
SANDIA REPORT 
SAND2009-5878 
Unlimited Release 
Printed  
 

 

 

Overview of Geologic Storage of 
Natural Gas with an Emphasis on 
Assessing the Feasibility of Storing 
Hydrogen 
 

 

Anna S. Lord 
 

 

 

 

 
Prepared by 
Sandia National Laboratories 
Albuquerque, New Mexico  87185 and Livermore, California  94550 
 
Sandia is a multiprogram laboratory operated by Sandia Corporation,  
a Lockheed Martin Company, for the United States Department of Energy’s  
National Nuclear Security Administration under Contract DE-AC04-94AL85000. 
 
Approved for public release; further dissemination unlimited. 
 

 

 

 

 

 

 

 

 

 

 

 
 

 



 
Issued by Sandia National Laboratories, operated for the United States Department of Energy 

by Sandia Corporation. 

 

NOTICE:  This report was prepared as an account of work sponsored by an agency of the 

United States Government.  Neither the United States Government, nor any agency thereof, 

nor any of their employees, nor any of their contractors, subcontractors, or their employees, 

make any warranty, express or implied, or assume any legal liability or responsibility for the 

accuracy, completeness, or usefulness of any information, apparatus, product, or process 

disclosed, or represent that its use would not infringe privately owned rights. Reference herein 

to any specific commercial product, process, or service by trade name, trademark, 

manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government, any agency thereof, or any of 

their contractors or subcontractors.  The views and opinions expressed herein do not 

necessarily state or reflect those of the United States Government, any agency thereof, or any 

of their contractors. 

 

Printed in the United States of America. This report has been reproduced directly from the best 

available copy. 

 

Available to DOE and DOE contractors from 

 U.S. Department of Energy 

 Office of Scientific and Technical Information 

 P.O. Box 62 

 Oak Ridge, TN  37831 

 

 Telephone: (865) 576-8401 

 Facsimile: (865) 576-5728 

 E-Mail: reports@adonis.osti.gov 

 Online ordering: http://www.osti.gov/bridge 

 

Available to the public from 

 U.S. Department of Commerce 

 National Technical Information Service 

 5285 Port Royal Rd. 

 Springfield, VA  22161 

 

 Telephone: (800) 553-6847 

 Facsimile: (703) 605-6900 

 E-Mail: orders@ntis.fedworld.gov 

 Online order: http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online 

 

 

 
 

 

mailto:reports@adonis.osti.gov
http://www.osti.gov/bridge
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online


 3 

 

SAND2009-5878 
Unlimited Release 

Printed XXXX 
 

 

Overview of Geologic Storage of Natural Gas 
with an Emphasis on Assessing the Feasibility 

of Storing Hydrogen 
 

 

Anna S. Lord 

Geotechnology and Engineering Department 

P.O. Box 5800 

Sandia National Laboratories 

Albuquerque, New Mexico  87185-0706 

acsnide@sandia.gov 

 

 

Abstract 
In many regions across the nation geologic formations are currently being used to store natural gas 

underground.  Storage options are dictated by the regional geology and the operational need.  The 

U.S. Department of Energy (DOE) has an interest in understanding theses various geologic storage 

options, the advantages and disadvantages, in the hopes of developing an underground facility for the 

storage of hydrogen as a low cost storage option, as part of the hydrogen delivery infrastructure. 

 

Currently, depleted gas/oil reservoirs, aquifers, and salt caverns are the three main types of 

underground natural gas storage in use today.  The other storage options available currently and in the 

near future, such as abandoned coal mines, lined hard rock caverns, and refrigerated mined caverns, 

will become more popular as the demand for natural gas storage grows, especially in regions were 

depleted reservoirs, aquifers, and salt deposits are not available. 

 

The storage of hydrogen within the same type of facilities, currently used for natural gas, may add 

new operational challenges to the existing cavern storage industry, such as the loss of hydrogen 

through chemical reactions and the occurrence of hydrogen embrittlement. Currently there are only 

three locations worldwide, two of which are in the United States, which store hydrogen.  All three 

sites store hydrogen within salt caverns. 
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1. Introduction 
The concept of storing natural gas underground in geologic formations arose from the need to 

supply gas to consumers during periods of high seasonal demand.  The storage of natural gas 

is also an insurance policy against accidents and natural disasters.  There are currently 

several types of underground storage used for natural gas with the three prominent types 

being depleted gas reservoirs, aquifers, and mined salt caverns. The U.S. Department of 

Energy (DOE) Hydrogen Program has an interest in understanding these types of 

underground storage options in the hopes of developing their own underground facilities in 

the near future to be used as storage for hydrogen gas.  This report describes geologic 

storage, the various storage types, and the advantages and disadvantages of different geologic 

storage.   

 

Storage of natural gas is used to meet both base load and peak load requirements.  Base load 

storage facilities, such as depleted reservoirs and aquifers, have the large capacity to meet 

seasonal demands.  Gas within these facilities is generally withdrawn once or twice a year.  

Peak load storage facilities are designed to meet short-term demand.  Gas can be withdrawn 

multiple times at high rates over short periods of time.  Salt caverns and occasionally aquifers 

can meet these high turnover rates (www.naturalgas.org; Beckman et al., 1995). 

 

A number of key publications describe the history and fundamentals of natural gas storage.  

Walters (1976) is one of the earliest to compare underground storage of hydrogen with 

existing natural gas storage facilities.  Carden and others (1979) investigated the possible 

avenues of gas loss from storage reservoirs.  Brookhaven National Laboratories (Foh et al., 

1979) presented extensive detail describing geologic storage, the various storage types, and 

the advantages and disadvantages of the different geologic storage types as they relate to the 

storage of hydrogen gas.  Taylor and others (1986) investigated the economics of developing 

and operating the three main underground storage types.  

 

Currently the National Energy Technology Laboratory (NETL; www.netl.doe.gov) is 

conducting investigations into alternate forms of underground natural gas storage.  Such 

projects include investigating the potential for storing natural gas in the Columbia Basin 

volcanic deposits in the Pacific Northwest, where traditional forms of storage are not 

geologically available (Reidel et al., 2003).  Alternatively, modeling and lab experiments 

have tested the feasibility of storing gas in caverns dissolved within carbonate formations 

using hydrochloric acid (HCl), (Castle et al, 2005).  Finally, studies have determined the 

feasibility of commercializing refrigerated-mined rock caverns where gas is chilled before 

injected in order to utilize smaller cavern volumes (PB-KBB, 1998). 

  

This report presents an overview of the various types of geologic storage currently in use for 

the storage of natural gas.  The intent is to give an understanding of geologic storage, to 

describe the different storage types, and to state the advantages and disadvantages of 

different geologic storage types as they relate to natural gas.  In addition a section has been 

included that addresses the possible geological, geomechanical, geochemical and operation 

issues that one may encounter with the storage of hydrogen gas. 

http://www.naturalgas.org/
http://www.netl.doe.gov/
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2. History 
The first successful underground storage of natural gas occurred in 1915 in Weland County, 

Ontario, Canada, using a depleted natural gas reservoir.  Approximately a year later, in 1916, 

the United States developed its first natural gas storage field near Buffalo, New York.  This 

field, known as the Zoar Field, is still in operation today (Beckman et al., 1995; 

www.naturalgas.org).  By the 1930’s there were nine fields in six states 

(www.naturalgas.org).  

 

After World War II there was an increase in post war production and expansion.  It was not 

possible to construct pipes for transporting the gas with enough capacity to accommodate the 

demand.  In response, a large number of additional underground storage fields were 

developed (Beckman et al., 1995).   

 

In 1946, the first aquifer storage field was developed in Kentucky.  Natural gas was first 

stored in solution-mined salt caverns within bedded salt in 1961 in Michigan (Foh et al, 

1979).  The first storage of gas within a salt dome occurred in 1970, in Mississippi, as a 

backup for hurricane disruption (Beckman et al., 1995).  Today there are over 400 

underground natural gas storage fields across the United States that range in volumetric 

capacity between < 1 and > 50 BCF (EIA, www.eia.doe.gov). 

 

3. Types of Underground Storage 
The concept of storing natural gas underground in geologic formations arose from the need to 

supply gas to consumers during periods of high seasonal demand.  The storage of natural gas 

is also an insurance policy against accidents and natural disasters.  There are currently 

several types of underground storage used for natural gas with the three prominent types 

being depleted gas reservoirs, aquifers, and mined salt caverns. The U.S. Department of 

Energy (DOE) Hydrogen Program has an interest in understanding these types of 

underground storage options in the hopes of developing their own underground facilities in 

the near future to be used as storage for hydrogen gas.  This report describes geologic 

storage, the various storage types, and the advantages and disadvantages of different geologic 

storage.   

 

3.1 Current Geologic Storage Options  

3.1.1 Depleted gas/oil reservoirs 

Depleted gas and oil reservoirs have been the most prominent and commonly used reservoir 

for natural gas storage to date.  Depleted reservoirs are old gas and oil fields, located 

thousands of feet underground, where most of the recoverable product has been extracted.  

Locations of the current U.S. oil and gas fields are displayed in Figure 1. Generally, the 

reservoirs are easy to develop, operate, and maintain due to the existing infrastructure 

(www.natrualgas.org).  Natural gas stored in depleted reservoirs is intended to meet base load 

needs and is generally cycled once a year during the winter season (PB-KBB, 1998). 

http://www.natrualgas.org/
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Geologically, the reservoirs have proven capable of holding gas, since the reservoirs once 

trapped hydrocarbons that migrated up from the underlying source rock.  However, some 

reasons for caution should be noted.  In a few instances, reservoirs that once held gas actually 

continuously lost gas over geologic time up to the time of production.  In other cases loss of 

gas occurred until the pressure dropped below the caprock threshold pressure – the pressure 

required for gas to displace capillary water.  In this instance loss of stored natural gas would 

occur once operating pressure was increased (Foh et al., 1979).   

 

To contain gas the reservoir must have high permeability and porosity and successful traps to 

seal the gas within the reservoir.  The high permeability and porosity allows for large 

volumes of gas to be stored and for the operation of high gas injection and withdrawal rates 

(www.naturalgas.org; Foh et al., 1979).  Traps that successfully contain gas are either 

structural, such as an anticline, or stratigraphic, such as an impermeable layer (Foh et al., 

1979).  

 

To maintain reservoir pressure and adequate withdrawal rates, 50% of the reservoir volume 

must contain cushion gas.  However, once a producing reservoir is abandoned, the reservoir 

will still contain quantities of gas/oil and water. The abandoned natural gas can be used 

toward the cushion gas requirement (Foh et al., 1979; www.naturalgas.org). 

 

In reservoirs that must use cushion gas to maintain appropriate pressure needs, cushion gas is 

a capital loss.  Aside from the loss of gas as cushion gas, the most likely path for gas to 

escape is through leaky wells.  Other, most likely, insignificant  losses of gas can occur 

through the caprock, dissolution into connate water, diffusion into the surrounding 

groundwater, and contamination with pre-existing hydrocarbons (Carden and Paterson, 1979; 

Foh et al., 1979).  

 

It is also possible to incur gas loss through fingering of gas with the surrounding reservoir 

water.  Fingering is a problem when the mobility of the gas being injected is greater than the 

mobility of the water being displaced.  This instability between gas and water can cause the 

gas to travel down structure and become unrecoverable (Carden and Paterson, 1979). 

 

Numerical modeling has shown that injecting aqueous foam into a reservoir with a potential 

for fingering can prevent the migration of gas beyond its designated storage area. The foam is 

injected right above the gas-water interface which will prevent the migration of gas from the 

injection well and coning of water into the withdrawal wells (Persoff et al., 1989). 

 

 

 

 

 

 

 

 

 

 

http://www.naturalgas.org/
http://www.naturalgas.org/
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3.1.2 Aquifers 

In regions where depleted reservoirs are not available (see Figure 2), such as the Midwestern 

United States, aquifers can be developed for natural gas storage.  Aquifers are water-bearing 

porous rocks, such as sandstone, typically located thousands of feet underground (EIA, 

www.eia.doe.gov; Beckman et al., 1995).  A suitable aquifer for storage will have geology 

similar to depleted gas reservoirs.  The potential reservoir must have ample porosity and 

permeability with an existing formation pressure and large reservoir capacity.  Gas stored 

within aquifers are typically drawn down once during the winter season.  However, aquifers 

may be used to meet peak load rates (PB-KBB, 1998; www.naturalgas.org).  Delivery rates 

can be enhanced by an active water drive, using water to displace gas by filling previously 

gas-filled pores (EIA, www.eia.doe.gov; Foh et al., 1979). 

 

Aquifers are more expensive to develop than depleted reservoirs due to uncertain geology 

and lack of infrastructure.  Geologic characteristics are uncertain and data must be acquired 

to determine that the formation can trap and seal in gas (naturalgas.org, Beckman et al., 

1995).  Ideal gas traps are structural highs such as anticlines, impermeable caprock, and 

sufficient surrounding hydrostatic and threshold pressures (Foh et al., 1979). 

 

Additional expenses will include the construction of the above ground infrastructure, since 

equipment such as wells, pipelines, and injection systems need to be constructed (Walters, 

1976).  Additionally, a system must be emplaced that will dehydrate gas (Foh et al., 1979). 

 

Cushion gas requirements for aquifers are greater than those for depleted reservoirs.  The 

amount of cushion gas required may be as high as 80% of the total reservoir volume 

(www.naturalgas.org, Beckman et al., 1995).  Unlike depleted reservoirs, aquifers do not 

contain existing naturally occurring gas to offset the cushion gas needs.   

 

As with depleted reservoirs, loss of gas is inevitable.  In reservoirs that must use cushion gas 

to maintain adequate pressure and withdrawal rates, cushion gas is a capital loss.  Extraction 

of cushion gas may damage the reservoir formation.  The most common loss of gas is 

through leaky wells.  Smaller and usually negligible gas losses occur through caprock, by 

dissolution into connate water and diffusion into the surrounding groundwater. Fingering 

between gas and water can cause the gas to travel down structure and become unrecoverable 

(Carden and Paterson, 1979; Foh et al., 1979). 
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3.1.3 Salt Caverns 

Caverns constructed within salt formations offer another option for underground storage of 

natural gas. Use of salt caverns occurs in regions like the Great Lakes where porous 

reservoirs are not available and along the Gulf Coast where salt domes are plentiful (see 

Figure 3). Salt caverns do not come close to matching the capacity of reservoirs and therefore 

cannot be used to meet base load needs.  However, salt caverns are excellent candidates for 

peak load cycling and gas can be released within hours of notification at high delivery rates 

(www.naturalgas.org). 

 

Salt caverns are solution mined by leaching out large cavities by injecting fresh water.  

Caverns can be created within salt domes or within bedded salt deposits.  The salt 

surrounding the caverns is highly impermeable and virtually leak proof 

(www.naturalgas.org).  Most likely the only avenue for gas loss is escape through leaky 

wells.   

 

Cushion gas requirements for salt caverns is small or unnecessary.  Caverns can be operated 

under variable or constant pressures (Foh et al., 1979).  Under variable pressures 

approximately 1/3 of the cavern volume will contain cushion gas (Beckman et al., 1995).  As 

working gas is withdrawn the pressure decreases and the amount of cushion gas needed is 

based on the minimum pressure needed to prevent salt creep which compromises cavern 

integrity (Foh et al., 1979; NETL, www.netl.doe.gov).  Caverns operated under constant 

pressure are injected with saturated brine while withdrawing gas in order to maintain a 

constant pressure and cavern stability.  Cushion gas is not needed under these operating 

conditions (Foh et al., 1979; Taylor et al., 1986).   

 

Salt domes are thick homogeneous bodies located largely along the Gulf Coast.  Due to the 

salt’s homogeneous nature and thus isotropic properties caverns created within domes are 

structurally stable above a depth of 6000 ft (Bruno et al., 2002).  Below 6000 ft salt 

deformation is great and cavern stability is difficult to maintain.  Bedded salts used for 

storage are thinner and are typically found at much shallower depths than domes.  Bedded 

salt formations alternate between salt and non-saline beds such as dolomite, anhydrite, and 

shale (Foh et al., 1979; Han et al, 2006).  Structurally, caverns created within bedded salt 

formations may not be as stable as those created within salt domes due to heterogeneity of 

rock types present (Bruno et al., 2002; Han et al, 2006).  

 

Creating structurally stable caverns within bedded salt is challenging.  Bedded salts are thin 

and typically no thicker than 1000 ft (www.naturalgas.org).  Caverns are designed to be thin 

and laterally extensive.  Developed caverns will possibly intercept various lithologies within 

bedded salt formations and each layer will contain its own set of properties that affect creep 

rates, deformation, and slip between bedding planes (Han et al., 2006).  Slip between bedding 

planes can cause gas to migrate laterally.  Operating pressures will be limited to 1) the 

fracturing pressure of the weakest lithology within the bedded salt formation, 2) the 

minimum pressure to prevent roof creep and instability, and 3) below the maximum threshold 

pressures that could induce bedding plane slip (Bruno et al., 2002). 
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3.1.4 Limestone Reservoirs 

In a few instances limestone reservoirs are being used to store natural gas.  However, public 

information regarding these reservoirs is sparse.  The limestone reservoirs currently in use 

are described as possessing high permeability and the capability of being operated over 

multiple cycles.  In addition new research has recently been conducted into investigating the 

creation of caverns within limestone formations by dissolution using hydrochloric acid. 

 

In New York, there are two fields currently in operation that store natural gas within 

permeable reef structures.  The Adrian field and the Thomas Corners field are both located in 

Steuben County.  The Thomas Corners field is 175 ft thick and bound by impermeable shale 

and a limestone reef platform.  The field has the capability to be operated over multiple 

cycles to meet winter and summer gas demands (Steuben Gas Storage marketing brochure, 

2004).  

 

In Italy the Rivara limestone reservoir is under development.  The reservoir is naturally 

fractured and has the capacity to hold a large volume of gas.  Gas can be injected and 

withdrawn rapidly to meet seasonal demands.  The use of cushion gas is negligible and may 

only take up to 14% of the reservoir capacity.  The reservoir will rely on hydrostatic pressure 

from the aquifer below to deliver gas quickly at high rates (www.rigzone.com, 

www.investegate.co.uk). 

 

New research has recently been conducted into the development of caverns within limestone 

formations by dissolution using hydrochloric acid (Castle et al., 2005).  This avenue of 

research is in response to the high demand for gas within regions where other traditional 

storage operations are not available. 

   

Limestone caverns are created by drilling to depth, fracturing the rock and injecting 

hydrochloric acid to dissolve the limestone to a desired cavern volume.  The caverns should 

be developed within formations with low porosity and permeability (Castle et al., 2005). As 

seen with limestone reservoirs, the caverns will have the same capability of being cycled 

multiple times annually to meet summer and winter gas demands. 

 

3.2 Alternative Storage Options 

In regions such as the Northeast, Southeast Atlantic, and the Pacific Northwest, large 

sedimentary basins and salt deposits suitable for natural gas storage are not available (NETL, 

www.netl.doe.gov).  In these regions the geology can consist of coal, shale, or igneous and 

metamorphic rocks.  See Figure 4 for the U.S. locations for useable igneous and 

metamorphic rocks (i.e. hard rocks).  Demand for natural gas storage in these localities has 

forced adoption of technologies such as storing gas in either abandoned mines or into the 

excavation of caverns within hard rock that can either be sealed by creating an increased flow 

of water towards the caverns or lining the rock with an impervious layer.  Also, the volume 

of caverns to be excavated can be reduced by injecting refrigerated gas into storage.  Coal  
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mines, lined hard rock caverns, and refrigerated mined caverns are discussed below, as well 

as a technique using water pressure to prevent gas escape from excavated hard rock caverns.   

3.2.1 Coal Mine  

Abandoned coal mines have been used to store natural gas underground. Two mines were 

located in Belgium and one in Colorado.  Currently all three have been decommissioned 

(MJMEnergy, 2007).   However, abandoned coal mines are still being considered as an 

alternative option for storing large volumes of gas (e.g. 2.60 BCF at Leyden mine).  Coal 

mines have the flexibility to be cycled multiple times annually (Raven Ridge, 1998).  

 

The suitability of a coal mine for natural gas storage is determined by studying the mine 

history and surrounding geology.  The mined coal seam needs to be surrounded by 

impermeable layers to ensure gas containment.  The geology and surrounding hydrostatic 

pressure will determine at what pressure the mine can be operated (MJMEnergy, 2007). 

 

The volume of natural gas that can be potentially stored in a coal mine is based not only on 

the volume mined, but also on the adsorption rate of the unmined coal.  Methane adsorbs on 

the surface of coal within its micropore structures.  Distrigaz, which operated the mines in 

Belgium, determined that the adsorption rate in their coal mines increased their gas storage 

by a factor of ten (Raven Ridge, 1998). 

   

The Leyden coal mine located outside of Denver was used for the storage of natural gas.  The 

Leyden mine was sealed by an underlying aquifer and overlying impermeable claystone.  The 

abandoned shafts were sealed with alternating layers of concrete and gravel (Raven Ridge, 

1998).  The mine was originally used to provide gas two to three times a year during the 

winter heating demand.  Eventually the mine was cycled over 100 days annually meeting 

daily fluctuations in gas demand (Raven Ridge, 1998). 

3.2.2 Water Curtain Technique  

Excavated rock caverns are never completely impermeable.  Containment of gas in these 

excavated caverns is sometimes accomplished by using the water curtain technique.  The 

water curtain is a series of horizontal holes surrounding the excavated caverns through which 

water continuously flows towards the cavern.  The water injected through the holes prohibits 

loss of gas by flowing into surrounding fractures (Sofregaz and LRC, 1999).  Development 

of caverns must be deep enough to ensure that the hydrostatic pressure of the infiltrating 

water is greater than the pressure of the stored gas. 

 

A water curtain system is designed to function in three ways. First, the curtain maintains 

water saturation in the rock fracture system during cavern excavation. Second, the water 

pressure surrounding the caverns can be regulated to prevent gas breakthrough. Thirdly, the 

water curtain produces an artificially high water pressure around the caverns so gas can be 

stored at higher than normally feasible pressures (Lindblom, 1985). 

 

However, in many instances the water pressure can be high enough that water infiltrates into 

the caverns.  An injection of fine-ground cement slurry or chemicals into the fractures can 

narrow the fractures to approximately one half their original sizes.  These injections will 
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reduce the water flow into the caverns and create a steep gradient in the rock near the gas 

interface (Lindblom, 1985). 

3.2.3 Lined Hard Rock  

In regions where porous sandstone and salt are absent, a newly tested storage alternative may 

exist.  Recently, technology has been explored in the excavation of caverns in hard rock and 

encasing those caverns, in their entirety, with steel or plastic liners.  The lining acts as an 

impervious layer and will completely contain the gas.  Caverns designed in this manner will 

also be operated at much higher pressures than unlined caverns, which are not completely 

impervious.  As with salt caverns, lined hard rock caverns can be withdrawn over multiple 

cycles and can deliver gas at high rates (Sofregaz and LRC, 1999).   

 

Development of a lined cavern consists of excavating into an igneous or metamorphic rock 

and constructing a layer of concrete between that rock and the lining that is impermeable and 

will contain the stored gas (MJMEnergy, 2007; Sofregaz and LRC, 1999).  The host rock 

must be able to withstand and absorb the pressure load.  The magnitude of the rock 

deformation will ultimately contribute to the strain of the lining (Sofregaz and LRC, 1999).  

The concrete layer is designed to transfer the pressure load from the cavern to the 

surrounding rock as well as provide a smooth surface to adhere the lining.  The lining must 

be gas tight and chemically resistant.  The lining is not designed to carry any load but should 

be able to resist general elastic and plastic deformation occurring at the rock face 

(Glamheden and Curtis, 2005; Sofregaz and LRC, 1999).  Liners can either be created out of 

stainless steel or polypropylene plastic.  Since hard rock caverns are structurally stable, the 

need for cushion gas is minimal.  In addition, a groundwater drainage system is emplaced 

around the perimeter of the cavern to reduce the hydrostatic pressure drive against the lining 

during depressurization of the cavern (Sofregaz and LRC, 1999).  

 

In 2004 the first lined rock cavern became operational, in Skallen Sweden, consisting of an 

excavated 40,000 m
3
 cylindrical cavern lined with steel.  A tunnel connects the cavern with 

the ground surface.  The cavern was excavated, within good quality gneiss exhibiting very 

few fractures, at a depth of 375 ft, and is approximately 165 ft high with measured diameter 

120 ft (Glamheden and Curtis, 2005; Sofregaz and LRC, 1999).  The cavern went through 

rigorous testing for approximately 1.5 years. High pressure tests were conducted to test the 

cavern tightness.  Cavern stability was monitored during construction.  Currently the cavern 

is in commercial operation at 2900 psi as part of the Swedish gas grid (Glamheden and 

Curtis, 2005).    

3.2.4 Refrigerated Mined Caverns  

Hard rock caverns are generally economically infeasible.  However, the development of 

refrigerated mined caverns will reduce the cost of construction by reducing the amount of 

rock that must be excavated (NETL, www.netl.doe.gov).  The idea behind this technology is 

to chill the gas before emplacing it into storage.  As gas is cooled it compresses and takes up 

less volume.  If gas is cooled to -40° F, the required space for storage would be reduced by 

50%.  Refrigerated mined caverns also allow for great flexibility with multiple cycle 

capability and high delivery rates.  The caverns are great substitutes for salt storage where 

salt deposits are not available (PB-KBB, 1998). 
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Refrigerated mined caverns are not lined and must be developed in competent rock.  The 

rock should be igneous or metamorphic and must be impermeable and strong enough to be 

self supporting.  The host rock should be homogeneous with no faults, joints, or shearzones 

(PB-KBB, 1998). 

 

Development of caverns should be limited to depths at 2500-3000 ft.  Maximum operating 

pressure should not exceed the hydrostatic pressure.  Caverns will need to be operated using 

cushion gas.  A minimum amount may be used in order to reduce the influx of surface water 

through fissures and cracks.  A larger percentage of cushion gas will eliminate recompression 

of the gas as it is withdrawn.  However, a smaller percentage of cushion gas allows for 

smaller caverns with more working gas (PB-KBB, 1998). 

 

4. Costs 
Underground storage fields have different costs associated with their development and 

operation.  Costs are estimated by the type of storage facility to be developed and its intended 

use.  Expenses include development of caverns and/or above ground infrastructure, the 

amount of cushion gas required, and the cost of operation for a single cycle facility versus a 

multi-cycle facility. General cost comparisons among the four major types of reservoirs are 

discussed below and are visualized in Figure 5. In the figure, plant costs represent the cost to 

erect the facility, cushion gas cost is based on actual examples and are not directly 

comparable, and operation costs incorporate facility performance, maintenance, and cost of 

utilities. Aquifers are generally the most expensive to develop, whereas salt caverns are the 

most economic to operate. 

. 

 
 
Figure 5.  Cost comparison ($/Mcf) for the development and operation of various 
natural gas underground storage options. 

Adapted from Foh et al., 1979 
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Aquifers have the highest cushion gas requirements and longest development times.  It 

typically takes five years to develop an aquifer due to reservoir characterization and 

constructing the above ground infrastructure.  Operating costs (in $/Mcf) are slightly higher 

than depleted reservoirs (Beckman et al., 1995). 

 

Depleted Gas Reservoirs are generally cheaper (in $/Mcf) to develop and operate than 

aquifers.  The reservoirs have an existing infrastructure in place and are already proven to 

trap and contain gas.  Most depleted gas reservoirs contain residual natural gas that was never 

recovered from production.  The abandoned gas can be used to meet cushion gas needs, thus 

reducing the cost and amount of cushion gas that must be injected (Beckman et al, 1995). 

 

Salt Caverns are the most economical option for underground natural gas storage.  However, 

the development ($/Mcf) of the caverns and related infrastructure is a large capital expense.  

Development of caverns within bedded salts will generally be a greater expense than those 

leached within domes.  The increase in cost, for the development of bedded salts, is due to 

the heterogeneity and sometimes lack of a location for brine disposal (Taylor et al., 1986; 

Beckman et al., 1995). 

 

The large reduction in cost in storing gas in salt caverns compared to other storage options is 

based on the minimal cushion gas requirements and the low cost of operation.  Salt caverns 

are cycled multiple times a year resulting in a high annual gas turnover, which significantly 

reduces the operational expense (Taylor et al., 1986; Beckman et al., 1995). 

 

Excavated Rock Caverns can be uneconomical depending on the volume to rock needed to 

be excavated.  Removal of hard rock is more expensive than solution mining (Taylor et al., 

1986).  However, studies have concluded that indicate cooling gas before injection can 

reduce the volume of rock to be removed and cut expense of cavern development.  When 

compared to other storage options, excavated caverns are second only to aquifers in expense 

(Foh et al., 1979). 

 

In summary, looking at the overall cost (in $/Mcf) of each storage option, aquifers will be the 

most expensive.  Aquifers use a great deal more cushion gas than the other options, whereas 

excavated caverns cost the most to develop.  For peak load needs salt caverns are the best 

value, as are depleted reservoirs for base load operations.   A more in depth economic 

analysis will be presented in a following report. 

 

5. Possible Issues with Hydrogen Storage 
The U.S. Department of Energy (DOE) Hydrogen Program has an interest in developing 

underground facilities in the near future to be used as storage for hydrogen gas.  However, 

the storage of hydrogen within the same type of facilities, currently used for natural gas, may 

add new operational challenges to the existing cavern storage industry.  Hydrogen is a small, 

light molecule that reacts with other elements and steel at high pressures and temperatures 

possibly creating geological, geomechanical, and operational issues. 
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5.1 Rock Properties 

Salt properties, specifically permeability, may be affected by 1) large deviatoric stresses, and 

2) gas or fluids under high pressure (Fokker, 1993).  Large amounts of stress can cause 

crystal boundaries to open and let in fluids, which can lead to salt creep.  As shear 

deformation increases these newly formed pores can become interconnected and increase 

with size.  The pores can dilate enough that fluids from outside the cavern will move in and 

the cavern becomes unconfined. 

 

It has been demonstrated that when fluids under high pressure infiltrate salt crystal 

boundaries, rather than support the salt crystals, the fluids decrease the intercrystalline 

stresses.  During normal salt creep the pores close and become virtually impermeable.  

However, salt can become permeable when fluid pressures are greater than the stress of the 

salt (Fokker, 1993).  In other words, salt properties could possibly be altered and become 

permeable if gas is stored at a pressure greater than the confining pressure. 

 

5.2 Chemical Reactions 

Another possible issue to consider is the interaction of hydrogen with chemical species 

present in the underground reservoirs.  The possible chemical reactions could cause the 

production of toxic gas as well as the loss of hydrogen (Foh et al, 1979).  The rock that host 

these reservoirs or excavated caverns, with the exception of salt, are generally composed of 

nonreactive and stable silicate minerals.  The concern is with possible sulfide, sulfate, 

carbonate, and oxide minerals that may be present on the surface of the silicate minerals.  

However, it has been determined that reaction with these chemical species would be unlikely 

because the reservoir temperatures would not be high enough to catalyze a reaction.  This 

study was conducted assuming a reservoir temperature of 298K (77°F) and pressure of 2000 

psi (Foh et al, 1979).  However, Foh and others noted that an increase in pressure and 

temperature by 50 °F would not catalyze a chemical reaction. 

5.3 Hydrogen Mixing 

Hydrogen stored in depleted oil/gas reservoirs may be subject to mixing with remnant natural 

gas, which could affect the hydrogen purity.  The hydrogen end use needs to be determined, 

which will dictate purity requirements, in order to decide whether depleted oil/gas reservoirs 

will be a viable storage option. 

 

There are several full scale storage operations that have had success in full conversion from 

one gas to another gas possessing different properties from the first. Gaz de France was 

successful in converting three fields, 1) the Beynes field, 2) the Gournay field, and 3) 

Cerville field.  Of particular interest is the Beynes field where manufactured gas, which 

contains hydrogen gas, was converted to natural gas (Fasanio and Molinard, 1989). 

 

In 1973 Gaz de France, which operates the Beynes Field, near Paris, decided to convert its 

storage field of manufactured gas to natural gas.  Manufactured gas is composed of 50 – 60 

% hydrogen gas.  The reservoir consists of non-consolidated sands with porosity between 25 

and 30 percent and possesses a high permeability.  The goal was to ensure that at a maximum 

3 % or less of the gas withdrawn contain manufactured gas.  If this criterion could be met 
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then a gas treatment facility would not be needed (Foh et al., 1979; Fasanio and Molinard, 

1989). 

 

The conversion to natural gas was made by continually injecting natural gas and producing 

the manufactured gas.  A numerical model suggested that 25% of the cushion gas should 

contain natural gas and this would prevent the manufactured gas from mixing with the top 

gas in production (Fasanio and Molinard, 1989).  

 

For a period of time the homogeneous aquifer contained both manufactured and natural gas.  

Before the conversion was complete, natural gas was withdrawn during the winter season and 

it was discovered that less than 1% of the withdrawn gas contained the manufactured gas 

(Foh et al., 1979).  Once conversion was complete it appeared that injecting the 25% of the 

cushion gas had prevented the manufactured gas from migrating upwards and mixing with 

the natural gas (Fasanio and Molinard, 1989). 

 

Numerical models have been utilized by operators, such as Gaz de France, to provide 

information to help minimize mixing in the underground.  A paper by Kilinçer and Gümrah 

(2000) describes modeling that incorporates both a numerical gas reservoir simulator and a 

transport model to determine what conditions must be met to control mixing of more than 

one gas in underground storage reservoirs.  In this study 22.6% of the cushion gas was 

replaced with nitrogen gas in a limestone reservoir with an average of 21% porosity and an 

average permeability of 3.5×10
-14

 m
2
.  The results implied that mixing can be controlled by 

production rate. 

5.4 Hydrogen Mobility 

Gas leaks from the underground storage of hydrogen may be greater than leaks involving 

natural gas.  Hydrogen is a small molecule which lends to high mobility and to an increase 

risk in leaking from underground storage (Crotogino and Huebner, 2008). 

 

Assuming typical storage conditions of 1500 psi (10 MPa) and 85 F (300 K), the viscosity of 

hydrogen gas is one half that of natural gas.  Therefore, the mobility of hydrogen is twice that 

of natural gas.  These traits suggest that the potential for hydrogen gas to leak may be greater 

than that of natural gas (e.g. Webb, 2006).  Additionally, due to higher mobility and low 

viscosity, fingering of hydrogen gas will more easily penetrate the surrounding water 

therefore increasing the chance of gas loss down structure. 

5.5 Hydrogen Embrittlement 

One of the largest concerns, operationally, is hydrogen embrittlement.  Hydrogen 

embrittlement is a term used to describe “a variety of effects of hydrogen on the physical and 

mechanical properties of metals” (Foh et al., 1979). The presence of hydrogen can cause 

metal to crack, blister, and lose its strength and ductility, especially in the use of high-

strength steels.  Such effects could hamper operations, especially with regards to the above 

ground infrastructure (Foh et al., 1979; Leighty, 2007). 

 

Hydrogen embrittlement in the form of hydrogen chemical attack, loss of ductility, and 

hydrogen stress-cracking should not be an issue to sites with an existing infrastructure if the 
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operating pressures are kept below 1200 psi and the storage temperature below 500 °F.  

However, if would be prudent to inspect and possibly replace weldments and flaws which are 

highly sensitive to hydrogen attack even below 1200 psi.  It is also advised that methane 

compressors be replaced with hydrogen compressors (Foh et al., 1979). 

 

In storage reservoirs or caverns where high pressure operation is required then a complete 

replacement of construction materials is necessary.  The infrastructure should be constructed 

using steel that is free of defects and possesses low-yield-strength.  The materials should be 

heat-treated and fully annealed.  Great care must be taken in the welding of materials to 

avoid hard spots and flaws (Foh et al., 1979). 

 

6. Examples of Hydrogen Storage 
In the U.S. two companies, ConocoPhillips and Praxair, currently store hydrogen 

underground.  The hydrogen is stored in salt caverns, both which are located within the 

Clemens salt dome in Texas (Leighty, 2007).  ConocoPhillips has been storing hydrogen gas 

for several decades for use as a buffer to store hydrogen gas when their hydrotreating 

equipment is down or to provide hydrogen when the ethane crackers are not operational 

(www.internationalpipelineconference.com).    The ConocoPhillips cavern is 1000 ft tall with 

a diameter of 160 ft and is located at a depth of 2800 ft.  

 

Praxair’s cavern became fully operational in 2007 (www.praxair.com) and is the first storage 

site to serve the industrial gas industry (www.roads2hy.com).  The cavern geometry is 

probably similar to the cavern operated by ConocoPhillips (Leighty, 2007). 

 

Currently, outside the U.S., Sabic Petrochemcials is the only other company storing 

hydrogen.   Hydrogen is stored in three small and shallow salt caverns in Teeside, U.K.  The 

three caverns are at a depth of 400 m and each cavern stores about 70,000 m3 of hydrogen 

gas at 50 bar (Crotogino et al, 2008, Panfilov et al., 2006). 

 

In the past manufactured gas has been successfully stored underground within both aquifers 

and salt caverns.  Manufactured gas, typically referred to as “town gas”, is comprised of 50-

60% of hydrogen.  Manufactured gas has been stored in France, Czechoslovakia, and 

Germany (www.roads2hy.com; Panfilov et al., 2006). 

 

7. Conclusions 
In many regions across the nation geologic formations are being used to store natural gas 

underground.  Natural gas is stored to meet seasonal demands and to protect against 

accidents and natural disasters that could cause a disruption in supply.  Storage of natural gas 

is used to meet both base load and peak load requirements.  Storage options are dictated by 

the regional geology and the operational need.   

 

http://www.roads2hy.com/
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Currently, depleted gas/oil reservoirs, aquifers, and salt caverns are the three main types of 

underground natural gas storage in use today.  The other storage options available currently 

and in the near future, such as abandoned coal mines, lined hard rock caverns, and 

refrigerated mined caverns, will become more popular as the demand for natural gas storage 

grows, especially in regions were depleted reservoirs, aquifers, and salt deposits are not 

available. 

 

Underground storage must have adequate capacity and containment of gas.  The storage 

formation must have high permeability in order for gas to be injected and extracted at 

adequate rates.  Porous reservoirs such as depleted gas reservoirs and aquifers must possess 

an impermeable caprock along with a geologic structure to contain and trap gas.  Mined 

caverns such as salt caverns contain gas by the impermeability of the surrounding host rock. 

 

Aquifers and depleted reservoirs possess the largest capacity and require the greatest volume 

of cushion gas.  The reservoirs are typically cycled once annually and are used to meet base 

load demand.  Unlike depleted reservoirs aquifers must be proven to trap and contain gas. 

 

Salt caverns are solution mined and hold a fraction of the gas volume than that of depleted 

reservoirs and aquifers.  Salt caverns are typically used to meet peak load demands by 

possessing multi-cycle capabilities and providing high delivery rates.  

 

Excavated caverns within rocks such as coal and granite contain volumes less than aquifers 

and depleted reservoirs and are generally developed in regions where reservoirs are not 

available.  Excavated caverns by nature are not completely impervious to gas loss.  Several 

techniques have been developed to insure gas containment, such as lining caverns with steel 

and increasing the hydraulic pressure surrounding the caverns.  

 

Economically, aquifers cost the most to develop and operate.  The major costs contributed to 

the large cushion gas requirements and the need to verify the reservoirs capability to contain 

gas.  Salt caverns are the most economical, due to their multi-cycle capabilities and high 

annual throughput of gas.  Salt caverns are typically used to meet peak load demands. 

 

The storage of hydrogen within the same type of facilities, currently used for natural gas, 

may add new operational challenges to the existing cavern storage industry, such as the loss 

of hydrogen through chemical reactions and the occurrence of hydrogen embrittlement.  

However, it has been shown that if the underground storage of hydrogen is operated at 

pressures below 1200 psi and at temperatures below 500° F there may be little need for 

concern.  It is encouraged that all steel used in the storage and operation of a site be free of 

defects and posses low-yield- strength. 



 

 25 

7. References 
Beckman, K.L., P.L. Determeyer, and E.H. Mowrey, 1995, Natural Gas Storage:  Historical 

Development and Expected Evolution:  December 1994-February 1995.  GRI-

95/0214.  Gas Research Institute, Houston, TX, June 1995. 

 

Bruno, M.S. and M.B. Dusseault, 2002, Geomechanical Analysis of Pressure Limits for Thin 

Bedded Salt Caverns.  Spring 2002 Solution Mining Research Institute Technical 

Meeting, Banff, Alberta, Canada, April 29-30. 

 

Carden, P.O and L. Paterson, 1979, Physical, Chemical and Energy Aspects of Underground 

Hydrogen Storage, in Int. J. Hydrogen Energy, vol. 4, pp. 559-569. 

 

Castle, J.W., R.W. Falta, D. Bruce, l. Murdoch, J. Foley, S.E. Brame, and D. Brooks, 2005, 

Fracture Dissolution of Carbonate Rock:  An Innovative Process for Gas Storage, 

Topical Report DE-FC26-02NT41299. Clemson University, Clemson, SC, May 2005. 

 

Crotogino F. and S. Huebner, 2008, Energy Storage in Salt Caverns/Developments and 

Concrete Projects for Adiabatic Compressed Air and for Hydrogen Storage.  Spring 

2008 Solution Mining Research Institute Technical Conference, Porto, Portugal, April 

28-29.  

 

Fasanio, G., and J.E. Molinard, 1989, Mixing in Underground Gas Storage, in Proc. NATAO 

Advanced Study Institute on Underground Storage of Natural Gas Theory and 

Practice, M.R. Tek, Ed., Ankara, Turkey, pp. 301-325.   

  

Foh, S., M. Novil, E. Rockar, and P. Randolph, 1979, Underground Hydrogen Storage Final 

Report.   Brookhaven National Laboratories, Upton, NY.  

 

Fokker, P.A., C.J. Kenter, and H.P. Rogaar, 1993, The Effect of Fluid Pressures on the 

Mechanical Stability of (Rock) Salt, in Seventh Symposium on Salt, vol. 1, pp75-82. 

 

Gillhaus, A., F. Crotogino, and D. Albes, 2006, Compilation and evaluation of bedded salt 

cavern characteristics important to successful cavern sealing, Part 1: Worldwide 

bedded slat deposits and bedded salt cavern characteristics.  2003-5-SMRI.  Solution 

Mining Research Institute Research Project Report, March 2006. 

 

Han, G., M.S. Bruno, K. Lao, and J. Young, 2006, Gas Storage and Operations in Single-

Bedded Salt Caverns:  Stability Analyses. SPE Gas Technology Symposium, Calgary, 

Alberta, Canada, May 15-17. 

 

Kilinçer, N. and F. Gümrah, 2000, A Numerical Simulation Study on Mixing of Inert 

Cushion Gas with Working Gas in an Underground Gas Storage Reservoir, in Energy 

Sources, vol 22, pp. 869-879. 

 



 

 26 

Leighty, W., 2007, Running the World n Renewables:  Hydrogen Transmission Pipelines 

with Firming Geologic Storage. Spring 2007 Solution Mining Research Institute 

Technical Conference, Basel, Switerland, April 29 – May 1. 

 

Lindblom, U.E., 1985, A conceptual design for compressed hydrogen storage in mined 

caverns, in Int. J. Hydrogen Energy, vol. 10, no 10, pp 667-675, 1985. 

 

Mast, R.F., D.H. Root, L.P. Williams, W.R. Beeman, and D.L. Barnett, 1998, Areas of 

historical oil and gas exploration and production in the conterminous United States, 

U.S. Geological Survey Geologic Investigations Series I-2582,  scale 1:  3,750,000. 

 

Panfilov, M., G. Gravier, and S. Fillacier, 2006, Underground Storage of H2 and H2-CO2-

CH4 Mixtures, 10
th

 European Conference on the Mathematics of Oil Recovery, 

Amsterdam, Netherlands, September 4-7.  

 

PB-KBB Inc, 1998, Advanced Underground Gas Storage Concepts Refrigerated-Mined 

Cavern Storage: Final Report.  PB-KBB Inc, Houston, TX. 

Persoff, P., K. Pruess, S.M. Benson, Y.S. Wu, C.J. Radke, P.A. Witherspoon, and Y.A. 

Shikari,1989, Aqueous Foams for Control of Gas Migration and Water Coning in 

Aquifer Gas Storage, International Gas Research Conference, Tokyo, Japan, 

November 6-9. 

Raven Ridge Resources, Inc., 1998, Gas Storage at the Abandoned Leyden Coal Mine near 

Denver, Colorado.  EPA contract 68-W5-0018, November 25. 

 

Reidel, S.P., V.G. Johnson, and F.A. Spane, 2003, Natural Gas Storage in Basalt Aquifers of 

the Columbia Basin:  A Guide to Site Characterization, in Gas TIPS, pp. 25-29, 

Summer. 

 

Taylor, J.B., J.E.A. Alderson, K.M. Kalyanam, A.B. Lyle, and L.A. Phillips, 1986, Technical 

and Economic Assessment of Methods for the Storage of Large Quantities of 

Hydrogen, in Int. J. Hydrogen Energy, vol. 11, no.1, pp.5-22. 

 

Sofregaz U.S. Inc. and LRC, 1999, Commercial Potential of Natural Gas Storage in Lined 

Rock Caverns (LRC), Topical Report SZUS-0005 DE-AC26-97FT34348-01.  

Sofregaz U.S, Houston, TX, and LRC, Sweden. 

 

Walters, A.B., 1976, Technical and Environmental Aspects of Underground Hydrogen 

Storage in 1
st
 World hydrogen energy conference proceedings, vol. 2, 15p, held in 

Miami Beach, Florida, March 1-3. 

 

Webb, S.W., 2006, Two-Phase Gas Transport, Chapter 5 in Gas Transport in Porous Media, 

C.K. Ho and S.W. Webb, ed., p. 55-70.  Springer. 

 



 

 27 

Websites 

ConocoPhillips, PowerPoint presentation found at 

www.internationalpipelineconference.com/presentation_Files/1030_PARKS-

Clemens_Release-Final.ppt.zip, June 2007. 

 

Energy Information Administration (EIA), The Basics of Underground Natural Gas Storage, 

found at 

http://www.eia.doe.gov/pub/oil_gas/analysis_publications/storagebasics/storagebasics.html, 

June 29, 2007. 

 

InvestEgate, Independent Resources (IRG) Re: Rivara Gas Storage, found at 

http://www.investegate.co.uk/Article.aspx?id=200609110700427288I, July 31, 2007. 

 

MJMEnergy Ltd, MZINE, Gas Storage – the reasons and the means, March 2007, Gas 

Storage-1 Issue, found at http://www.mjmenergy.com/MZINE/2007/gs1.htm , July, 2, 2007 

 

NaturalGas.org, Storage of Natural Gas, found at 

(http://www.naturalgas.org/naturalgas/storage.asp), June 27, 2007. 

 

National Energy Technology Laboratory (NETL), Transmission, Distribution, & Refining, 

Natural Gas Storage, http://www.netl.doe.gov/technologies/oil-

gas/TDR/Storage/Storage.html, June 27, 2007. 

 

National Energy Technology Laboratory (NETL), Oil & Natural Gas Projects, Transmission, 

Distribution, & Refining, http://www.netl.doe.gov/technologies/oil-

gas/NaturalGas/Projects_n/TDS/Storage/STOR_C_34348Commercial.html, July 2, 2007. 

 

Praxair, found at 

http://www.praxair.com/praxair.nsf/AllContent/3C9CAB9B7369BA318525737C005D2168?

OpenDocument, July 2, 2008 

 

Rigzone, Independent Resources Submits Results of EIS for Rivara Gas Storage Project, 

found at http://www.rigzone.com/news/article.asp?a_id=36002, July 31, 2007. 

 

Roads2HyCom, Large Hydrogen Underground Storage, found at http://www.ika.rwth-

aachen.de/r2h/index.php/Large_Hydrogen_Underground_Storage, June 10, 2008. 

 

Steuben Gas Storage Company, Thomas Corners Field Development:  Offer of Multi-Cycle 

Storage Service at Market Rates, November 2004 Marketing Brochure, Arlington Storage 

Corporation, Boston, MA, November 2004, found at http://www.steuben-gas-

storage.com/tc/TC_Field_Development-Nov-2004.pdf. 

 

http://www.internationalpipelineconference.com/presentation_Files/1030_PARKS-Clemens_Release-Final.ppt.zip
http://www.internationalpipelineconference.com/presentation_Files/1030_PARKS-Clemens_Release-Final.ppt.zip
http://www.eia.doe.gov/pub/oil_gas/analysis_publications/storagebasics/storagebasics.html
http://www.investegate.co.uk/Article.aspx?id=200609110700427288I
http://www.mjmenergy.com/MZINE/2007/gs1.htm
http://www.naturalgas.org/naturalgas/storage.asp
http://www.netl.doe.gov/technologies/oil-gas/TDR/Storage/Storage.html
http://www.netl.doe.gov/technologies/oil-gas/TDR/Storage/Storage.html
http://www.netl.doe.gov/technologies/oil-gas/NaturalGas/Projects_n/TDS/Storage/STOR_C_34348Commercial.html
http://www.netl.doe.gov/technologies/oil-gas/NaturalGas/Projects_n/TDS/Storage/STOR_C_34348Commercial.html
http://www.praxair.com/praxair.nsf/AllContent/3C9CAB9B7369BA318525737C005D2168?OpenDocument
http://www.praxair.com/praxair.nsf/AllContent/3C9CAB9B7369BA318525737C005D2168?OpenDocument
http://www.rigzone.com/news/article.asp?a_id=36002
http://www.ika.rwth-aachen.de/r2h/index.php/Large_Hydrogen_Underground_Storage
http://www.ika.rwth-aachen.de/r2h/index.php/Large_Hydrogen_Underground_Storage
http://www.steuben-gas-storage.com/tc/TC_Field_Development-Nov-2004.pdf
http://www.steuben-gas-storage.com/tc/TC_Field_Development-Nov-2004.pdf


 

 28 

DISTRIBUTION: 

 

U.S. Department of Energy (electronic copy) 

Office of Hydrogen, Fuel Cells and Infrastructure Technologies 

1000 Independence Ave., SW 

Washington, DC  20585 

Attn:  M. Gardiner 

 

Sandia Internal: 

 

Copies  MS  Name   Org. 

1  0706  D.J. Borns  06312 

2  0706  A.S. Lord  06312 

1  0735  P. H. Kobos  06313 

1  0735  J. Merson  06310 

1  9052  J. Keller  08367 

1  0899  Technical Library 09536 (electronic copy) 

 

 


