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Abstract
Compressed air energy storage (CAES) is a process for storing and delivering energy as electricity. A CAES
facility consists of an electric generation system and an energy storage system. Off-peak electricity at night
from renewable resources or when prices are low is stored as air pressure in a geological air storage vessel.
During intermediate- and peak-demand periods, compressed air is released from the pressured energy
storage system, heated by combustion of natural gas, and used to drive high-efficiency turbines to produce
electricity. Earth-based structures suitable for service as air storage vessels include the following:
1) solution-mined salt cavities; 2) excavated mine cavities; 3) aquifer-water-bearing geologic structures;
and 4) depleted natural gas reservoirs.

INTRODUCTION

Compressed air energy storage (CAES) is a process for
storing and delivering energy as electricity. A CAES facil-
ity consists of an electric generation system and an energy
storage system (Fig. 1). As originally conceived, commer-
cial CAES facilities would use off-peak electricity avail-
able at night and on weekends to compress air into an
Earth-based air storage vessel. During intermediate- and
peak-demand periods, compressed air is released from the
pressured energy storage system, heated by combustion of
natural gas, and used to drive high-efficiency turbines to
produce electricity. The system uses electric motor-driven
compressors to inject the air to charge the storage vessel
through wells that are also used to withdraw air. Air flows
freely from the air storage vessel to the electric generation
system. The value of CAES has since evolved from this
simple model with the development of electricity markets
and competitive pricing in those markets. Although CAES
could be applied at a smaller scale, our topic addresses
utility-scale or bulk electricity storage using CAES.

The electric generation system consists of commer-
cially manufactured power generation equipment. Major
mechanical components of the CAES system are the
motor–compressor train(s), the recuperator, and the
CAES turbine–generator train (Fig. 2).

The air storage vessel stores potential energy in the form
of pressure; it also stores the fluid mass required by the
turbine and the oxygen needed for combustion in the tur-
bine. The stored energy, mass, and oxygen are used to
generate electricity. Key elements of the energy storage
system are the air storage vessel and the air injection and
withdrawal wells (Fig. 1). Because of the high pressure and

large air mass required to operate the turbo-machinery,
Earth-based storage vessels are the only viable air storage
vessel option. Earth-based structures suitable for service as
air storage vessels are as given:

! Solution-mined salt cavities
! Excavated mine cavities
! Aquifer-water-bearing geologic structures
! Depleted natural gas reservoirs

CAES technology requires the matching of operating
pressure and flow rate of a natural air storage vessel to
pressure and flow requirements of traditional turbo-
generator equipment. The current approach to siting a
CAES facility is to find natural air storage vessels with
depth, volume, and hydraulic characteristics that match the
pressure and mass flow requirements of commercially
available turbo-generator equipment rather than modifying
the design of electric generating equipment for every
potential air storage structure.

Typical commercially available CAES turbo-machinery
equipment operating requirements are provided in Table 1.
Traditional gas-fired turbo-electric power plants are routi-
nely constructed. However, CAES facilities have been
developed using only solution-mined salt cavities because
of their demonstrable integrity and the flexibility they offer
to design storage volumes and pressures to support standard
turbo-generator equipment. Air storage in an excavated
mine cavity is planned at the Norton Mine in Ohio. Air
storage in porous media structures has been limited to
demonstration studies in the United States and Russia. Air
storage in depleted gas fields has yet to be demonstrated.
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Table 1 CAES turbo-machinery operating requirements

Equipment
manufacturer Plant size (MW)

Minimum inlet pressure
(psi)

Minimum flow rate
(lbs/MW/hr)

Total minutes of flow rate
(lb/hr)

Allison 15 200 9,500 142,500
Dresser Rand 134 830 9,500 1,273,000
Alstom 300 900 9,500 2,850,000
Westinghouse (501D5) 350 750 9,500 3,325,000
Westinghouse (501F) 450 750 9,500 4,275,000

2 Compressed Air Energy Storage
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VALUE OF CAES IN ELECTRICITY MARKETS

As a ‘‘technology,’’ CAES was applied successfully in
energy management purposes and for management of
base load generating plants. The Huntorf facility served
the additional purpose of providing black start capability
and, in recent years, began serving as an integration tool for
wind energy from North Sea wind generating units. The
McIntosh CAES plant enabled its owner to manage the
dispatch of its base load coal units more effectively.
Applications like these demonstrated the technical feasi-
bility of CAES, but did little to encourage commercial
development for reasons that were primarily economic.
With the ‘‘deregulation’’ of many electricity markets,
prices began to reflect the costs of generating and deliver-
ing electricity and many consumers and energy providers
recognized the economic value of generating and deliver-
ing electricity more efficiently. In addition, electricity
markets require ‘‘ancillary services’’ like frequency and
voltage regulation to function efficiently, and market
operators created markets for ancillary services—some
with separate pricing structures for capacity and energy—
to secure the supplies of ancillary services they need.

With this development of market prices that reflect
costs to generate electricity, the natural variation in prices
as units are dispatched, i.e., least expensive units first,
creates volatility that can create value to be captured
through efficient use of storage. The addition of large
quantities of renewable generation, especially wind gen-
eration, adds to the variability of the unit dispatch and,
therefore, to the opportunity for storage to add value and
share in that value.

HISTORICAL DEVELOPMENTS
IN CAES TECHNOLOGY

Published literature on CAES is limited to conceptual
papers, with the majority of the technical papers in the
‘‘gray literature’’ or in private research reports or confiden-
tial company reports. Dr. Donald L. Katz at the University
of Michigan published the original work on CAES in 1976
entitled ‘‘Compressed Air Storage for Electric Power
Generation’’.[1] In his book, Dr. Katz applied natural gas
storage principles to CAES.

The first CAES facility was constructed in Huntorf,
Germany, in 1978.[2] The original Huntorf CAES plant
was 290 MW and was operated by E.N. Kraftwerke utiliz-
ing a solution-mined salt cavity. The Huntorf CAES facil-
ity successfully demonstrated the technical feasibility of
CAES technology utilizing a solution-mined salt cavity,
and the value of CAES to German utility operations.

The U.S. Department of Energy and Electric Power
Research Institute (EPRI) then conducted an air injection
field experiment at the Pittsfield structure in Illinois in 1982.
A test volume of air was injected into an aquifer to create a

bubble. The air was then cycled in and out of the aquifer.
The experiment demonstrated the technical feasibility of air
storage in an aquifer structure. It also indicated the potential
for oxygen depletion of the stored air over time. The results
of this research were published by EPRI,[3] in a report
available to member utilities.

The McIntosh 110 MW CAES power plant was con-
structed in 1991 for Alabama Electric Cooperative (AEC)
at McIntosh, Alabama, U.S.A. Like the Huntorf CAES
facility, AEC used a solution-mined salt cavity as the air
storage vessel. Operational data from this power plant were
collected by EPRI and is held in private reports. To
improve efficiency and help limit emissions, AEC incor-
porated a recuperator to recover heat from the turbine
exhaust stream.

Sandia National Laboratories and the Hydrodynamics
Group, LLC, performed work on the Norton CAES project
between 2000 and 2004. The Norton CAES project is
designed to utilize an abandoned limestone mine at a
depth of 2200 ft below the ground surface as an air storage
vessel. The research team conducted complex field experi-
ments and numerical models to prove the CAES system
performance capability of the mine. Norton Energy
Storage, LLC, holds the results of this research in private
company reports and in consultant files.

A number of CAES siting studies have been conducted
since 2004 in California, West Texas, Iowa, Montana, and
Alberta, Canada. The CAES siting study inWest Texas did
not proceed to construction. The Iowa siting study has
progressed with the characterization of the Dallas Center
CAES aquifer storage site for the Iowa Stored Energy Park
(ISEP). A utility in Alberta, Canada, is working on further
CAES study plans. A private wind energy company is
pursing the analysis of the technical feasibility of develop-
ing a depleted natural gas field in Montana as a CAES
storage vessel. CAES is also being considered in salt
deposit sites in Texas and Utah and in depleted gas fields
in California.

CAES ENERGY GENERATION SYSTEM

CAES is a joint application of several technologies. Each
of them has been used to commercial and technical success
for other purposes for many years. Natural gas has been
stored successfully in underground aquifers and depleted
natural gas fields since the early 1950s. Wells of various
designs have served to produce hydrocarbons for over 100 yr
and to produce water for millennia. Utilities and industry
have used combustion turbines burning natural gas to gen-
erate electricity for more than half a century. Mechanical
and chemical processes have employed pipelines and heat
exchangers to transport and manage the condition of fluids
for centuries.

CAES uses these devices and technologies to provide a
mechanical surrogate for storage of electricity. CAES
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converts electrical energy to potential energy in the form of
air pressure. That air pressure can be held in storage for
reconversion and delivery as electricity. Air pressure in the
reservoir, which provides the impetus for delivery of air to
the turbine, is ‘‘contained’’ largely in that portion of the air
that remains permanently in the reservoir; it is often
referred to as ‘‘pad air’’ or ‘‘cushion air.’’ The air that is
delivered to the turbine is often called ‘‘working air’’ and
delivery at high pressure is the product or the ‘‘energy’’
portion of the storage activity. It is important to keep in
mind that the working air also represents the bulk of the
mass flow required by the turbine, and that there must be
sufficient oxygen in the air to support combustion of fuel to
heat the air to required temperatures. The briefly stated
‘‘compressed air energy storage’’ is therefore the storage of
energy as pressure, storage of the mass of motive fluid
required for conversion to electricity, and storage of oxy-
gen for combustion. The pressure, mass, and oxygen are all
delivered simultaneously to the turbine.

Electric motors (or the generator, serving as a motor)
drive the CAES compressors and serve to collect electricity
from the grid for injection into storage as pressure. Storage
vessels or reservoirs contain the air, usually at conditions
of pressure and temperature similar to the pressure and
temperature of the native rock and fluids. Because air
withdrawn from the storage vessel cools significantly as
it is delivered to the turbine, the air must be heated before
introduction into the turbine. Some designs recover heat
from the exhaust stream in an air-to-air heat exchanger
called a ‘‘recuperator’’ and heat the air again in the CAES
turbine by natural gas combustion.

All of the hardware components of CAES facilities are
in common use for other purposes, and their applications
and behaviors are well understood. The geological compo-
nent, the reservoir that contains the air while it is in storage,
must be understood thoroughly before commitment to
major costs, because it is essential to successful CAES
system operation and to plant economics. In addition to a
favorable location electrically, the air reservoir must hold
sufficient air to deliver the quantity of air required in the
desired operating cycle, and must be able to deliver air
through the entire cycle at flow rates sufficient to support
equipment operation.

Cycle Design Considerations

The primary determinants of cycle design are the magni-
tude and pattern (the ‘‘size and shape’’) of electricity prices
for sale and purchase, respectively, by the CAES facility.
The physical capabilities of the CAES components estab-
lish limits that cannot be exceeded, so it is important to
allow for as much benefit as possible from price behaviors
and to design the CAES facility accordingly. After estima-
tions of the ideal hypothetical cycle are available, the
operating cycle can be tempered or limited by design of
the physical capabilities of the CAES equipment, including

the expander–generator unit(s), the motor–compressor
train(s), the reservoir flow rates and bulk storage capacity,
the wells and piping system, and the capacities of fuel
supply lines, transmission lines for electricity purchased
and sold, and water supply if used for cooling. In addition
to respecting these physical limitations, the design must
respect the limits on operations that may be imposed by
applicable environmental regulations, which may restrict
emissions; unit starts (by restricting emissions); noise
levels; water consumption; water discharge or condition;
injection of air; or other operating features, performance,
or behaviors.

In this iterative design process several variables may be
adjusted repeatedly and tested against one another and
against the limits imposed by design or externally. For
example, increasing the number of motor–compressor
trains may allow the CAES facility to generate for more
unit-hours or to generate from multiple units when prices
are favorable. On the other hand, the wells and reservoir
may be unable to accept air at the flow rates available from
the number of motor–compressor trains under considera-
tion. Ultimately, a system of motor–compressors and expan-
der–generators that would work with the well–reservoir
system and within the projected price regime to maximize
value of the system, or to secure predictable value with
acceptable risk expectations, is selected.

CAES units, generally, are combustion turbines that
have been modified to accommodate the conditions under
which they are intended to operate in CAES service. One
typical modification enables the CAES turbine to accept
air at higher pressures than the combustion turbine would
experience, and to translate the energy available from the
higher pressure as air expands to power and energy. For
example, the CAES cycle requires large quantities of air.
Compressing air into storage requires that the air be
subjected to pressures higher than the customary inlet
pressures of the turbine components of conventional com-
bustion turbines. A high-pressure expander is added so that
the CAES unit can capture some of the energy in the air
stored at high pressure. This results in higher output and
more efficient operation.

An air-to-air heat exchanger called a ‘‘recuperator’’ is
another modification; it functions in some ways like the
heat recovery steam generator in a combined cycle system,
but without the burdens imposed by using water and steam
in the system. The recuperator captures heat from the
exhaust stream and returns it to the air stream before the
air enters the CAES expander, avoiding waste of energy.
Because the CAES expander is no longer driving the com-
pressor, all of the ‘‘work’’ by the turbine powers the gen-
erator, which is much larger than the generator on the base
combustion turbine. Air entering the turbine is always at
conditions for which the turbine was designed, and very
near optimal conditions, so the unit does not suffer
‘‘derate’’ when ambient conditions are adverse, as other
turbines would. The compressor, now driven by an electric
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motor, delivers air into storage at temperatures and flow
rates that—with inter-cooling and after-cooling of the
air—can maximize efficiency of compressing.

Modifications of gas turbines for CAES service are
usually intended to reduce capital and operating costs and
increase efficiency by introducing air to increase their mass
flow and output. Some of these are combined with CAES
turbines or turbo-expander units. Such configurations are
sometimes referred to as ‘‘next generation CAES.’’ Although
they achieve excellent efficiencies, such combination config-
urations can become very large and can have air flow require-
ments that limit their applicability at many prospective
reservoir locations.

The combination of these modifications results in a
CAES unit that features a direct heat rate of approximately
4320 Btu/kWh and an energy ratio of approximately
0.75 kWh of compressing energy per kWh of electricity
delivered from storage. The combined consumption of a
clean-burning fuel to heat the air and of electricity acquired
at favorable prices provides for a very ‘‘clean’’ electricity
storage and delivery system operating in cycling service at
efficiencies comparable to those of ‘‘new technology’’
combined cycle units. Accordingly, costs of electricity
delivered by the CAES facility can be expected to be
quite low and would be competitive for much of the oper-
ating year.

Losses in the CAES cycle are recognized and under-
stood. However, there is a fundamental tension between
increasing thermodynamic efficiency and improving eco-
nomic efficiency. Increasing thermodynamic efficiency
generally increases the construction cost to reduce energy
consumption, and the developer or owner must decide how
much he or she is willing to invest. If CAES is to be
installed for technical reasons, then the cost may be accep-
table. However, if CAES is under consideration as a tool
for commercial management of energy or for support of
transmission system operations, then a less-expensive sys-
tem may be more desirable even if it uses more energy.

The two energy losses in the CAES system that offer the
greatest opportunity for improvement of energy efficiency
in CAES designs are the heat of compression and the
storage pressure to the extent it exceeds the turbine inlet
pressure. GE and RWE, a utility based in Germany, have
announced a joint effort to develop ‘‘advanced adiabatic
CAES’’ that would minimize emissions and fuel consump-
tions of CAES operation by capturing the heat of compres-
sion and using the stored heat to heat the air before it enters
the turbine. This approach would eliminate much or all of
the need to use a primary fuel for heating the air, and would
eliminate the emissions associated with combustion of
fuels. The challenges are to identify and produce a storage
medium that will be efficient and inexpensive at the
desired scale. The consortium has not published reports
of its progress. The energy represented by storage pres-
sures greater than turbine inlet pressures is a relatively
small amount of energy, and converting it usefully would

require expensive equipment and, generally, additional
heat to accommodate the CAES cycle. That may be the
next opportunity for improvement.

The fundamental electricity balance of a CAES system
is determined by the prevailing operating conditions and
the facility design. Until the equipment design is complete
and conditions for a specific reservoir and location are
known, it is convenient and reasonable to state the electri-
city balance as:

Electricity ðenergyÞ delivered · 0:75
¼ Electricity ðenergyÞ required for compressing (1)

The basic energy requirement to enable CAES to deliver
1 kWh of electricity is:

0:75 kWh of electricity to compress
þ 4320Btu of fuel (2)

Then the basic variable or operating cost of energy for this
CAES system becomes:

Cost per energy unit delivered

¼ Energy received for compressing

· Price of electricity to compressð
þ 4320Btu=kWh deliveredÞ þ VariableO andM costs

(3)

In these equations, 0.75 is the ‘‘energy ratio’’ (the dimen-
sionless ratio of the quantity of electricity required for
compressing to deliver one unit of electricity from the
storage system) and 4320 Btu/kWh is the direct fuel heat
rate of the CAES system. Accordingly, operating costs are
fuel, compressing energy, and variable operation and
maintenance costs. Fixed costs are not included in this
variable cost calculation.

Assumptions for Analysis

The major components of a CAES facility are the turbine–
generator, the motor–compressor train(s) (i.e., there may
be more than one motor–compressor train, and they may
serve more than one turbine–generator), the reservoir sys-
tem (reservoir, wells, and piping), the recuperator, and the
interconnections. Without detail of control system and
interconnections, the major components are identified in
the sketch shown as Fig. 2.

Other configurations of equipment are offered as
‘‘CAES designs’’ that would utilize air delivered from
storage in combination with a combustion turbine. In
some cases, the air would supplement the air delivered to
the turbine from its integrated compressor; in other cases,
the air would be delivered to a turbine using only stored air.
Some designs would combine the two and have two large
turbines operating in tandem with heat from the combus-
tion turbine used to heat the air entering the CAES turbine.

Compressed Air Energy Storage 5
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Such configurations can be quite efficient, but they are
likely to serve as generators of electricity rather than
energy management or energy cost management devices
and are not intended to offer the range of services that a
CAES unit designed for the sole purpose of energy man-
agement (and energy cost management) service could
provide.

Mass flow available from the motor–compressor trains
is a function of design, and motor–compressors can be
selected to optimize the operating cycle and the value of
CAES services. This is a major difference between CAES
systems and other combustion turbine systems. It is a
benefit because the CAES system can be designed to
serve a specific market, location, and circumstance. It is a
disadvantage because it requires considerable thought and
analysis rather than simply selecting a standard unit.

CAES ENERGY STORAGE SYSTEM

The design and operation of an underground air storage
system is based first on the concept of multiple barriers to
airflow and second on reservoir engineering hydraulic
principles. An additional principle is that air pressures
must not compromise the stability or integrity of the vessel
by creating potential pathways (fractures) for air migra-
tion, and/or the loss of storage space due to collapse or
chemical reactions. Thus, the goals of any air storage
vessel selection and characterization study are to confirm
the stability of the vessel at anticipated air storage pres-
sures and to determine, and quantify if possible, the poten-
tial for air migration from the vessel. The key elements of
an air storage facility are a geological containment struc-
ture, an air storage cavity or reservoir, a system of injection
and withdrawal wells, and surface compression.

Air, natural gas, and other fluids have been stored in
porous media structures, solution-mined salt cavities, and
excavated mines since 1955.[1] The CAES potential of each
of these types of air storage vessels is provided below.

CAES in a Solution-Minded Salt Cavity

Natural gas and air has been stored successfully in
solution-mined salt cavities because of the impermeability
of the salt. Salt is an attractive medium because it functions
as a self-healing material. The process of solution mining
causes the salt to recrystallize along the cavity walls,
creating an essentially impermeable surface. The crystal-
lized salt membrane, the exceptionally low matrix perme-
ability, and the plastic nature of salt enable it to seal
secondary fractures in the rock to create a nearly ideal
gas storage vessel. In salt, natural gas and air storage
pressure ranges can exceed hydrostatic pressure for
extended periods without impairing the integrity of the
storage cavity.

The solution mining of salt process typically forms
elongated irregular-shaped cavities within the salt bed or
salt diaper structure (Fig. 3). The solution mining of salt
involves the injection of water through a well into the salt
bed or dome structure. The dissolved salt in the water
solution is then extracted through the annulus of the
water injection well for disposal at the surface (Fig. 3).
Factors that impact the development and use of solution-
mined salt cavities are as given below:

! Limits on the physical size the cavity
! Removal of non-soluble impurities in the salt

formation
! Disposal of the solution-mined salt
! Potential collapse of the cavity because of plasticity

of salt

Of these factors, the presence of non-soluble impurities in
the salt formation and the disposal of the solution-mined
salt are the most problematic.

CAES in an Excavated Mine Cavity

Natural gas storage in excavated mines has been limited to
only a few mines worldwide. The design and operation of a
mine air and/or gas storage system is again based on the
concept of multiple barriers to gas flow. The primary
barrier to air migration in a mine is the relatively low
permeability of the host rock surrounding the mine open-
ing. The second barrier is the relatively low permeability of
the overburden rock above the mine (Fig. 4). An additional
principle is that air pressures must not compromise the
stability of the mine by creating potential pathways (frac-
tures) for air migration and/or the loss of storage space due
to collapse. The primary issue with air and gas storage in a
mine is the integrity of the mine structure.

Most metals bearing ore deposits are associated with
active tectonic regions. Typically, the integrity of the mine
host rock has been compromised in these regions due to
faulting, fracturing, and volcanic intrusions. The integrity
of an ore-bearing mine for air and natural gas containment
is typically poor because of the active geological environ-
ments associated with mined ore deposits. This is reflected
in the need for dewatering in most ore mines. Ore-bearing
mines are problematic for gas and air storage because they
are designed to maximize ore extraction, which can com-
promise the integrity of the mine structure. Furthermore,
mines that have been excavated extensively tend to be well
ventilated, and all openings must be found and sealed to
accommodate air storage.

Usually mines suitable for air and gas storage are on the
stable portion of a continent, and not in areas of active
tectonic activity. Geological sedimentary basins composed
of limestone or dolomite rock are excellent examples of
mines within stable portions of a continent that are suitable
for air and gas storage. Typically, limestone and dolomite
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Fig. 3 Sketch of a typical solution-mined salt cavity.
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rocks are relatively impermeable. In addition, faulting is
typically limited or absent, with only minor fractures or
rock discontinuities. However, there are a relatively limi-
ted number of existing deep limestone and sedimentary
rock mines compared to metal mines.

An underground mine is typically open to the atmos-
phere only through the existing mine access shaft(s).
Mineshafts must be sealed with impermeable plug materi-
als (Fig. 5). In addition, exploratory boreholes and any
ventilation boreholes that penetrate the mine must be
found and plugged to prevent gas leakage. The mine is
developed for air storage by constructing conventional
natural gas-type wells from the surface into the mine
(Fig. 4).

Norton Mine CAES system

The Norton Mine operations began in the early 1940s as
a raw material source of high-grade calcium carbonate
(calcite) ore that was used by Pittsburgh Plate Glass
Company (PPG) for the production of synthetic soda ash.
The rock was later used for cement production. Mining
operations ceased in 1976. PPG maintained access to the
mine from 1976 to 1999. Norton Energy Storage, LLC,
currently maintains access to the mine.

The Norton Mine was developed by the systematic
removal of about 338 billion cubic feet of limestone at a
depth of about 2200 ft below the surface. The mine covers
an irregular-shaped area of about 7000 by 4000 ft (occupy-
ing some 450 acres) (Fig. 6). At present, access to the mine
is through one of the two mineshafts. Both shafts were
constructed in 1942. Both shafts are a 16 by 7 ft clear
opening (inside steel sets), and are concrete lined from
the collar to approximately 70 ft above the mine floor; a
section of the lining was left open for entrapment of surface
water at the 300 ft depth in both shafts. The shafts are 550 ft
apart. The depth of Shaft #1 is 2323 ft below the ground
surface. The depth of Shaft #2 is 2258 ft below the ground
surface. The floor of the mine in the area of the shafts is
about 2249 ft below the ground surface.

The mine was developed laterally from the shaft areas
using a system of rooms and pillars. Specially, the mine
was constructed using long panels, with cross-link passage
ways to connect panels. The link passages served mostly as
communication corridors (e.g., ventilation), with a back
height of about 20–25 ft. The gross mine geometry has a
north–south and east–west hallway grid pattern (Fig. 6).
Initially, the rooms and entries were on 80 ft centers, with
entry dimensions 28 ft wide by 25 ft high. Subsequently,
the entry and room configurations were on 75 ft centers
with both room and entry widths of 32 ft.

The three panel room heights of 17, 28, and 47 ft are
control mined by splitting the limestone on 2–3-in.-thick
major shale and oil shale bedding planes that are contin-
uous over the entire area of the mine. Approximately 47%

of panel rooms are 17 ft high, 21% are 28 ft high, and 32%
are 47 ft high (Fig. 6).

This room and pillar mine configuration is remarkably
stable owing to a combination of careful application of drill
and blast mining methods, an unusually low 40–50%
extraction ratio, and a very competent and relatively
unfractured host rock mass. As a result, decreasing
amounts of ground support were used as excavations pro-
gressed using the experience of stability. Most of the mine
remains unsupported. Certain high-traffic areas were roof-
bolted for safety. No large rock falls have occurred in the
mine since closure in 1976; the limited number of falls that
were observed during the recent characterization were
mining related.

The Norton Mine manifests characteristics resembling
both porous media storage systems and mined salt cavity
storage systems. Like a salt cavity, the Norton Mine is
essentially a dual-porosity flat-lying aquifer storage sys-
tem. The open mine space has infinite reservoir permeabil-
ity and porosity (open space). The limestone host rock has
an extremely low permeability, thus the dual porosity. Air
can flow freely into and out of the mine through the air
wells. The geological structure of the mine host rock, the
saturated shale caprock above the mine, and the hydraulic
pressure of the aquifer fluids (salt water and kerogen che-
mical composition) all serve to contain air and keep it in the
mine.

The Norton Mine is very well suited to the requirements
of an air storage facility, and may be exceptional in that
regard. Studies show that it is feasible to develop the
Norton Mine for use as an air storage vessel for CAES.
The limestone, in general, is microcrystalline, massive, and
homogenous with very few discontinuities that would sig-
nificantly affect air storage performance. Modeled esti-
mates of mine stability under dynamic pressure loads
indicate that the integrity of the mine will not be compro-
mised. The pressurized air may relieve some of the stress
on the mine walls and roof, but stress relief will be within
the elastic properties of the limestone.

The limestone and shale caprock have an extremely low
permeability to air. Air migration rates seem to be extre-
mely low; the air front does not advance more than 60 ft
into the surrounding rock after 50 yr of pressurization, and
the system appears capable of supporting full development
of the proposed facility (Fig. 7).

CAES in Aquifer-Water-Bearing
Geologic Structure

Storage of air and natural gas in porous media structures
has been successful because of the multiple geologic and
hydraulic barriers to fluid migration. Specifically, air and
natural gas are contained in porous media by a geological
structure, a relatively impermeable water-saturated shale
or carbonate caprock, and the hydraulic pressure of the
aquifer fluids (Fig. 8). Air and natural gas are typically
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Fig. 5 Conceptual shaft plug design for CAES mine storage vessel.
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stored in a storage reservoir at pressures that cycle above
and below the hydrostatic pressure for relatively equal
periods (Fig. 9). Thus, the net volume of natural gas stored
is relatively constant. Operating pressures at the surface are
designed to respect the range of reservoir-operating
pressures.

CAES in an aquifer storage system works most effi-
ciently if the pressure differences between the injection and
the production cycles do not vary widely (Fig. 9). This
principle leads to maintaining a large volume of gas in
the reservoir; maintaining a more or less constant pressure
keeps operating costs lower. The air that remains in the
reservoir is the so-called cushion air. CAES reservoir
models of various potential aquifer structures in the
United States show that the minimum air bubble necessary
to support one Dresser Rand 134 MWe power unit is 5
billion cubic feet of air.

Deliverability (i.e., the rate at which air can be with-
drawn from storage) is generally considered the key design
criterion for a gas storage reservoir and is a critical factor in
selecting a CAES pool. The air mass flow rate needed to
support one Dresser Rand 134 MWe power unit is 400
pounds per second. This equates to 467 million standard
cubic feet per day (MMscfd) of air production from the air

reservoir. This is considered a significant airflow rate from
an individual air/gas field. Approximately 15 air injection/
withdrawal wells are considered the economic upper limit
for a single CAES aquifer storage unit. A 467 MMscfd air
deliverability requirement will limit the number of avail-
able aquifer structures suitable for CAES.

There are many factors that affect the injection into and
production (withdrawal) from a gas storage reservoir. Our
particular concern is the cushion gas; this volume is critical
to efficient air storage. While not referenced directly, air
storage reservoirs have reservoir pressure constraints that
should not be exceeded—both high and low pressures
(Fig. 9). The maximum design pressure prevents hydraulic
fractures that might cause the system to leak. The mini-
mum design pressure is set to maintain the required volume
of cushion gas.

CAES in aquifer storage media is problematic in con-
straint of air storage pressure around the hydrostatic pres-
sure of the aquifer, limitations on well productivity, the
potential for oxygen depletion, and the potential of water
production with the air. Mitigation of these issues is depen-
dent on the selection of an anticline structure at the proper
depth, and the choice of highly permeable porous media.
The presence of a caprock above the air storage zone is also

17 ft high ceiling

28 ft high ceiling

48 ft high ceiling

Fig. 6 Norton Mine plan.
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Fig. 7 Hydrologic characteristics of Norton Mine.
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a key factor. The verification of the integrity of the caprock
in an aquifer storage structure can only be confirmed for
purposes of project development by the injection of a test
volume of air, often at considerable cost. In addition,
exploratory drilling is typically necessary to confirm the
geometry of the confining geological structure. Thus, the
siting criteria are essential to the success of a CAES aquifer
storage system.

CAES in Depleted Gas Fields

Natural gas is found in both water-driven aquifer structures
and in stratigraphic gas trap structures. A water-driven gas
field behaves like any aquifer air storage system with the
only difference being three phases of flow: air, natural
gas, and water. Stratigraphic gas traps are described as
‘‘volumetric-type’’ gas pools. CAES in depleted gas reser-
voir works because of the space in the porous reservoir left
by the natural gas produced from the field. CAES in
depleted natural gas fields is considered technically feasi-
ble. The merits of CAES in a depleted gas field are that we
know the following:

1. The structure can contain air
2. The pressure history of the pool
3. The gas or airflow potential of individual wells

One of the key issues of air storage in a depleted gas
field is the mixing of air with the residual natural gas in the
storage reservoir. The potential for spontaneous combus-
tion in the depleted gas/air storage reservoir, the combust-
ibility of the air/natural gas mix in the turbine, and
detrimental chemical reactions such as oxygen depletion
in the stored air must be resolved before a CAES facility
can be commercially developed.

CAES in stratigraphic gas trap structures

CAES in a depleted stratigraphic gas trap structure that is
also a depletion or volumetric-type gas pool demonstrates
character of both porous media and a solution-mined salt
cavity. In a stratigraphic trap-volumetric gas field, gas is
contained by the limited areal extent of the porous media
and/or possible confining geologic faults. These gas fields
are typically associated with highly permeable channel
sands that are confined by extremely low-permeability
rock that surrounds the gas-bearing channel sand. The
gas-bearing sand is typically not associated with a regional
aquifer system. As a result, like in a solution-mined salt
cavity, there is no or limited water drive to support reser-
voir pressures. The gas reservoir pressure is typically
related to the burial depth of the gas-bearing sand forma-
tion that is closely related to what the hydrostatic pressure
would be at that depth. However, gas reservoir pressure can
be above or below a typical hydrostatic pressure.

The reservoir pressure in a depletion or volumetric-type
gas pool will continue to decline as the gas is produced
according to the ‘‘ideal gas law’’ of:

PV ¼ nRT (4)

where P is the pressure of gas in the reservoir in psi, V is the
volume of the pool reservoir in cubic feet, n is the moles of
gas contained (at 60&F and 14.7 psia), R is equal to 10.732
(a constant for natural gas); and T is the gas temperature in
degrees Rankine.

The volume of gas in the reservoir is a function of pore
space within the gas-bearing sand. Gas flow rates from
producing wells are limited by the permeability of the
gas-bearing sand and the pressure of the gas pool and
below those rates are controlled mechanically.

CAES in a depletion or volumetric-type gas pool will
first require the repressurization of the depleted gas pool
with air to the pressure required to operate the CAES turbo-
machinery system. The pool pressure would need to be
restored to the initial pool pressure to achieve the initially
reported gas/air flow rates. Overpressurization of the reser-
voir to approximately 0.6 of the lithostatic rock pressure
would increase air storage vessel performance. Second, air
would be cycled in and out of the air vessel to match the
CAES turbo-machinery system. The number of wells
required to achieve the required mass flow rate of air to
the turbine will be a critical system design and cost
parameter.

Air and natural gas mixing issues

Air has never been stored in a depleted natural gas field for
use as an energy storage system. It is unknown if chemical
reactions between air and natural gas in a depleted field
will create an explosive environment, or whether the stored
gas will be oxidized to the point that it cannot support
combustion of natural gas in the turbine. It is also unknown
if it is possible to create an air bubble in a depleted gas field
that can store and deliver the required air mass flow rate at
a pressure adequate to operate CAES turbo-machinery.

The development of a depleted gas field will require the
injection of several billion cubic feet (BCF) of compressed
air into the center of the reservoir to create an air bubble to
replace the natural gas produced from the field. The com-
pressed air will displace the remaining natural gas toward
the perimeter of the gas bubble. The resulting air/gas bub-
ble can be divided into the following three sections:
1) working air center; 2) oxidized air cushion; and 3)
natural gas perimeter (Fig. 10).

The subsurface environment in most porous sedimen-
tary rocks is generally chemically reducing, i.e., it tends to
reduce oxygen to a lower oxidation state. Free oxygen
cannot exist without reaction with the substances present
that cause the reducing conditions. The injection of air and
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oxidizing fluid into this chemically reducing environment
results in chemical reactions between the following:

! Air and natural gas
! Air and connate water
! Air and reservoir host rock

Geochemical analysis indicates it is technically feasible
to develop a depleted natural gas field as a CAES storage
vessel. Key points from our research are given below:

1. Will we have an explosive mix of air and natural gas
in the reservoir or in the turbo-machinery?
Not as long as the concentration of methane in the
wellbore and turbo-machinery does not exceed 3.8%
of the gas volume.

2. Will the cushion and work air be oxidized to an inert
state?
Initially two-thirds of oxygen in the air injected into
the reservoir will be essentially consumed by oxida-
tion. The cushion gas would primarily be nitrogen
(Fig. 9). This initial volume of gas will displace the
residual natural gas to the perimeter of the reservoir.
A volume of working air is then injected into the
reservoir with very limited loss of oxygen to oxidation.

3. Will there be a significant loss of reservoir permeabil-
ity because of precipitation from oxidation reaction?
If the pyrite concentration in the porous reservoir
rock is small, the degradation in permeability due to
oxidation is unlikely to have any significant impact
on CAES plant operation.

Conclusion
CAES is a process for storing and delivering electric
energy. A CAES facility consists of an electric generation
system and an energy storage system. Off-peak electricity
at night and from renewable resources is stored as com-
pressed air in a geological air storage vessel. During inter-
mediate- and peak-demand periods, compressed air is
released from the pressured energy-storage system, heated
by combustion of natural gas, and used to drive high-
efficiency turbines to produce electricity.

CAES provides considerable benefits to the operation of
electric transmission systems. CAES has the potential of:
1) balancing electric operation system loads; 2) displacing
the use of costly gas turbines to supply peak power;
3) providing a ‘‘battery’’ for wind electric generators; and
4) improving the efficiency of base load coal and nuclear
power plants.

Earth-based structures suitable for use as air storage
vessels include the following: 1) solution-mined salt cav-
ities; 2) excavated mine cavities; 3) aquifer-water-bearing
geologic structures; and 4) depleted natural gas reservoirs.
Two existing CAES power plants successfully utilize
solution-mined salt cavities as air storage vessels. CAES
system characterization and performance studies of the
NortonMine in Ohio, of the Dallas Center aquifer structure
in Iowa, and a depleted gas field in Montana all demon-
strate the technical feasibility of these types of air storage
vessels for CAES service.
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