy efficiency,



exergy destruction, round-trip efficiency, and energy storage density as the performance criteria
of the general system and of the individual components [16, 17].

The indices used for comparison are energy storage density and round-trip efficiency, where:
Energy storage density = EGen/Vs

This corresponds to the amount of electrical energy produced per unit of storage capacity. This is
a critical parameter to understand the underground geological requirements necessary for CAES.
In this type that uses two reservoirs, the energy storage is:

Egen _ Wi(Bp + .BW)(pl,COZ APy + P30, AP;)
Ve 2
Round-trip efficiency: This parameter allows the comparison with other electrical storage
devices and is defined as [16, 18]:

=—ET
MRT EctnnGEF
In the above formula, E7 = electricity output; Ec = electricity input; ny; Er = electricity that
could have been generated from natural gas (Er) in a stand-alone power plant fueled by natural
gas and with efficiency input; ny. instead of firing an energy storage unit input; 9y, = 47.6%

[1].

In the exergy analysis, the authors analyzed the whole system as well as its components such as
compressors, storage cavern/reservoir, heat exchanger, and turbine. The energy balance for the
whole system is:

Eptor = Ep + Z Epx +E,
[

where the variables are the total amount rate of fuel exergy (Ef to¢); product exergy (Ep); exergy
destruction (¥ E p k) and exergy loss associated with the whole system (Ep).

For details of the thermodynamic, energy, and exergy analysis as well as the sensitivity analysis,
the reader is referred to the article by Liu et al. [1].

The authors concluded that the TC-CCES and SC-CCES systems have a larger energy storage
density than regular CAES systems (see Table 2-1). Furthermore, they found acceptable round-
trip efficiency and exergy efficiency for both cases.

Table 2-1
Performance evaluation summary of TC-CCES and SC-CCES and comparison with conventional
CAES systems

TC-CCES SC-CCES Conventional CAES
Energy storage 497.68 kWh/m?3 255.20 kWh/m?3 2-20 kWh/m3
density
Round-trip efficiency 63.35% 62.28%
Exergy efficiency 53.02% 51.56% 81.7%
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Comparing both systems, the authors noted that in the case of TC-CCES, all the indexes are
higher; SC-CCES systems have a simpler configuration.

However, one of their findings could pose a significant challenge for this idea: the pressure of
the shallower reservoir has a significant influence on the round-trip efficiency and exergy
efficiency. This effect is especially larger for pressures below 8 MPa (1160 psi). Particularly
with the TC-CCES, there is a dramatic decrease in both round-trip efficiency and exergy
efficiency. The energy storage density was found to decrease when there is an increase in
pressure of the shallower reservoir.

In the TC-CCES system, the authors noted that the low-pressure reservoir has to be at a much
shallower depth than the supercritical CO2 energy storage reservoir and have a much greater
volume. These facts might create considerable environmental challenges, such as the potential
impact to groundwater, which are more prominent in the transcritical case.

Other challenges the authors mentioned include the potential of induced micro-seismicity and
brine production management or what they called hydro-geomechanical limitations of the saline
reservoirs. Similarly, cyclic timing needs to be further investigated to understand the effect that
transient pressure gradients would have near the injection and production wells [11].

The thermodynamic and energy and exergy analyses show promising results of using COz as the
working fluid for energy storage. However, these types of systems are unlikely to be meaningful
at the scale of COx utilization. It might be possible to further investigate these systems as part of
a CCS project, but these cases might be opportunistic rather than a viable strategy.

CO:2 and Enhanced Geothermal Energy Combined with Energy Storage

Buscheck et al. [8, 9] have presented an intricate idea that combines CCS, energy storage, and
enhanced geothermal energy. Given the vast storage capacity of the earth (fluid and thermal) and
taking advantage of overpressures generated from CO: geological storage, the authors proposed
a system to produce and store energy underground as well as provide excess energy to the grid
(8,9, 19, 20].

Part of their motivation stems from the need to help overcome some of the obstacles for carbon
capture, utilization, and storage (CCUS) implementation as well as for energy storage
implementation at a utility scale. These main obstacles are the overpressure generated for long-
term COz2 injection and the absence of a business case for CCS projects. In the case of energy
storage, the main obstacles include storage capacity and cost. Therefore, since its inception, this
idea is strongly linked to a CO2 sequestration operation aimed at lowering carbon emissions
while providing energy storage.

The COz2 has a critical role in creating the overpressures that help recirculate the working fluids
underground—fluids that store and recover energy. Furthermore, CO: is used as a working fluid
in Brayton cycle turbines for electricity conversion and also as a shock absorber that allows
cycles of recharge/discharge at lower pressure oscillation than other fluids. The authors claim
that high amounts of stored CO2 have a vast pressure-storage capacity that would help increase
the scale of energy storage to a utility scale. The system is based on the previously developed
CO2 plume geothermal (CPG) concept and multi-fluid geothermal energy.



CPG [21, 22] uses CO:z2 to extract heat from a geothermal reservoir as a renewable form of
energy [23, 24]. There are several proposed variations to recover geothermal energy. Traditional
systems harvest thermal energy with brine in very low-permeability reservoirs (usually fractured
crystalline rocks). Other variations have been proposed using COz, which is more attractive as a
working fluid because of its thermodynamic and fluid mechanical properties that allow it to
transfer heat more efficiently than brine. An example of this case is the enhanced geothermal
system with CO2 (CO2 EGC) [21]. In CPG, the difference is that the reservoir is a permeable
sedimentary formation as opposed to low-permeability crystalline rocks. The advantages of using
CO2 as a working fluid include the following:

1. Lower kinematic viscosity than brine, which permits effective heat advection even if its heat
capacity is relatively low

2. Higher thermal expansibility, which produces a stronger thermosiphon effect through the
reservoir and the wells (injection and production) than with brine

The second concept, multi-fluid geothermal energy, is based on CPG but with the addition of
producing brine (displaced by the pressure plume of the stored CO2) to be used as an additional
working fluid [8]. This scheme has also been proposed injecting N2 to add operational flexibility.

The earth battery concept described in this report (see Figure 2-4) consists of a minimum of four
circular and concentric rings of horizontal injection and production wells. As with the previous
ideas, it has to be located in a permeable reservoir with an impermeable caprock above.

Figure 2-4
Earth battery concept [8, 9]



The system works as follows (see Figures 2-4 and 2-5):

1.

Pressurized COz (supercritical conditions) from a fossil fuel power plant is injected in the
second ring of wells.

Brine is displaced inward by the injected CO2 and produced at the innermost ring.

Produced brine is heated, using heat from an above-ground source (for example, solar
thermal farm) and pressurized for re-injection.

Heated and pressurized brine is then injected in the third well ring, using excess power
from the grid.

Gradually, the inner ring produces CO2, which is sent to the surface to be used as a
working fluid, through a Brayton cycle turbine.

After passing through the turbine, CO:z is pressurized and re-injected in the second ring
(similar to Step 1).

Hot brine is also produced at the outer well ring and is used to heat produced CO2 before
being stored in a staging pond. When waste/excess heat is available, brine from the pond
is heated and pressurized for injection in the third well ring (as the brine in Step 4), using
excess power from the grid.

To manage reservoir pressure, some of the produced brine is diverted for consumptive
use, such as in a reverse osmosis plant or to cool down the power plant and reduce the
plant’s water intensity [8].
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Figure 2-5
Cross-section of the underground system (a) and plan view of the well configuration dimension
(b) in the reported study

According to the authors, one of the proposed advantages of this approach is that because fluid
production is driven by overpressure, there is no need for submergible pumps to lift them,;
therefore, it is faster to increase production if needed (for example, deficits in the grid) or
decrease in periods of low demand. In the latter case, pressure and thermal energy would be
stored underground for a time when demand is high.

The analysis performed so far on this idea include fluid flow reservoir simulations performed
with the NUFT code [25, 26] loosely coupled with a simplified techno-economic analysis at
industrial scale. The authors have investigated daily and seasonal schemes. The simulated
subsurface model is a generic homogeneous reservoir complex that includes a 125-m thick
reservoir, with a permeability of 100 millidarcy (mD), a caprock and bedrock, and the two low-
permeability (0.001-mD) seals at the top and bottom of the reservoir, respectively. The reservoir
was assumed to be 1.5 km deep and a temperature of 70.0°C (with a geothermal gradient of
37.5°C/km).

From the reservoir simulation, the authors obtain the production flow rates and temperatures at
the bottom of the wells for both power generation streams: supercritical CO2 and brine. Those
parameters are then used as input to calculate gross power into the GETEM code [27]. GETEM
is an Excel-based code with financial and technical inputs that optimizes for reservoir and power
plant performance to provide levelized cost of electricity (LCOE) from a geothermal power
plant. In the brine generation stream, gross power is determined from the organic Rankine cycle
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(ORC) binary power generation if reservoirs are 3 or 4 km deep. If the depth is 5 km, a flash-
steam power plant is used for gross power. In the case of the CO2 generation stream, supercritical
CO:sz is circulated through a turbine, and electricity is generated in a Brayton cycle (direct) power
system.

The authors considered eight scenarios varying storage temperature, net CO2 storage rate,
number and cost of wells, and power plant cost. They then calculated the levelized cost of
storage (LCOS, in $/MWh) for a greenfield, which considers the well development costs, and a
brownfield, where wells are assumed to be in place—and therefore there is no cost associated
with them (see Figure 2-6). The values of LCOS are for a capacity factor of 95%.

Storage Net CO, Well- Power-plant cost Levelized Cost of Storage
temperature storage rate Number of development (§ per net kW) LCOS ($/MWh)
(°C) (MT/yr) Injectors Producers cost (MS/well) Greenfield Brownfield
150 38 46 61 3.397 2148 743 46.9
150 7.6 82 109 3385 2603 75.1 44.7
200 38 53 71 3.379 1647 454 324
200 7.6 98 130 3.359 1583 44.2 309
250 38 59 78 3.366 1257 31.0 242
250 7.6 110 146 3.367 1202 20.8 22.9
275 38 62 83 3.369 1141 282 21.9
275 7.6 115 153 3.355 1089 27.2 20.7
Figure 2-6

Summary of cases considered in the multi-fluid geothermal energy study

The two COxz storage rates analyzed (3.8 and 7.6 MT/yr) are equivalent to CO2 captured from a
coal power plant of 550 MW and 1100 MW, respectively. The temperatures considered at the
storage reservoir ranged from 150°C to 275°C. The authors estimated that at temperatures
>250°C, the potential energy storage capacity reaches 150% to 200% of the energy generated by
this type of coal power plant. Furthermore, they calculated an LCOS of $60/MWh or less, with a
50% capacity factor.

This is a proof-of-concept type of analysis, with very simplified models, as the authors also point
out. It needs further work to develop more sophisticated, more representative subsurface models
as well as techno-economic models of the well configuration and the power system.
Furthermore, research into the subsurface energy storage system and surface sources of thermal
energy and electric grid integration is necessary [8, 9].

In our opinion, one major simplification that could dramatically affect the subsurface
performance of this system is that underground reservoirs are not homogeneous as simulated—
therefore, the fluid flow paths will not be homogeneously radial as depicted here. Changes on
this configuration would have major implications for the working fluid and thermal energy
recovery [8]. More research on the surface performance of the system might shed light into the
feasibility of the proposed idea. Another component that needs addressing is the geomechanical
effects of the overpressure generated by the CO2 (and brine) injection and the cyclic injection
and production of fluids. Even if overpressure in the reservoir is not high enough to break the
overlying formation (seal), the amounts of overpressure simulated in the work—as well as
thermal stresses—could be sufficient to induce or trigger micro-seismicity. Finally, the well
configuration—although ideal for underground performance—is complicated. Even if
technically feasible, it is not clear from the data presented whether the well costs used in this
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study are representative of such technical complexity. If feasible, this system could be an
attractive approach for CCUS combined with energy storage.

CO2-Plume Geothermal with Energy Storage

In a small variation from the previous paper, Fleming et al. follow some of the same principles
proposed in Buscheck et al. [8] by combining CPG with CCS and energy storage, as well as a
multi-reservoir configuration that allows for a time divergence between generation and
consumption of energy as also proposed by Liu et al. [1]. However, in this case, the well
configuration is simpler (either using only vertical wells or adding only two horizontal circular
wells in the deeper unit), as opposed to the circular concentric horizontal wells proposed in
Reference [8]. In this case, the heating is mainly performed with geothermal energy at the
reservoir, whereas in Reference [1] the heating is performed at the surface.

In this CO2-plume geothermal energy storage (CPGES) system, sequestered COz is used as the
energy storage fluid (storing pressure). If it remains at reservoir conditions (high temperature)
long enough, it could absorb the geothermal energy input and generate more energy than the
amount of energy originally stored. The proposed scheme works in two modes: power generation
and energy storage (see Figure 2-7).
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Figure 2-7
CO2-plume geothermal energy storage system

In power generation mode:

1. COq previously injected into the deeper reservoir is produced through a vertical well to the
surface. This CO:z is hot because of geothermal heat. The deep reservoir has two wells—one
injection and one producer—so the CO:z can extract heat from the formation as it flows
through the reservoir.
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2. At the surface, the COz is expanded in a turbine to produce power and partially cooled to
prepare it for re-injection.

3. Partially cooled CO:z is re-injected into the shallower reservoir (at 1.5 km depth). because of
its increase in density (through the cooling), the gravitational compression in the vertical well
is sufficient to drive the re-injection. The shallow reservoir operates with only one well.

4. COgz is stored in the shallower reservoir until the generation cycle is finished.
In energy storage mode:

1. At times of surplus electricity from the grid, CO2 from the shallow reservoir is produced back
to the surface.

2. At the surface, COz is cooled and compressed using electricity from the grid.
3. COz2 is re-injected into the deeper reservoir.

The analysis performed in this paper uses two models: a fluid flow simulation performed with
TOUGH2 [28] to model two reservoirs below the critical depth for CO2 at 1.5 and 2.5 km depth
and a surface power plant model performed with the engineering equation solver (EES) [29].

Two power cycles are analyzed:

e A diurnal cycle that produces power for 16 hours and stores energy for 8 hours—the periods
of high and low cost of electricity [30]

e A seasonal cycle that operates in power generation mode for the first three months and in
energy storage mode for the other three months

System performance is evaluated by the net energy produced, which is the difference between
the energy generated in the generation mode and the energy used during the storage mode:

ENet = Enet,generation - Estorage

The cases and results presented by these authors are summarized in Figure 2-8. They indicate
that higher mass flow rates translate into a smaller energy storage ratio, whereas the average
generation and storage power increases. With longer cycle durations (from daily to biannually)
the energy storage ratio also decreases, but overall the energy storage ratio of the studied cases is
larger than 1—a result that leads the authors to claim that the CPGES system in both cycles
provides more electricity to the grid than the amount it stores from the grid.

Generation Storage Generation Storage Energy Storage
Generation  Storage Mass Flow Mass Flow Average Net Average Net Ratio
Time Time Rate (kg/s) Rate (kg/s) Power (MW) Power MW)  (MW-W/MW-h)
16 hours 8 hours 200 380 1.63 1.11 2.93
16 hours 8 hours 300 570 2.29 2.33 1.95
3 months 3 months 200 190 1.50 0.99 1.55
3 months 3 months 300 285 1.97 1.87 1.05

Figure 2-8
Summary of the key performance characteristics of the CPGES system [30]
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This system seems simpler than that of Buscheck et al. [8, 9] because of the possibility of using
vertical wells and perhaps a fewer number of wells. However, it is still at a simple stage of
modeling, and more work is necessary to understand the feasibility of such systems.

2-14



3

SUMMARY

From our review, it seems likely that using CO: for energy storage might be feasible only at
small to moderate scales, with minor economic or storage potential for CCS operations.
However, all the ideas to date are at an early stage of development, and most of the studies so far
use simple models with assumptions that could greatly affect their feasibility and impact.

Table 3-1 presents a summary of the ideas reviewed in this report. Most of them are at an early
stage of simplified/proof-of-concept type of modeling. Although none of them has been tested in
the field, CO2 as a cushion gas in PM-CAES [7] builds on a partially tested PM-CAES scheme
that was determined technically feasible in one test [5].
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Table 3-1

Summary of literature review on CO: for energy storage ideas

Technology

Maturation

CO2
Utilization
Potential

Long-Term
Storage
Potential

Tested

Type of
Modeling

Techno-
Economic
Analysis

Citation

COz as
Cushion
Gas in PM-
CAES

Early
stages;
building on
other
partially
tested
systems
(PM-
CAES)

Moderate

Moderate

Model
only

Multi-phase
heat and mass
flow transport in
porous media
(TOUGH2)

No

Oldenburg
and Pan
2014 [7]

Super- and
Transcritical
CO2

Very early

Minimum

Only if
combined
with a
storage
operation,
but might be
opportunistic

Model
only

Thermodynamic
analysis
(energy and
exergy) with
parametric
subsurface
considerations

No

Liu et al.
2016 [1]

CPGES
(Earth
Battery)

Very early

Moderate
to large

Moderate to
large

Model
only

Multi-phase
heat and mass
flow and
reactive
transport in
porous media
(NUFT) and
simplified
techno-
economic
(GETEM)

Yes,
simplified

Buscheck
et al.
2017 [8]

CPGES

Very early

Moderate

Moderate

Model
only

Multi-phase
heat and mass
flow and
reactive
transport in
porous media
(TOUGH2) and
engineering
equation solver
for surface
power plant

No

Fleming et
al. 2018
[10]

In the case of PM-CAES with CO: as a cushion gas, the approach proposed by Oldenburg and
Pan [7] could be an interesting idea for utilization and sequestration of CO2 at moderate scales;
however, more studies are needed to fully comprehend the behavior of the CO: as a cushion gas.
Among the issues that need to be better understood are consideration of the non-homogenous
permeability structures of real reservoirs, the potential development of cyclic transient pressure
that could compromise the seal [7] and perhaps trigger micro-seismicity, and the geomechanical

effects on the reservoir and near the wellbore of daily cycles of production and injection. A

whole techno-economic analysis is needed to understand whether using CO2 as a cushion gas
could help the economics of a PM-CAES plant, given that there is a price for carbon.
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In the case of a transcritical and supercritical underground closed loop for energy storage [1],
although this approach seems attractive from an energy storage perspective, it does not seem as
attractive from a COxz utilization or potential long-term storage perspective.

In the final idea reviewed here—using CO2 and enhanced geothermal energy combined with
energy storage [8, 9, 10]—although the idea seems very attractive from a potential impact on the
used and long-term stored CO2, the configuration of the system (both in the subsurface and at the
surface) seems extremely complex. More research is needed to indicate potential feasibility.

3-3






4

REFERENCES

1.

10.

1.

12.

13.

Liu, H., He, Q., Borgia, A., Pan, L., and Oldenburg, C. M. (2016). “Thermodynamic analysis
of a compressed carbon dioxide energy storage system using two saline aquifers at different
depths as storage reservoirs.” Energy Conversion and Management 127: 149—159.
Compressed Air Energy Storage State-of-Science: Technical Brief. EPRI, Palo Alto, CA:
2009. 1020444.

Oldenburg, C. M. and Pan, L. “Porous media compressed air energy storage (PM-CAES):
theory and simulation of the coupled wellbore-reservoir system.” Transport Porous Med
2013; 97(2): 201-21.

Chen, L., Sheng, T., Mei, S., Xue, X., Liu, B., and Lu, Q. “Review ad prospect of

compressed air energy storage system.” J. Mod. Power Syst. Clean Energy (2016)
4(4):529-541 DOI 10.1007/s40565-016-0240-5.

. Medeiros, M., Booth, R., Fairchild, J., Imperato, D., Stinson, C., Ausburn, M., Tietze, M.,

Irani, S., Burzlaff, A., Moore, H., Day, J., Jordan, B., Holsey, T., Davy, D., and Plourde, K.
Technical Feasibility of Compressed Air Energy Storage (CAES) Utilizing a Porous Rock
Reservoir, Final Report. DOE-PGE-00198-1. Pacific Gas & Electric Company, San
Francisco, CA, March 2018.

Long-term energy storage with compressed air storage. <http://eesmagazine.com/long-term-
energy-storage-with-compressed air-storages/>.

Oldenburg, C. M. and Pan, L. “Utilization of COz as cushion gas for porous media
compressed air energy storage.” Greenhouse Gases. Science and Technology. 2013. 3 (2),
124-135.

Buscheck, T. A., Bielicki, J. M., Edmunds, T. A., Hao, Y., Sun, Y., Randolph, J. M., and
Saar, M. O. “Multi-fluid geo-energy systems: Using geologic COz storage for geothermal

energy production and grid-scale energy storage in sedimentary basins.” Geosphere. 2016.
12(3), doi:10.1130/GES01207.1.

Buscheck, T. A., Bielicki, J. M., and Randolph, J. M. “COz Earth Storage: Enhanced
Geothermal Energy and Water Recovery and Energy Storage.” Energy Procedia 114, 2017,
p. 6870—6879.

Fleming, M. R., Adams, B. M., Randolph, J. B., Ogland-Hand, J. D., Kuehn, T. H.,
Buscheck, T. A., Bielicki, J. .M, and Saar, M. O. “High Efficiency and Large-scale
Subsurface Energy Storage with CO2.” Proceedings, 43rd Workshop on Geothermal
Reservoir Engineering Stanford University, Stanford, California, February 12—14, 2018
SGP-TR-213. https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2018/Fleming.pdf.

Oldenburg, C. M., “CO:z as cushion gas for natural gas storage.” Energy and Fuels 17:240—
246, 2003.

Kiling, N. and Glimra, F., “A numerical simulation study on mixing of inert cushion gas with
working gas in an underground gas storage reservoir.” Energy Sources 22:869-879 (2000).
Dostal, V., Driscoll, M. J., and Hejzlar, P. A supercritical carbon dioxide cycle for next-
generation nuclear reactors. Ph.D thesis, Massachusetts Institute of Technology, Department
of Nuclear Engineering, 2004.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Wang, M., Zhao, P., Wu, Y., and Dai, Y. “Performance analysis of a novel energy storage
system based on liquid carbon dioxide.” App! Therm Eng 2015; 91: 812-23.

Zhou, Q., Birkholzer, J. T., Tsang, C. F., and Rutqvist, J. “A method for quick assessment of
CO: storage capacity in closed and semi-closed saline formations.” Int J Greenh Gas Con
2008;2(4):626-39.

Succar, Samir and Williams, Robert H. Compressed air energy storage: theory, resources,
and applications for wind power. Report no. 8. Princeton environmental institute; 2008.

Liu, J. L., Wang, J. H. “A comparative research of two adiabatic compressed air energy
storage systems.” Energy Convers Manage 2016; 108:566—78.

Kim, Y. M., Lee, J. H., Kim, S. J., and Favrat, D. “Potential and evolution of compressed air
energy storage: energy and exergy analyses.” Entropy 2012;14(8):1501-21.

Buscheck, T. A. “Earth Battery.” Mechanical Engineering Magazine 2015. 137(12), p. 37—
41,

https://www.google.com/?gws_rd=ssl#q=Earth+Battery+ ASME+Mechanical+Engineering+
Magazine.

Buscheck, T. A., Bielicki, J. M., Chen, M., Sun, Y., Hao, Y., Edmunds, T. A., Saar, M. O.,
and Randolph, J. B. “Integrating CO: storage with geothermal resources for dispatchable
renewable electricity.” Energy Procedia 2014. 6, p. 7619-7630,

Randolph, J. B. and Saar, M. O. “Coupling carbon dioxide sequestration with geothermal
energy capture in naturally permeable, porous geologic formations: Implications for CO2
sequestration.” Energy Procedia 2011. 4, p. 2206-2213.

Randolph, J. B. and Saar, M. O. “Combining geothermal energy capture with geologic
carbon dioxide sequestration.” Geophysical Research Letters 2011. 38.

Adams, B. M., Kuehn, T. H., Bielicki, J. M., Randolph, J. B., and Saar, M. O. “On the
importance of the thermosiphon effect in CPG (CO2 plume geothermal) power systems.”
Energy 69, 409-418. doi:10.1016/j.energy.2014.03.032.

Adams, B. M., Kuehn, T. H., Bielicki, J. M., Randolph, J. B., and Saar, M. O. (2015). “A
comparison of electric power output of CO2Plume Geothermal (CPG) and brine geothermal
systems for varying reservoir conditions.” Applied Energy 140, 365-377.
doi:10.1016/j.apenergy.2014.11.043.

Nitao, J. J. Reference manual for the NUFT flow and transport code, version 3.0. 1998.
Lawrence Livermore National Laboratory, UCRLMA-130651-REV-1, Livermore, CA.
Hao, Y., Sun, Y., and Nitao, J. J. “Overview of NUFT: A versatile numerical model for
simulating flow and reactive transport in porous media.” Chapter 9 in Groundwater Reactive
Transport Models 2012, p. 213-240.

DOE: GETEM-Geothermal electricity technology evaluation model, April 2015 Beta; 2015.
USDOE Geothermal Technologies Program.

Pruess, K., Oldenburg, C., and Moridis, G. (2012). TOUGH?2 User’s Guide. Report LBNL-
43134, Lawrence Berkeley National Laboratory, California.

Klein, S. and Alvarado, F. (2002). Engineering Equation Solver. F-Chart Software. F-chart.
MISO. (2016). Midcontinent Independent System Operator Market Reports.

4-2






Export Control Restrictions

Access to and use of this EPRI product is
granted with the specific understanding and
requirement that responsibility for ensuring
full compliance with all applicable U.S. and
foreign export laws and regulations is being undertaken by
you and your company. This includes an obligation to ensure
that any individual receiving access hereunder who is not a
U.S. citizen or U.S. permanent resident is permitted access
under applicable U.S. and foreign export laws and
regulations.

In the event you are uncertain whether you or your company
may lawfully obtain access to this EPRI product, you
acknowledge that it is your obligation to consult with your
company’s legal counsel to determine whether this access is
lawful. Although EPRI may make available on a case by case
basis an informal assessment of the applicable U.S. export
classification for specific EPRI products, you and your
company acknowledge that this assessment is solely for
informational purposes and not for reliance purposes.

Your obligations regarding U.S. export control requirements
apply during and after you and your company’s engagement
with EPRI. To be clear, the obligations continue after your
retirement or other departure from your company, and
include any knowledge retained after gaining access to EPRI
products.

You and your company understand and acknowledge your
obligations to make a prompt report to EPRI and the
appropriate authorities regarding any access to or use of this
EPRI product hereunder that may be in violation of applicable
U.S. or foreign export laws or regulations.

© 2018 Electric Power Research Institute (EPRI), Inc. All rights reserved.
Electric Power Research Institute, EPRI, and TOGETHER...SHAPING THE
FUTURE OF ELECTRICITY are registered service marks of the Electric
Power Research Institute, Inc.

The Electric Power Research Institute, Inc.
(EPRI,
development relating to the generation, delivery and

www.epri.com) conducts research and
use of electricity for the benefit of the public. An
independent, nonprofit organization, EPRI brings
together its scientists and engineers as well as
experts from academia and industry to help address
challenges in electricity,

including reliability,

efficiency, affordability, health, safety and the
environment. EPRI members represent 90% of the
electric utility revenue in the United States with
international participation in 35 countries. EPRI’s
principal offices and laboratories are located in Palo
Alto, Calif.; Charlotte, N.C.; Knoxville, Tenn.; and

Lenox, Mass.

Together...Shaping the Future of Electricity

3002013345

Electric Power Research Institute
3420 Hillview Avenue, Palo Alto, California 94304-1338 « PO Box 10412, Palo Alto, California 94303-0813 « USA
800.313.3774 « 650.855.2121 « askepri@epri.com * www.epri.com



	1 INTRODUCTION
	Underground Compressed Air Energy Storage
	CAES Systems with CO2

	2 LITERATURE REVIEW OF CO2 FOR ENERGY STORAGE
	CO2 as Cushion Gas in PM-CAES
	Two-Reservoir Compressed CO2 Energy Storage System
	Summary of TC-CCES and SC-CCES Thermodynamic Analysis

	CO2 and Enhanced Geothermal Energy Combined with Energy Storage

	3 SUMMARY
	4 REFERENCES

