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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 is stored as air pressure in a geological
storage vessel. During intermediate and peak demand periods, the compressed air is
released from the pressurized energy-storage system, heated by combustion of natural
gas, and used to drive high-efficiency turbines to produce electricity. CAES technology
requires the matching of operating pressure and flow rate of a geological air storage
vessel to that required by traditional turbo-generator equipment. 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 option. Earth-based structures suitable for service
as air storage vessels include 1) aquifer geologic structures, and 2) depleted natural gas
reservoirs, 3) solution mined salt caverns, and abandoned mines.

The focus of this article is the design analysis of both an aquifer geological structure and
a depleted gas reservoir to match the CAES turbo-machinery operating mass flow rate
and pressure requirements. The article evaluates the geological storage design criteria for
the depth and size of the CAES geological storage structure. It also evaluates the
hydraulic properties of the air storage rock medium necessary to support the required air
mass flow rates and pressures.

1. INTRODUCTION

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 (Figure 1). Off-peak electricity at night is stored as air pressure in a
geological storage vessel. During intermediate and peak demand periods, the compressed
air is released from the pressurized energy-storage system, heated by combustion of
natural gas, and used to drive high-efficiency turbines to produce electricity.

<Figure 1 near here>
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Figure 1. Elements of a CAES Storage System

CAES technology requires the matching of operating pressure and flow rate of a
geological air storage vessel to pressure and flow requirements of traditional turbo-
generator equipment. The current approach to developing a CAES facility is to find a
geological air storage vessel 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. Major mechanical components of the CAES system are the
motor-compressor train(s), and the CAES turbine-generator train (Figure 1).

The energy storage system 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
turbine. The stored energy and mass are used to turn the electricity-generating turbine.
Key elements of the energy storage system are the air storage vessel and air injection and
withdrawal wells (Figure 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
option. Earth based structures suitable for service as air storage vessels include 1) aquifer
geologic structures, and 2) depleted natural gas reservoirs. The focus of this article is the
design analysis of both an aquifer geological structure and a depleted gas reservoir to
match the CAES turbo-machinery operating mass flow rate and pressure requirements



2. HISTORY OF CAES DEVELOPMENT

The concept of CAES was developed in the early 1970’s. Drs. D.L. Katz and E.R. Lady
at the University of Michigan published one of the original works on CAES in 1976,
entitled Compressed Air Storage for Electric Power Generation (Reference). In their
book, they applied natural gas storage principles to CAES.

The first commercial CAES facility was successfully constructed in Huntorf, Germany in
1978 (Reference). The original Huntorf CAES plant was 290 megawatts (MW), and was
operated by E.N. Kraftwerke utilizing a solution mined salt cavity. Subsequently, the
Mcintosh 110 MW CAES power plant was constructed 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.

The U.S. Department of Energy and the Electric Power Research Institute (EPRI)
conducted an air injection field experiment at the Pittsfield structure in Illinois in 1982 to
investigate the use of an aquifer air storage system. The experiment demonstrated the
technical feasibility of air storage in an aquifer (water bearing) geological structure. The
results of this research were published by EPRI (Reference) in a report available to EPRI
member utilities. Pacific Gas and Electric conducted an air injection test in a depleted gas
field in California in 2015 and 2016. This test proved the viability of CAES in a depleted
gas field.

A number of CAES siting and development projects were conducted since the late
1980’s. CAES projects in California, lowa, Montana, Nebraska, Texas, and Alberta,
Canada used aquifer and depleted gas field storage vessels. A CAES project in Norton,
Ohio used an abandoned limestone mine. Active CAES projects under development
include the use of solution mined salt caverns in Texas, Utah and Larne, Northern
Ireland. M.J. King and M.J. McGill published an article that provides a comprehensive
overview of CAES technology and the market for CAES in the 2010 Encyclopedia of
Energy Engineering Technology (Reference).

3. POWER TRAIN REQUIREMENTS

As previously stated, CAES technology requires the matching of operating pressure and
flow rates of a natural air storage vessel to pressure and flow requirements of traditional
turbo-generator equipment. A limited number of electric power plant manufacturing
companies have invested in the design of CAES power plant facilities. Dresser-Rand, a
Siemens Business, designed and constructed the Mclntosh CAES power plant and is
developing CAES power plant designs for multiple CAES projects. Dresser-Rand’s
CAES turbo-machinery design requirements for their 135 MW and 160 MW high
pressure CAES power plant units are used for the energy storage system design analysis
discussed in this article.



The two key criteria for the operation of turbo-generator machinery are air mass
flow rate and flowing air pressure. An air mass flow rate of 400 pounds per second
(#/sec) is needed to operate the 135 MW and 160 MW Dresser-Rand CAES turbo-
generator units. A flowing air pressure of 920 pounds per square inch absolute
(psia) is required for the 135 MW-unit, and a pressure of 2150 psia is needed for the
160 MW-unit.

3.1 Required Air Mass Flow Rate

The design of the required air flow rate for the air storage reservoir is defined in millions
of standard cubic feet per day (MMscfd) versus an air mass flow rate defined in #/sec.
The conversion of 400 #/sec to MMscfd is as follows:

1. Required Air Flow Rate (M) (one pound mass (Ibm) = one pound (Ib) =
0.45359 kilogram (kg))
Minimum Turbine Inlet Air Flow Rate = 9600 1bs/MW/hour (hr) or 400 #/sec.
400 #/sec = 181.44 kg/sec.
Total Daily Flow Rate = 181.44 kg/sec x 16 hr run time/day x 3600 seconds
(sec).
M =10.45 x 10° kg/16 hr run time
Or
Minimum turbine inlet Air Flow Rate: 400 Ibm/sec. = 1,440,000 Ibm/hr.
= 181.44 kg/sec = 653 kg/hr
Total Daily Air Mass Flow Rate (16 hrs.) = 23.04 x 10° Ibm/day
=10.45 x 10° kg/day
Gas Density (Pair)
a. Assume Ideal Gas Law Applies
Pair = P X 28.97 /RT  Where: p,;; = density of air, kg/meters’ (m’)
P = pressure in Pascal (Pa)
R = air constant (8314)
T = temperature (Absolute-Kelvin (K))

b. Pressure, P
Assume P = 830 psig or 844.7 psia or 57.46 atmospheres = 5.82 x 10° Pa

c. Temperature, T
Assume T =29.11° Centigrade (C) =302.25° K or 110° Fahrenheit (F)
Then pair =P x 28.97 / RT = (5.82 x 10° x 28.9) / (8314 x 302.25)
Pair = 66.93 kg/m’

2. Required Air Volume (V) and Reservoir Air Flow Rate
V=M/ pair = 10.45 x 10° kg/16 hr run time / 66.93 kg/m’
V=156x10m’or  5.51x 10° feet’ (ft)

Or 5.51 MMscf /16 hr run time or 8.27 MMscf/day flow rate (24 hours)



3. To convert the volumetric rate Qy in MMSCFD (air production units)
to the mass rate Qy in kg/second (sec) (units used by the compressor):

Multiply Qv by the following factors:

(1) 1/86,400 (conversion from per-day to per-sec)
(2) 0.0283 (conversion from ft’ to m)
(3) 1.1857 (the density of air at standard conditions)

Thus, the cumulative conversion factor is:
0.0283*1.1857/86,400 = 3.884¢-7

4. Required Flow Rate in equivalent airflow rate at standard cubic feet units is:
Qv =Qwm/ 3.884e-7
Qv = 181.44 kg/sec / 3.884¢-7

Qv =467 MMscfd or approximately 0.5 billion cubic feet (Bcf) per day

A 0.5 Bcf per day air flow rate (rate for a single CAES power train unit) from an aquifer
or depleted gas reservoir is significant relative to historical natural gas storage production
rates from high deliverability gas fields. A number of CAES projects intend to use either
two 135 MW or two 160 MW in a single air storage vessel. In those cases, the required
airflow rate will double to 1 Bcf per day. To support a 0.5 Bef per day airflow rate, an air
storage bubble containing several Bcef of air and multiple air injection/withdrawal wells
will be required.

3.2 Required Flowing Air Pressure

Dresser-Rand CAES power plant equipment can operate over a range of operating
pressures to the turbine inlet for power outputs from 60% to 100% gross power output.
As stated earlier, the minimum required air pressure at the turbine for 100% gross power
output is 920 psia for the 135 MW unit and 2,150 psia for the 160 MW unit.

4. HOW DOES A CAES ENERGY STORAGE SYSTEM WORK? MATCHING
THE STORAGE SYSTEM TO CAES POWER TRAIN REQUIREMENTS

CAES systems in aquifer geologic structures or depleted gas storage reservoirs are
feasible because we know that natural gas has been contained in deep geological
structures for millions of years. We also know it is feasible due to more than 60 years of
experience using aquifer geologic structures and depleted gas storage reservoirs for
seasonal natural gas storage service. However, the challenge lies in the matching of the
energy storage system to the CAES power train requirements defined above.

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 geological vessel by creating potential pathways (fractures) for air
migration, 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 pressures, and to determine (and quantify,
if possible) the potential for air migration from the vessel.

The air storage vessel is developed by injecting air through a system of wells into the
aquifer geological structure to create an air bubble to support the air mass flow rate and
pressure required to operate the turbo-machinery during peak and intermediate power
generation periods. The key elements of an air storage facility are 1) a geological
containment structure, 2) an air medium (geological formation), 3) a system of injection
and withdrawal wells, and 4) surface compression. Figure 2 provides a geological cross-
section through the crest of a CAES aquifer structure. The CAES aquifer structure system
consists of a porous medium (e.g. sandstone or porous carbonate rocks) and an
anticlinal/dome geological structure that forms the air containment vessel (Figure 2). The
stored air is contained within the confined limits or “air spill point” of the dome structure.

<Figure 2 near here>
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Figure 2. Sketch of a Typical CAES Aquifer Geologic Structure

The geological structure is confined by a relatively impermeable and water saturated
caprock that is typically a shale or carbonate type rock (Figure 2). The air storage system
is further confined by approximately 3,000 feet of rock overburden.



The hydraulic property barriers of the CAES aquifer storage system are a function of 1)
the lithostatic rock pressures within the geological structure rocks, and 2) the hydrostatic
fluid pressures within both the caprock and permeable air storage medium. The stored air
bubble is contained within the storage system by limiting the air pressure in the bubble to
less than the lithostatic pressure within the caprock. Air is typically stored in the storage
system at pressures that cycle above and below the hydrostatic pressure for relatively
equal periods. The hydrostatic pressure provides a driving force within the aquifer that
counters the migration of air laterally into the regional aquifer system. This force acts like
a compensating pressure against the air bubble pressure. This condition is referred to as a
“water drive” aquifer storage system. Thus, the net volume of natural gas stored is
relatively constant. Operating pressures at the surface are designed to respect this range
of aquifer-operating pressures. The hydraulic properties of the caprock medium also
provide a primary barrier to vertical air migration due to capillary pressures within the
rock.

Underground air storage bubbles contain what is known as ‘base air’ or cushion air. This
is the volume of air that must remain in the storage facility to provide the required
pressurization to extract the air. In the normal operation of the storage facility, this
cushion air remains underground. The storage system works most efficiently if the
pressure differences between the injection and the production cycles do not vary widely.
This leads to a need to maintain a large volume of air bubble in the storage vessel, and
maintaining a more or less constant pressure that keeps operating costs lower. The air that
is produced during the electric power generation period is called the working air volume.

4.1 CAES in a Depleted Gas Reservoir

Of the types of oil and gas bearing geological fields, only depleted natural gas fields are
an option for CAES development. The presence of oil in the reservoir would damage the
turbine blades in the CAES power generation equipment. Also, the potential for oxygen
loss in the stored air and the potential of in-situ combustion in the residual oil in the
reservoir is an unacceptable risk. Depleted gas reservoirs are those formations that have
already been tapped for a majority of their recoverable natural gas. This leaves space in
an underground formation geologically capable of holding air. Depleted reservoirs are
particularly attractive for CAES use because their geological characteristics are already
well known.

Natural gas is found in both water-drive aquifer structures (Figure 3) and, geological
stratigraphic or fault traps. Figure 3 is a geological cross-section through the crest of a
CAES water-drive depleted gas aquifer type reservoir. A CAES water-drive depleted gas
reservoir behaves like any aquifer gas storage system, described above, with the only
difference being the presence of residual gas. The CAES water-drive depleted gas
reservoir requires the displacement of the residual gas in the reservoir from the working
gas volume to prevent the potential of combustion of the gas in the turbo-machinery, as
illustrated in Figure 3. It is also necessary to displace the residual gas from the working
air volume to prevent oxidation of the stored air into the turbo-machinery. Note that there



is an air and residual natural gas mixing zone at the extremities of the air bubble at depth
and at the outer boundaries of the reservoir (Figure 3).

<Figure 3 near here>
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Figure 3. Sketch of a Typical CAES Depleted Gas Aquifer Type Reservoir.

Depletion gas traps are described as “volumetric” type gas reservoirs. As the natural gas
was produced from the field the reservoir pressure continued to drop. There is no water-
drive in a volumetric type gas field. Gas production is stopped when an uneconomically
low reservoir pressure is achieved. The use of a volumetric type depleted gas reservoirs
for CAES is a reliable type of CAES storage system, but will require the replacement of
essentially all of the produced gas to restore the reservoir to the original discovery
pressure.

4.2 Matching the CAES Storage System to the Turbo-Machinery

The matching of the CAES storage system to the turbo-machinery involves 1) the
determination of the required reservoir volume, 2) the design of the air storage pressure
cycle, and 3) reservoir air flow rates (deliverability) relative to the number of air
injection/withdrawal wells. The specific design conditions for these parameters are
provided below.

4.2.1 Required Reservoir Air Storage Volume

The air storage potential within geological aquifer structures and depleted gas reservoirs
is significant. These geological structures typically have surface areas of several square
miles. In addition, the thickness of the air storage porous media (geological formation)
can be several hundred feet thick. The available pore space within the porous air storage



media is typically on the order of 25% to 30% of the available storage volume within the
containment geological structure.

The development of the air storage bubble in the aquifer structure or reservoir involves
injection of air into the formation through wells to build up pressure. In this sense, the
underground formation becomes a pressurized natural air container. As the pressure in
the storage facility increases to what is required by the turbo-machinery, air can be
extracted more readily.

Working air is the volume of air in the storage reservoir that can be extracted during the
normal operation of the storage facility. This is the air that is being stored and withdrawn
to operate the turbo-machinery. The capacity of storage facilities normally refers to their
working air capacity. At the beginning of a withdrawal cycle, the pressure inside the
storage facility is at its highest; meaning working air can be withdrawn at a high rate. As
the volume of air inside the storage facility drops, pressure (and thus deliverability) in the
storage facility also decreases.

The air storage capacities of selected CAES candidate aquifer structures, or reservoirs
have been on the order of 10 Bcf to over 30 Bef. These air storage volumes exceed the
working air volume of 0.5 to 1 Bef per day by 10 to 30 times what is needed to operate
the CAES turbo-machinery.

4.2.2 Required Reservoir Air Pressure Cycling

The minimum required air pressure values at the storage system wellhead(s) are the
minimum pressures at the turbine plus any pipeline friction pressure loss from the
wellhead to the turbine inlet. The minimum air bubble pressure in the reservoir is the
wellhead pressure plus any well casing pressure friction losses.

The pressure regime within a porous media storage system is a function of the depth to
the top of the geological storage structure that defines the hydrostatic pressures of aquifer
fluids within the porous storage media and caprock materials. Essentially all rock below a
given depth below the ground surface contains groundwater. This includes aquifer type
oil and gas reservoirs at various stages of depletion. The pressure gradient of these
groundwater fluids results in a linear relationship between depth and hydrostatic pressure
(Figure 4). The pressure gradient of reservoir fluids is specific to the type of fluid, such as
fresh water, and brine. Figure 4 illustrates the pressure gradient with depth for water and
brine aquifer fluids.

<Figure 4 near here>
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Air storage projects work most efficiently if the pressure differences between the
injection and the production cycles do not vary greatly (Figure 5). Withdrawal and
injection of only a fraction of the total air in the aquifer structure or reservoir reduces the
pressure difference between the withdrawal and injection cycles. This principle leads to
maintaining a large volume of air in the aquifer structure or reservoir and maintaining a
more or less constant pressure.

<Figure 5 near here>

Both aquifer structures and reservoirs also have pressure constraints that should not be
exceeded (Figures 4 and 5). The maximum design pressure is defined by some percent of
the lithostatic rock pressure that prevents hydraulic fracturing of the air storage system
rocks that might cause the system to leak. The lithostatic rock pressure is approximately
1.0 psi per foot of depth (Figure 4). Safe air storage pressure to prevent hydraulic rock
fracturing ranges from 0.6 to 0.8 of the lithostatic pressure. State regulatory agencies
have set the maximum air storage pressures between 0.6 to 0.65 of the lithostatic pressure
in aquifer structures and depleted gas reservoirs (Figure 4). The minimum design
pressure is set to maintain the required volume of cushion air and an adequate pressure
differential at the wellhead to support air deliverability.
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4.2.3 Reservoir Air Flow Rates- Deliverability

Geologically, depleted reservoir formations must have relatively high permeability and
porosity. The porosity of the formation determines the amount of natural gas that it may
hold, while its permeability determines the rate at which natural gas flows through the
formation, which in turn determines the rate of injection and withdrawal of working gas.

Deliverability is the rate at which air can be injected and withdrawn from storage. There
are many factors that affect the deliverability (injection into and production rate from
individual air wells within the air storage system), as illustrated and defined in Equation 1
below (Figure 6).

<Figure 6 near here>

Equation 1°: Q= (P —P,)x Kx h
(3.418x 10" x Tx zx u_x (In re/ry)*

Where: Q = production rate (MMct/day)
Ps= Average reservoir pressure (psia)
P,, = Flowing bottom hole pressure (psia)
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T=460° + °F = Rankine

z = compressibility factor

u = gas viscosity, cp

K = permeability, milliDarcy’s (mD)
h = reservoir thickness, ft.

rr = radius of influence, ft.

rw = well radius, ft.

Note: Py —Py, represents the flowing delta pressure: the pressure drop between the air
storage vessel pressure and the flowing pressure in the air production wells.
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Figure 6. Diagram Illustrating Equation 1 Parameters

Beyond the delta pressure available to produce air from the storage reservoir formation,
the permeability (K) and thickness (h) of the air bubble within the formation are the most
important. These two flow parameters are important attributes in selecting a CAES
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aquifer structure and depleted gas reservoir storage system. Acceptable reservoir
hydraulic properties and delta pressures to support well deliverability of 0.5 Bcf per day
are a K> 600 mD, h > 30 feet, and a delta pressure of <400 psia.

5. ADVANTAGES AND DISADVANTAGES OF CAES IN AQUIFER
STRUCTURES AND DEPLETED GAS RESERVOIRS

CAES development and operation of both aquifer geological structures and depleted gas
reservoirs have advantages and disadvantages, as discussed below.

5.1 Advantages and Disadvantages of CAES in Aquifer Structures

Numerous natural gas storage fields have demonstrated the effectiveness of CAES in an
aquifer structure since the 1950’s. Many of these operating gas storage fields meet the
design criteria for a CAES geological storage system discussed above. The results of the
Pittsfield CAES field test program demonstrated the technical feasibility of CAES in an
aquifer structure. However, CAES in an aquifer storage media is problematic during the
candidate CAES site selection and development process.

Unlike proven gas production reservoirs, limited geological and hydraulic data is
available on aquifer storage structures. Because of the economic value of natural gas,
funds are expended to develop a gas reservoir using the results of geophysical surveys,
exploration drilling, and core/laboratory testing of reservoir rocks. Some aquifer
structures have been investigated for groundwater production, but for the most part
remain a geological unknown. As a result, economically risky exploratory seismic
surveying and drilling is necessary to confirm the geometry of the confining geological
structure and air storage hydraulic rock properties. 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. Many
aquifer storage structures tested or developed for natural gas fields failed because of gas
leakage through the caprock during injection testing, or leaked natural gas after creation
of the gas storage bubble.

An additional potential issue with CAES in an aquifer structure is the loss of oxygen
content in the stored air. The Pittsfield field air storage test showed a potential of oxygen
loss in the stored air due to the presence of iron pyrite minerals in the host storage media.
This loss of oxygen was supported by theoretical analysis of potential chemical reactions
between air and groundwater and air and the host rock.

5.2 Advantage of CAES in a Depleted Gas Reservoir

As previously mentioned, depleted gas fields have contained natural gas for millions
of years and their geological characteristics are already well known. The geological
framework of the depleted gas reservoir is known at depth because of the numerous
exploration and gas production wells that penetrated the field. Well completion
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records that may be available include well construction data, geophysical well logs,
and possible core laboratory test data. Many of these fields were further
characterized by two-dimensional and three-dimensional seismic reflection surveys
over the areal extent of the field.

Oil and gas production companies typically collect extensive gas production well
data. Data available from depleted gas reservoir by well are daily gas production
volumes, static and flowing gas pressures, daily water production volumes, and/or
drill stem test or controlled well flow test data. Reservoir fluid chemistry may also
be available. This data is essential to determine reservoir hydraulic properties at
various locations in the depleted gas reservoirs. The analysis of this data using a
numerical CAES reservoir-modeling analysis is necessary to design the CAES storage
system.

5.3 Disadvantages of CAES in a Depleted Gas Reservoirs

One of the key issues of air storage in a depleted reservoir is the mixing of air with
residual natural gas in the storage reservoir. The potential for spontaneous
combustion in the depleted reservoir, the combustibility of the air/natural gas mix
in the turbine, and detrimental chemical reactions, such as oxygen depletion in the
stored air have been evaluated in laboratory experiments, air injection reservoir
field tests, and with air and natural gas mixing reservoir simulation models.

Laboratory testing involved the circulation of air and methane through reservoir
core samples at reservoir pressure conditions for an extended period (Reference).
The results of these laboratory tests showed essentially no oxidation of the air
because of the low temperature of the air/gas mixture. This was confirmed from
theoretical analysis of potential air and methane reactions. Laboratory and air
injection testing during the U.S. DOE and EPRI Pittsfield field experiment show a
potential loss of oxygen content in the stored air because of chemical reactions
between air and various ferrous minerals in the porous media, such as iron pyrite.
The resolution of this issue is to select a CAES storage reservoir media with no
ferrous minerals.

A potential for a combustible air/gas mix exists during the initial injection of air into
an air injection/withdrawal wellbore. Prior to the initial injection of air into a
wellbore, the casing is typically filled with natural gas. During the initial injection of
air into the wellbore there will be a short period of time when the concentration of
natural gas to air is within the combustible range of 4% to 8%. The simple solution
to this problem is to fill the wellbore with nitrogen to displace any residual natural
gas out of the wellbore into the reservoir.

The issue of measurable concentrations of methane in the produced air going to the
turbo-machinery has been evaluated using reservoir chemical mixing models. The
solution to this issue is to effectively displace any residual methane to the
extremities of the reservoir out of the working gas portion of the air bubble (Figure
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7). This requires: 1) a close spacing of air injection/withdrawal wells, and 2) stage
development of the air bubble (intermittent air injection) to allow the buoyancy of
the air to displace both the residual gas and groundwater from the system.

<Figure 7 near here>
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6. CAES STORAGE SYSTEM DESIGN TOOLS, DEVELOPMENT, AND
OPERATION

The design, development, and operation of any CAES storage system represent a process
that 1s too complex to be accomplished using simple reservoir engineering analytical
tools. Our primary CAES storage system design tool is a reservoir simulation model
program.

The development of a CAES reservoir simulation model involves the preparation of a
digitized geological framework model using a model grid system. Reservoir properties
are then imported into the model grid system to represent the aerial distribution of
hydraulic rock properties. In the case of depleted gas storage systems, historical gas
production data is entered into the model for each well. The modeling code is then run to
attempt to simulate the history of individual natural gas production by well. Individual
well reservoir properties are adjusted in the model until an acceptable match with the gas
production history data is acheived. The final reservoir model will then be a realistic
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representation of the gas production history of the field and indicate reservoir conditions
at the time of abandonment. The resulting model is then used to simulate the
development of the air bubble and the cycling of air during CAES operations. The model
is used as a tool to design the number of required air injection/withdrawal wells to
support the turbo-machinery, and the required well spacing. The model is also used to
determine the required working and cushion air storage volumes to support the CAES
power plant.

A CAES reservoir simulation model is also an effective tool to design an aquifer air
storage system. The primary difference is the lack of natural gas production history data
to develop an accurate determination of aquifer properties over the entire storage
structure. The results of an air injection test program will be necessary to provide the
required hydraulic rock property data.

A number of commerical numerical reservoir simulation modeling programs are available
to simulate CAES reservoir development and operating conditions. Most reservoir
modeling programs are finite difference codes that model the interaction of reservoir flow
conditions between cells within a grid pattern over the boundaries of the reservoir. Each
cell is assigned various reservoir engineering properties to represent changes in
geological and rock properties over the extent of the reservoir. Reservoir modeling
programs are divided in “Black Oil” and multi-phase flow codes. Black oil reservoir
modeling codes do not consider changes in the composition of the hydrocarbons within
the reservoir. Multi-phase flow codes consider the thermodynamic and chemical
interactions of reservoir fluids. These reservoir modeling programs are divided into open
source and commerical software. Some of the most well known programs are:

Open Source Programs
1. BOAST (Black Oil Applied Simulation Tool)
2. MRST (MATLAB Reservoir Simulation Toolbox)
3. OPM (Open Porous Media)
4. TOUGH2 Family of Codes (Transport Of Unsaturated Groundwater and Heat:
U.S. Department of Energy Source Code)

Commerical Source Programs
1. CMG Suite (IMEX, GEM and STARS Computer Modeling Group)
ECLIPSE (SIS, formerly know as GeoQuest and Schlumberge)
ExcSim (Microsoft Excel based program)
Nexus (Landmark Graphics a Haliburton product)
ResAssure (by ResAssure)
tNavigator (Rock flow Dynamics)
ReservoirGrail (by GrailQuest)

Nowvnkwbd

The TOUGH2, as well as TOUGH2+Air (its most modern realization) is one of the most
effective CAES reservoir modeling tools because of its ability to model complex
interactions of multi-phase reservoir fluids over a range of storage temperatures. This is a
family of multi-dimensional, multi-component models that are designed for the
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simulation of the coupled transport of fluids and heat in porous and/or fractured geologic
media. Since its first release in 1987 by a team of researchers at the Lawrence Berkeley
National Laboratory (a US Department of Energy laboratory) the program has been fully
verified against actual reservoir field data. Pruss, Simmons, Wu and Moridis provided the
verification of the TOUGH2 code in their 1996 textbook (Reference).

The TOUGH family of codes have been enriched by a large number of modules that
describe a variety of important Equations-Of-State (EOS, involving various mass
components). The appropriate EOS that best simulate CAES reservoir conditions is called
GasH20. The GasH20 EOS simulates gas mixture that includes air (described as a
mixture of two components, O, and N,) and a gaseous alkane with the properties of the
residual natural gas in the depleted reservoir. This EOS includes the complete
thermodynamics of the system with practically no modification. It provides a full
description of the thermo-physical properties of the various phases and components (e.g.,
density, viscosity, enthalpy), and can handle the various processes encountered during a
CAES operation: flow through porous media, relative permeability and capillary pressure
issues, phase changes (e.g., water evaporation during injection in the vicinity of the
wellbore), system and fluid compressibility, gas dissolution in the reservoir water, and
temperature changes during the injection and production operations.

The simulation of potential loss of oxygen of the stored air is accomplished by use of the
GasH20 EOS coupled with the TOUGHREACT EOS (another member of the TOUGH
family). Such coupling is seamless (as it involves members of the same family of codes).
A separate analysis is conducted to determine if the composition of the gases and the
conditions at any point in the reservoir and in the wellbore at any time during the CAES
operations can reach an unsafe level of a methane/air mix that can lead to a potential
explosion. It is important to note that earlier work on the subject has shown this to be a
practical impossibility situation under reservoir conditions within a CAES storage
system.

7. SUMMARY

CAES is a proven technology to store bulk energy by converting off-peak generated
electricity into compressed air, and then using this compressed air to generate electricity
during peak power demand periods. A CAES facility consists of an electric generation
system and an energy storage system. The electric generation system utilizes
commercially available turbo-electric generation systems as demonstrated by the
successful operation of the Huntoff Germany and MclIntosh Alabama CAES facilities.
Both of these facilities utilized solution mined salt caverns to store the required
pressurized air supply.

Aquifer geological structures and depleted gas storage reservoirs are viable compressed
air energy storage systems. These porous media CAES storage systems have been storing
natural gas successfully for over a 60-year period, demonstrating the technical viability of
these two types of energy storage systems. Air injection testing in the Pittsfield aquifer
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storage field and in a California depleted gas field further demonstrated the technical
viability of these CAES storage systems.

CAES requires the matching of the air storage properties of the earth based geological
storage structure to the mass flow rate and pressure requirements to operate the electric
turbo-machinery system. Dresser-Rand (a current manufacturer of CAES power plant
equipment) turbo-machinery requirements are:

* 400 #/sec Mass Air Flow Rate per Unit
* 135 MW Unit- 920 psia
* 160 MW Unit- 2,150 psia

These air mass flow rates and pressure requirements define the siting and operating
criteria for the porous media CAES geological structure. Key site selection and design
parameters are:

1. size and depth of the air storage reservoir,
2. air storage capacity of the storage reservoir, and
3. potential air pressure and flow rates from wells.

Numerous candidate aquifer and depleted gas storage fields have been identified in the
United States and Canada that fully support CAES utilization.

The candidate site selection and development of a CAES aquifer structure is inhibited by
the limited amount of geological data necessary to confirm the geometry of the air
storage structure and data on the hydraulic properties of the storage formation, unlike a
depleted gas reservoir. Exploration seismic surveys over the extent of the geological
structure and exploration corehole drilling are necessary to confirm the merits of a
structure for CAES development. A field air injection test program is then necessary to
confirm the air storage potential of the candidate structure. The cost of the exploration
and field-testing program versus the potential of air leakage from the storage vessel must
be considered.

The issues associated with the mixing of stored air and residual natural gas in a depleted
gas storage reservoir have been extensively evaluated using air field injection testing,
laboratory air and methane mixing tests, and numerical reservoir simulation modeling.
The results of these tests and modeling indicate that a combustible concentration of
methane can be prevented by proper development of the original air storage bubble. The
potential of spontaneous combustion is essentially non-existent. The potential of
depletion of oxygen in the stored air due to oxidation reaction are a non-issue because of
the low stored air temperature regime. A potential for oxygen depletion due to the
presence of ferrous minerals in the reservoir storage media must be considered. Selection
of a CAES structure absent of ferrous minerals will help resolve this air oxidation issue.

Reservoir simulation modeling is an essential tool to the design and operation of a CAES
storage system. Numerous open source and commercial reservoir-modeling program are
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options to simulate CAES reservoir conditions. Of these, the TOUGH2 suite of model
codes is one of the most effective in simulating the complex fluid mixing and
thermodynamics/pressure condition in a CAES porous media system. The EOS
TOUGH2+Air, GasH20, and TOUGHREACT modules have been successfully used to
simulation CAES development and operation of several CAES candidate aquifer and
depleted gas reservoirs.

NOTES

a) Katz, D.L, 1971, Monitoring Gas Storage Reservoirs, paper SPE 3287
presented at the 1971 SPE Midwest Oil and Gas Industry Symposium, Chicago, IL.,
April 1-2.

b) Katz, D.L; Lady, E.R, 1976, Compressed Air Storage for Electric Power
Generation, Ulrich’s Books, Inc., Ann Arbor, MI (Eq. 3-19).

REFERENCES

Crotogino, F.; Mohmeyer, K.; & Scharf, R. 2001, Huntorf CAES: More than 20 Years of
Successful Operation, Proceedings of the SMRI Spring Meeting, Orlando, FL, USA., 15-
18 April.

Electric Power Research Institute, 1990, Compressed-Air Energy Storage: Pittsfield
Aquifer Field Test, Test Data: Engineering Analysis and Evaluation, EPRI GS-6688,
prepared by ANR Storage Company, February.

King, M.J., McGill, M.J., 2009, Compressed Air Energy Storage, Encyclopedia of
Energy Engineering, Taylor & Francis Group, New York, New York.

Pruss, K., Simmons, A., Wu, W.S.,, & Moridis, G., 1996, TOUGH?2 Software
Qualification: Lawrence Berkeley National Laboratory Publication 38383, February.

Wood, Jim, 2014, Air-Methane Mixing Experiment Final Report. Southwest Research
Institute Private Consultant Report to Sacramento Municipal Utility, April 14.

FIGURES

Figure 1. Elements of a CAES Storage System

Figure 2. Sketch of a Typical CAES Geologic Structure

Figure 3. Sketch of a Typical CAES Depleted Gas Water-Drive Reservoir

Figure 4. Reservoir Fluid Pressure Gradient in Earth Showing Operating Pressure
Ranges for a 135 MW and 160 MW CAES Power Plant

Figure 5. Diagram Showing Distribution of Air Pressure in a CAES Storage

System
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Figure 6. Diagram Illustrating Equation 1 Parameters
Figure 7. Sketch of Distribution of Air and Residual Natural Gas in a CAES
Depleted Gas Storage Reservoir



