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EXECUTIVE SUMMARY

In an extensive investigation of the technical and economic feasibility of storing
hydrogen gas in underground reservoirs, we studied a depleted field, an aquifer, a salt
cavern, and an excavated rock cavern. The only major technical limitation is hydrogen
embrittlement, which at present, restricts reservoir pressures to 1200 psi or less, an
economic methodology was developed to predict the cost of service for hydrogen storage.
This methodology was verified and testea on natural gas storage. Costs of service tor

hydrogen ranged from 26% to 150% of the cost of the gas stored.

Background

The first successtul underground storage of natural gas was accomplished in
Ontario, Canada, in 1915 in a partially depleted gas field. As of 1977, there were 385
natural gas storage resevoirs in the United States with a total storage capacity of 7.2 x
1012 CF. Of these 385 reservoirs, about 5¢4 are aquifers, about 15 are salt caverns, 1 1s
an excavated mine, and the remainder are depleted gas or oil fields. rach ot these field
types has a different geological distribution throughout the United States. Aquifers exist
mostly in the Midwest, salt caverns are in the Great Lakes region and along the Gult

Coast, and depletea fields are scattered among 26 states.

In addition to natural gas, other fluids have been successfully stored in
underground reservoirs. Liquified gases have been stored in excavatea and solution-
mined caverns since 1951, Hydrogen gas has been successfully stored in solution-minea
salt caverns in England by Imperial Chemical Industries at Teeside. This tacility utilizes
three brine-compensated caverns to store hydrogen at 750 psi at a deptn of 1200 teet. In
a reservoir near Beynes, France, Gaz de I'rance operated a storage aquiier for hyarogen-
rich (50% to ©0%0), low-btu manufactured gas trom 1956 to 1972. The field was
successfully converted to natural gas storage 1z 1973. Heliuwn has been storea by the

U.S. Geological Survey in bush Dome near Amarillo, Tex., since 196U.

Modes of Storage

Facilities for the underground storage ot gases fall into two categories: 1) porous

media storage, in which the gas occupies the naturally occurring pore space between

mineral grains or crystals in sandstones or porous carbonates, and &) cavern storage, in

which the gas is contained in excavated or solution-minea cavities in dense rock. Porous-
media storage, either in partially aepletea oil or gas fielas or in aquiters, accounts for

most underground storage facilities tor natural gas. INatural gas is storea 1n soilution-
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mined salt caverns and in one excavated cavern. Although no excavated caverns have as

yet been developed specifically for the storage of natural gas, they are widely used for
the storage of propane and other hydrocarbons in liquified form. Because a supernatant
vapor phase invariably overlies the hydrocarbon liquids in such facilities, consideration of

the facilities is appropriate for the underground storage of any gas in the vapor phase.

Although each mode of underground storage has its own set of critical
characteristics, several basic considerations are common to all modes of underground
storage. Both categories of storage must possess sufficient capacity and containment.
These two requirements are satisfied by different mechanisms with each mode of
storage. In porous media, these requirements are met by a porous reservoir rock and an
overlying confining enclosure; whereas, in cavern storage, capacity is achieved from the
chamber volume and containment is provided by the impermeatle host rock surrounding
the cavern. Several factors greatly influence the magnitude of capacity and containment
for a given storage mode; chief among these is pressure. Because most rock lithologies
cannot be considered to be absolutely impermeable, the limiting pressure for almost all
forms of underground storage is related to the hydrostatic pressure gradient or, for

purposes of approximation, 0.433 psi/ft of depth below the water table.

The overburden pressure, 1.0 psi/ft of depth, is the load of the rock column and,
when approached, may result in hydraulic fracturing, or lifting, of the overburden. To
remain safely below this limit, storage facilities that operate above the hydraulic
pressure do not often exceed a gradient of 0.7 psi/ft of depth, which allows a margin of

safety.

Most existing underground facilities for natural gas have maximum operating
pressures in the range of 1000 to 2000 psi, although there are facilities operating at both
extremes, from a low pressure of 160 psi to a maximum of more than 4000 psi. As the
storage pressure increases, less void volume is required for a given quantity of stored

gas.

When hydrogen gas is stored in an underground reservoir, the possibility of mixing
with an inert base gas or natural gas that may have previously existed in the reservoir
must be considered. Whether this mixing should be encouraged or discouraged depends on
the use of the stored gas. For the case of hydrogen gas storage there are two
possibilities. The first is that hydrogen will be a supplement to natural gas during those
periods when demand is high and natural gas supplies are low. The economic analysis in
the study shows the substantial influence of base-gas costs on the ultimate cost of

service. If this base gas can be cheaper than hydrogen, the cost of service drops
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significantly. The second possibility is that hydrogen will be used as a chemical
feedstock, and therefore fairly high purity requirements determine the amount of mixing

that can be tolerated.

Fortunately there have been several experiences with storing dissimilar gases in
porous underground reservoirs. We review them here and related the results of these
experiences to storing hydrogen. The two cases discussed are the experience of Gaz de

17,39

France, which operates the Beynes Field for the storage of natural gas, and of the

19,58

U.S. Geological Survey, which operates Bush Dome near Amarillo, Tex., for the

storage of helium.

We conclude that if mixing is an undesirable feature, it can be reasonably well

controlled in homogeneous reservoirs of high permeability and porosity, such as Beynes

Field. On the other hand, existing mathematical models are not sophisticated enough to
represent reservoirs that have a heterogeneous structure and low permeability, such as
Bush Dome. This shortcoming of the models can be overcome by very careful, slow
injection of the gases, as well as monitoring of the gases in the reservoir by observation

wells. The latter solution can be very expensive if many wells are required.

Mechanisms Controlling Containment or Loss

The same mechanisms that contain gas in porous-media storage also apply to
cavern storage; however, the emphasis is different. In porous-media storage, a major
concern is the intrinsic characteristics of the lithologic confining elements, paticularly
their permeability and threshold pressure. In cavern storage, the site is normally
selected specifically because the host rock is dense and has a very low intrinsic
permeability and very high intrinsic threshold pressure. Purely hydrological confining
mechanisms, such as the transport of gas in solution in water, are even less pertinent
because the density and impermeability of the host rock minimize both the mobility of

the water phase and the extent of gas contact with it.

The term gas "loss” requires definition, particularly as distinguished from
"leakage." It is probable that there is some finite gas loss from vitually all storage
reservoirs: loss through caprock, loss through sclution in water, loss through solution
defects in the wells themselves. Not only are these losses very minor in quantity, but
they also are a predictable consequence of the environment of gas storage and the
technology for its development and do not necessarily have an impact upon life or

property in the surface or near-surface environment.
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In terms of frequency of occurrence but not necessarily in terms of volumes of gas
lost, the greatest single factor affecting the containment of gas within a storage .
reservoir is the wells themselves. Gas losses from this source are normally
comparatively easy to detect and remedy and commeonly originate from corrosion of
casing or failure of the cement bond between casing and host rock. A large body of well-

developed technology is available to detect and remedy such defects.

Consequences of seismic activity upon the integrity of underground storage
reservoirs appear to be minimal. No report of gas loss directly attributable to
seismicity, even among the several depleted field storages in seismically active portions
of California, is known to exist. In general, subsurface installations in competent rock
should be much less susceptible to damage arising from earthquakes than associated

surface facilities such as pipelines, aboveground storage, and compressor stations.

The successful history of storing natural gas in underground reservoirs leads us to
conclude that there are no overriding constraints that would prohibit the similar storage
of hydrogen gas. There are properties of hydrogen gas, though, that must be considered
in an underground storage operation. Those properties that imply limits to the successful

storage of hydrogen are discussed below.

Technical Evaluation of Hydrogen Properties

Safety
Gas storage is regulated by the Code of Federal Regulation, Title 49, Part 192,
"Transportation of Natural and Other Gas by Pipeline: Minimum Federal Safety
Standards."®2 This code applies to hydrogen as well as to natural gas. It will require
only one significant change when a natural gas facility is converted to hydrogen: It
specifies conformation to the National Electrical Code, an otherwise nonmandatory but
industrially accepted standard, which will make it necessary for most electrical
equipment in the facility to be replaced. A few other very minor changes may be
necessary, but there appear to be no other codes or regulations that would require a
hydrogen storage facility to be treated any differently from a natural gas facility.
Although surface monitoring and delivery instrumentation will have to be changed to that
for hydrogen service, safety requirements for the design of the surface buildings, roads,
and relative location of pipelines should be no different for hydrogen than for natural -

gas.

Environmental Effects

The preparation of an environmental impact statement for an underground

hydrogen storage facility would follow the format of impact statements currently
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required for the testing, construction, and operation of underground natural gas storage

facilities.

The underground storage of hydrogen gas does not appear to have any significant
adverse impacts upon the terrestrial or aquatic ecosystems in the vicinity of storage
facilities. There are two ways that hydrogen could escape from the storage horizon and
possibly reach the surface. First, gradual seepage from a storage reservoir could occur
through overlying rock layers because of geological mechanisms; second, rapid leakage at
damaged wellheads can occur because of mechanical leaks that usually are short-term

and promptly corrected.

Free hydrogen (HZ) exists in the atmosphere in very minute amounts. It is the
lightest of elements and, consequently, very buoyant, which would lead to its rapid
dispersal upon entering the atmosphere. Free hydrogen is not known to be toxic to living
organisms; consequently, the likelihood of significant adverse impacts arising from the

release of hydrogen into the surface environments is very small.

Theoretically, imperceptible seepage by molecules of a gas from a storage
reservoir over a prolonged time is possible through the confining rock layers as well as
fractures in joints. Such gradual diffusion could reach the surface in undetectable
volumes of gas at atmospheric pressure. Significant leakage of large volumes of gas due
to geological mechanisms is rare. In one reported case, the leakage of detectable
quantities of methane (CHy) from underground storage facilities caused localized minor
crop and vegetation damage. The nontoxicity of hydrogen precludes such damage in the

rare event that large volumes would gradually escape through geological mechanisms.

Hydrogen could rapidly escape from the storage area as a result of a damaged
wellhead; however, damage to wellheads can be repaired and avoided. A rapid release of
hydrogen from an injection-withdrawal well could create a noise problem that can be
minimized by locating wellheads away from residences. 1f the damage to the wellheads
were also to ignite the hydrogen, it would produce an intense, upwardly dispersed, clean-
burning flame. The only anticipated product from an accident of this type would be
water vapors (H,0). Such an accident could ignite surrounding vegetation and cause
injury to anyone involved in the accident; however, the potential for such an adverse
impact is considered remote. If the escaping hydrogen is not ignited, it would rapidly

disperse in the atmosphere, causing no impact on the surface environmenth‘

°

Hydrogen Embrittlement

The purpose of our investigation of hydrogen embrittlement is to determine

whether equipment used in natural gas storage facilities is suitable for hydrogen service,
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and if it is not suitable, what must be changed. There is considerable industrial .

experience in this country in the handling of high~pressure hydrogen. Petrochemical

industries, hydrogenation operations, and retailers of commodity gases all have

considerable experience with hydrogen service. In addition, there is a limited base of

experience in the design of pipelines for hydrogen service. Because of a lack of -
understanding of the basic mechanisms involved in hydrogen embrittlement, we found
that present designs are based on a variety of empirically determined formulas, and no
generally accepted method prevails. Industrial experience is specific to particular
applications and not directly applicable to the determination of the ability of equipment

designed for methane service to handle hydrogen in storage applications.

We conclude that, if the pressure at storage facilities is limited to approximately
1000 to 1200 psi, equipment currently in service at natural gas storage facilities will
stand up to hydrogen service with respect to hydrogen embrittlement, with several
constraints. Before the actual conversion of any given facility from natural gas to
hydrogen service (regardless of the pressure level), in-place equipment must be surveyed
to determine the number of flaws, hard spots, and plastic deformation. A detailed
inspection of this nature may not be cost-effective at existing storage facilities. In that
case, we would recommend a replacement of all welded sections subjected to pressures
above several hundred psig.

Reactions of Hydrogen With Chemical Species Found in
Underground Reservoirs

Sandstone, depleted fields, and mined cavern reservoirs are composed primarily of
stable, nonreactive silicate minerals consisting of quartz, feldspars, and lesser amounts
of garnets, spinels, and micas. However, minor sulfide, sulfate, carbonate, and oxide
minerals often occur either as cementing materials or as small crystals coating the
surfaces of larger grains. Because of the large amount of exposed surface area of these
minerals in sandstone-type reservoirs, in excess of the quartz itself, and the large
quantity of these minerals in limestone and salt reservoirs, possible reactions with
hydrogen could proceed to the complete consumption of the reacting mineral. This might
involve measurable quantities of hydrogen and the generation of toxic gases. We
examined the possible chemical reactions, with hydrogen, of about 15 minerals common
to underground reservoirs, assuming a reservoir temperature of 298 K (77°F) and a
pressure of 2000 psi. Only oxygen, Fe;03, and sulfur could possibly react with hydrogen.
An increase in temperature of as much as 50°F would not change reaction directions, nor
would reaction directions be changed by a decrease in pressure. However, these three

reactions require either temperatures above those in the reservoir or catalysis.
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Similar to inorganic reactions, most hydrogenation and cracking reactions require
temperatures in excess of normal reservoirs. Some anaerobic bacteria are capable during
fermentation processes of reducing hydrogen and sulfates to hydrogen sulfide and water,
but this activity is rare in reservoirs.

Although the reactions and the case studied cannot be considered the full range of
possible reactions that could occur in a rese;'voir, with the lack of theoretical prediction
and the absence of hydrogen reactions in the Gaz de France fields, there is little

evidence for serious problems with underground storage for long periods.

Economic Analysis

Methodology Development

For this project, we developed a computerized discounted cash flow analysis using
constant dollars. The methodology has been modified from the standard textbook
approach to reflect financing specific to utilities. This includes consideration of the

"Allowance for Funds Used During Construction" (AFUDC) in the utility rate base.

In this analysis, it was assumed that base gas was financed along with facility
construction; that is, base gas was purchased and financed during the construction period
for delivery after construction completion. This technique of financing base gas was
considered important for a study of hydrogen storage facilities because base-gas costs
could be a large percentage of the facility cost and not supplied by the parent company

to the storage facility.

Using information on specific fields supplied to us by operators of those fields, we
determined the levelized cost of service for the storage of natural gas. The cost of
service was then verified for a "typical" field operation by these operators. Satisfying
ourselves that the methodology gave good values for cost of service, we varied the input
parameters to determine their effect on the cost of service. This analysis was carried
out for an aquifer, a depleted field, a salt cavern, and a hypothetical excavated cavern.
The parameters varied were base-gas cost, physical plant cost, plant construction cost,
operating cost, cost of debt, cost of equity, and the fraction of debt financed. For the
four types of fields analyzed for natural gas storage, the most sensitive parameters were
plant cost and cost of equity; the least sensitive were always construction time and

operating costs.

Hydrogen Storage

The hydrogen storage economic analysis was carried out by using the methodology

developed for natural gas storage. Each type of field was analyzed again with base-case
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values that reflect reasonable assumptions for hydrogen storage. These base-case values ‘

were then parametrically varied as they were for natural gas storage.

From an economic viewpoint, it appears that there will be little difference
between the conversion of an existing natural gas storage facility and the development of
a new field specifically for hydrogen service. The major capital cost items (wells, gas
compression systems, and gathering systems) probably will need to be replaced in a
conversion of an existing natural gas facility to hydrogen service. From a technical
viewpoint, the same general type of system and many of the minor parts of the system
will be applicable to both natural gas and hydrogen service. There appear to be no major
gaps in either technology or operational procedure for underground hydrogen storage

(except, perhaps, for unspecified material for very high-pressure storage fields).

Table ES-1 summarizes the base cases and cost of service for the storage of

hydrogen. An annual load cycle was assumed.
Salt Cavern

The base-case plant costs and operating costs for hydrogen storage were assumed
to be the same as the costs for natural gas storage. The salt cavern was assumed to be
operating at 1000 to 3500 psi per annual cycle. With this assumption, the amount of
throughput of the field is 1.44 x 102 Btu/yr. Choosing $6.00/10® Btu for the cost of the
base gas and the same financial parameters as for natural gas, the base cost of service is

$3.O3/106 Btu (1978 dollars). The cost of service is relatively insensitive to the cost of

the base gas.

Excavated Cavern

The excavated cavern was studied for depths of 2500, 3500, and 4500 ft. The
3500-ft depth was considered as the base case, giving a base-gas volume of 1.903 x
108 SCF at a temperature of 77°F. The high cost of service derives from the high
development cost of the field. By using $6.00/106 Btu as the base-gas cost, the cost of
service becomes $5.2.7/106 Btu. The cost of service is relatively insensitive to the cost

of the base gas.

Aquifer
Some changes in the physical plant costs primarily because of lower compressor
costs for a smaller annual throughput make the analysis for hydrogen storage similar to
that for natural gas storage. The cost of service is $6.59/ 106 Btu. The base-case cost of
service is higher for hydrogen than for natural gas because of the smaller throughput per

year. Unlike the cavern storage, the cost of service is sensitive to the cost of base gas ‘

for an aquifer.
X
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Table ES-1. BASE-CASE ECONOMICS OF STORING HYDROGEN IN
FOUR TYPES OF RESERVOIRS
Excavated Depleted
Item Salt Cavern Cavern Aquifer Field

Erected Plant 16,400 50,000 31,900 6,660
Cost, $103

Annual Throughput, 1.44 2.03 1.7 0.976
1012 Bty

Cost of Base Gas 6.00 6.00 6.00 6.00
$/10° Btu

Annual Operating 350 425 1025 230
Cost, $103

Construction Time, 3 3 3 3
yr

Cost of Debt, % 10 10 10 10

Cost of Equity, % 15 15 15 15

Fraction Debt 0.6 0.6 0.6 0.6
Financed

Lifetime for 27 27 27 21
Economics, yr

Cost of Service, 3.03 5.27 6.59 4.47
$/10° Bty

Variation in Cost of (2.44-4.27)(3.23-7.51) (4.18-10.03) (2.76-8.89)

Service, $/106 Btu

®i
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Depleted Field

The results of the economic analysis for a depleted field for hydrogen storage
assume a throughput of 0.976 x 1012 Btu/yr and give a cost of service of $4.4=6/106 Btu.
Two other values for throughput also were examined to determine the effect of
additional compressors and wells to produce additional throughput by reducing the
amount of base gas. For a throughput of 1.7 x 1012 Btu/yr, the cost of service drops to
$2.21/106 Btu and for a throughput of 2.4 x 1012 Btu/yr, the cost of service further drops -
to $1.5 1/106 Btu. So the investment in increased compression is more than compensated
for by the decrease in cost of service. All of the above were determined for developing
the field as a new operation. For the case of conversion, a retrofit case was considered.
Basically, some of the plant costs and line costs were eliminated. A plant cost reduction

to $1850 x 103 gives a levelized cost of service of $3.34/106 Btu.

Conclusions and Discussion

This study was designed to determine which of the following conclusions about
underground hydrogen storage is most accurate based on technical and economic findings:

1. "Current underground gas storage practice can be used to economically and safely
store hydrogen in widely available reservoirs.”

2. "Further research is needed to determine whether hydrogen can he stored
underground safely and economically."”

3. "Underground storage of hydrogen is unsafe or not economic at this time."

We consider the first conclusion to be the most appropriate. "Current
underground gas storage practice can be used to economically and safely store hydrogen

in widely available reservoirs."”

We found no technical constraints that prohibit the storage of hydrogen in
underground reservoirs. However, certain technical questions must be addressed by
appropriate R&D programs for some underground storage applications. Economic
feasibility is a more complex issue. Under the best of circumstances, the development of
an underground reservoir for natural gas storage requires many years for a utility. Site
selection is only one of a number of decisions in a complicated process that must
consider ultimate volume and throughput, pricing, FERC filings, and corporate decisions
dealing with the entire company, not just the storage operation. There is no reason to
believe that this process will be less involved for hydrogen storage than for natural gas
storage. In particular, the most favorable storage location may not be near the source of

hydrogen or near the end user. Some compromises must be made: trade-offs between
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convenience, cost of service, and time. Certainly, underground storage of hydrogen on a

large scale is more economical than aboveground alternatives, for which storage costs of
about $50/1 06 Btu have been estimated (1972 dollars)28. It should be clearly understood
that the cost of storing gas (either hydrogen or natural gas) is very site-specific and that
a range of costs is possible for each type of storage. Our economic analyses indicate
that, for a given type of reservoir in a given location, the ratio of the cost of storage to
the cost of the gas itself is very nearly the same whether the gas is hydrogen or natural
gas. In effect, we expect the cost of storing hydrogen to be approximately equal to the

cost of storing equally expensive natural gas.

Technical Results

We conclude that although all types of reservoirs cannot be used at all times for
any type of service, there are no technical constraints that prohibit the storage of
hydrvogen in underground reservoirs. Some pressure limitations and constraints on how
the fields are cycled make some fields more attractive than others for storage.
However, as we have discussed previously, no mode of operation is prohibited for safety
or environmental reasons. Table ES-2 summarizes the various technical conclusions of
this project and gives a relative evaluation of their economic impact. The strongest
technical constraint is hydrogen embrittlement, which limits the reservoir pressures to
1200 psi or less with commonly used materials of construction. Deep caverns cannot be
operated economically with this pressure constraint. However, shallow salt formations
can be operated in a water-compensated mode, and this type of operation may be the

most attractive alternative.

Economic Results

Costs of service ($/106 Btu) for the storage of both hydrogen and natural gas were
calculated for four specific reservoirs that are examples of four different types of
storage (depleted field, aquifer, washed salt cavern, and excavated cavern). For each
type of storage, a base case was developed, and the sensitivity of cost of service to
various technical and economic parameters was examined. Figure ES-1 is a graphical
summary of the base-case costs of service calculated for both hydrogen and natural gas
storage. Our objective in preparing base cases for natural gas service was to test our
model against actual practice, and somewhat different base~gas costs were assumed for
each case. Therefore, the four natural gas base cases shown are not directly comparable.
The hydrogen base cases can be compared, either with one another or with their

respective natural gas base cases.

The contribution of operation cost, cost of base gas, and installed physical plant

cost to the overall cost of service also is indicated in Figure ES-1. In all four types of
xiii
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Table ES-2. SUMMARY OF PROJECT FINDINGS

Conclusion

Technical Effect

Economic Effect

Safety ~

No change in compressor station
design

Compliance with Class 1, Group B
Stangirds of National Electrical
Code

Hydrogen~type leak detectors

No change in safety relief

devices

Gasket and seal materials for
hydrogen

Environmental Effects —

Free hydrogen not toxic
Combustion product is water

Noise from damaged wellhead

could be greater than for natural
gas

Embrittlement -

Use of existing materials pre-
cludes pressures in excess of

1200 psi

Weldments and flaws most sensitive
even below 1200 psi

Special compressor design and
materials

Chemical Reactions —

No reactions have been identified
that will consume substantial
hydrogen or produce unwanted
by-products

Purity Requiremenis -

For supplement to natural gas,
none

For chemical feedstock, variable

Mixing -

Difficult to control in low-
porosity, low-permeability
reservoirs

Easy to control in high-pormeability,

high-porosity reservoirs

Mixing may be desirable

Leakage —

Frequency and magnitude of loss
andfor leakage rates will not
exceed those for natural gas
storage

None

More stringent for natural gas;
applicability must be determined

Different than those for natural
gas, but already exist

None

Already exist

None
None

More remote location may be
required

High-pressure reserveirs are
restricted

Complete inspection or replacement
of surface equipment

Design exists, must be replaced

the possible reactions for each
field must be determined in derail

Mav use natural gas base gas

Must use new rescrvoir or clean up
the delivered gas

More sophisticated reservoir model
required

Moderatelv careful injection and
withdrawal schemes: some cleanup
may be required

Deliverable monttoring to determine
pricing

None

None

Slight to none

Slight to none

None

None

None
None

None

Maximum use sometimes
restricted

Adds significantly to cost of
retrofitting field
Hydrogen compressors cost only

slightly more than wethane com-
pressor, but must be used

Unknown

Reduces cost of service to use
natural gas base gas significantly

Variable

Most economic mode; allows use of
inert base

Requires complicated pricing
scheme

None
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fields, the plant and annual operating costs are very similar for either natural gas or

hydrogen storage. However, because of the different volumetric heating values and

compressibilities of natural gas and hydrogen, the total energy throughput for hydrogen

service is a factor of two to four lower than that for natural gas service. An implicit

assumption in this study is that the cost of service for hydrogen is calculated for a given .
reservoir with a given pore space volume. No attempt was made to compare the cost of
hydrogen service based on an equivalent BTU basis to natural gas service. Therefore, the
plant and operating cost contributions to the cost of hydrogen service ($/ 10° Btu
throughput) are from two to four times greater than the corresponding contributions to

the cost of natural gas service,

The base~gas cost contributions for hydrogen service also are higher than those for
natural gas service, primarily because of the large difference in the assumed costs of
hydrogen (356/106 Btu) and natural gas (between $0.30 and $1.60/106 Btu). Base-gas costs
constitute a smaller fraction of the total cost of service for the two cavern cases than
for the two porous-media cases because the economics of cavern storage are dominated
by the (plant) cost of creating the caverns themselves. The cost of service for hydrogen
(or any expensive fuel) storage is extremely sensitive to the capital investment required
for base gas relative to the amount of working gas, as shown by studying depleted-field
storage. For three cases, the minimum field pressure was varied. The lower the
minimum field pressure, the less base gas required and the higher the working gas portion
of total field capacity. The absolute installed plant cost rises because of the need for
more compression equipment and wells to provide deliverability at lower pressures.
However, the overall cost of service decreases because a higher throughput (working gas)
from which to recover investment and a reduced base~gas requirement more than

compensate for the extra plant cost.

Note that this method of reducing base-gas requirements cannot be applied to all
storage operations. In aquifers, or other porous media with an active water drive, a large
reduction of field pressure in one season would result in water invasion, which would
reduce field capacity in subsequent seasons or cycles. Also, reducing the minimum
pressure in a washed salt cavern can result in salt creep and reduced cavern volume.
Although lowering the minimum field pressure is not applicable to all storage options, the
potential for lowering the cost of service is great enough that other methods of
increasing the working/base gas ratio (raising the maximum field pressure slightly or
operating caverns in a liquid-displacement mode, for example) should be investigated

thoroughly.

xvi
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Future R&D Recommendations

This project identified several areas that are worth further study but are beyond
the scope of this project. These areas are discussed below, and specific

recommendations for further research are made.

Embrittlement

This study concludes that it would not be safe to operate existing gas storage
reservoirs at pressures in excess of 1000 psi because of hydrogen embrittlement in
commonly used materials of construction. In addition, ongoing research 1n the
metallurgy of hydrogen embrittlement has not conclusively pinpointed those materials
that can be used in a hydrogen distribution network. Basic study must continue in tnis
area. The upper pressure limit for a natural gas storage reservoir at this time is
5000 psi; this value is determined primarily by the geology ot the reservoir tormation ana
to a lesser degree by the costs of compression. ‘lherefore, we encourage researcn in the

area of hydrogen environment embrittlement in the range ot 1000 to 5000 psi.

Use of Existing hydrogen Safety Codes

The legal imiplications of assuming the present voluntary hydrogen safety coae
must be determined. If, for some reason, the present code is not applicable to

underground storage, alternatives should be suggested and approved.

Effects of Supply-Market Options on Underground Storage

One assumption made in this study was that the hydrogen from storage would be
used for fuel in a hydrogen-natural gas pipeline distribution system. An annual load cycle
of 5 months injection-5 months withdrawal was assumed. The type of load cycle the
reservoir might experience was not one of the parameters varied in this study. Each
reservoir type investigated here was originally designed for a particular type of service.
The integrated study of the source of hydrogen, storage reservoir, distribution system,
and end use was beyond the scope ot this project. Therefore, we recomnmend an

investigation of the various possible hydrogen distribution schemes.

Economics of Supplying a Variable Hydrogen Natural ras Mix

From Storage

One of the economic difticulties immediately recognized was the probiem of
computing the cost of service when hydrogen might be storea in a reservoir that haa
previously been used for natural gas and some of the natural gas was left in the reservoir
as the base gas. If the hydrogen were to be daelivered to a natural gas-hydrogen

distribution system, mixing would be allowed in the resevoir. (lhis study considered only

xyiti



2/80

the effect of delivering pure hydrogen; mixing was assumed not to occur.) Although
analytical techniques are available to determine the composition of the gas delivered
from the reservoir; the cost of service becomes exceedingly difficult to determine if
cheaper natural gas is delivered with the hydrogen and the base gas eventually becomes
100% hydrogen. In addition, the time may come in the history of the field when natural
gas is reinjected. These complications were beyond the scope of this project and might
be worth further investigation.

Economics of a Shallow Salt Cavern Operated in a Water-
Compensated Mode

No cavern in the United States stores natural gas in a brine-compensated mode.
The operation at Teeside in the United Kingdom does store hydrogen in a salt cavern by
using a water-compensated mode, but detailed information about that operation is not
available. There are several apparent advantages to this type of operation: 1) The
necessity of a base gas to provide the reservoir pressure is eliminateq; £} the reservoir
can be operated at a constant pressure, which simplifies the abovegrouna facilities; and
3) the problems of mixing with another gas in the reservoir are eliminated. ‘Lhe
additional costs of removing and injecting water into the cavern must be incorporated
into the costs of service, however. The details of operating in this matter were not
investigated, although it appeared, late in this study, as though this method could be the
most cost-effective, especially if shallow salt formations were used. This particular
mode of operation is especially worth further investigation.

Effect of Potential Odorants and Colorants on Hydrogen
Chemical Reactions

At this time, we are unaware of particular odorants or colorants that might be
added to hydrogen to make it more detectable in the same way as sulfides and sulfates
are added to natural gas. The possible effects of these additives on embrittlement or
reactions with reservoir minerology therefore is unknown. Future examinations into
possible additives must include a consideration of their effect in underground storage
operations.

Allowable Methane Content in Hydrogen in the Design of
Hydrogen Burners

Although it has been established that existing methane burners can function safely
and efficiently with up to 20% hydrogen in the natural gas, it has not been established
how much natural gas can exist in a predominantly hydrogen system for hydrogen burners
to function safely and efficiently. This is another area that requires engineering

research.
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ABSTRACT

The technical and economic feasibility of storing hydrogen in underground storage
reservoirs is evaluated. The past and present technology of storing gases, primarily
natural gas, is reviewed. Four types of reservoirs are examined: sale caverns, excavated
caverns, aquifers, and depleted fields. At technical investigation of hydrogen properties
reveals that only hydrogen embrittlement places a limit on the underground storage by

hydrogen. This constraint will limit reservoir pressures to 1200 psi or less.

A model was was developed to determine economic feasibility. After making
reasonable assumptions that a utility might make in determining whether to proceed with
a new storage operation, the model was tested and verified on natural gas storage. A
parametric analysis was made on some of the input parameters of the model to
determine the sensitivity of the cost of service to them. Once the model was verified it
was used to compute the cost of service of storing hydrogen in the four reservoir types.
The costs of service for hydrogen storage ranged from 26 to 150% of the cost of the gas
stored. The study concludes that it is now both safe and economic to store hydrogen in

underground reservoirs.
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L INTRODUCTION

The use of underground reservoirs for storing natural gas and other fluids has had
a long and successful history. It seemed a natural extension of this history to examine
the technical and economic feasibility of storing gaseous hydrogen in underground
reservoirs. Should the availability of hydrogen become great enough to warrant large-
scale storage, either as part of a hydrogen delivery system or as an auxiliary storage near
a manufacturer or user, alternative storage modes must be explored. At present,
hydrogen is stored as a compressed gas or as a liquid. The costs for these modes of
storage are exceedingly high (.‘550/106 Btu). More exotic forms of storage also are being
investigated, but at present none of these modes is economically attractive. Meanwhile,
small experimental hydrogen demonstration projects are beginning, and it seems

worthwhile to examine the possibility of storing hydrogen in the mode that the natural

gas industry finds most economical.

This project is divided into two separate investigations. The first investigation
(described in Section II) takes a detailed look at the technology for storing fluids in
underground reservoirs. The objective of this examination is to pinpoint any
characteristics of customary reservoir operation that would prohibit the similar storage
of gaseous hydrogen. Included in this study is a description of the geographic distribution
of the existing domestic gas storage operations as well as the geographic extent of
formations that would lend themselves to storage of either hydrogen or natural gas. This
technical study also examines hydrogen properties in the context of overall safety,
environmental effects, chemical reactions with reservoir, minerology, and hydrogen

embrittlement. (See Section I-B.)

The second part of the investigation develops a methodology for determining the
cost of service of hydrogen storage. We first tested this methodology on four types of
natural gas storage operations. Once satisfied that the methodology accurately predicts
cost of service, we applied it to determine the costs of storing hydrogen in the four

reservoir types.

The goal of this project is to answer the question of whether hydrogen can be

stored safely and economically with one of the following answers:

1. "Current underground gas storage practice can be used to economically and safely
store hydrogen in widely available reservoirs."

2. "Further research is needed to determine whether hydrogen can be stored
underground safely and economically.”
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3. "Underground storage of hydrogen is unsafe or not economic at this time."

Although natural gas is the fluid with the largest underground storage volume,
helium, LNG, propane, compressed air, and even hydrogen have been stored in
underground reservoirs in the past. There are two categories of storage: porous media
storage and cavern storage. Porous media considered here are primarily sandstone
formations that originally contained water and are called aquifers or that contained

hydrocarbons-gas and/or cil and are called depleted fields. Depleted fields are so called <

because all or part of the original hydrocarbons have been removed for sale.

The second category of storage, cavern storage, consists of hollow underground
cavities formed by some mechanical means. The two primary types of caverns are
solution-mined salt caverns and excavated hard~rock caverns in granite or coal
formations. Cavern storage requires significant capital investment for creating the
cavity in addition to the cost of developing the aboveground facilities at any storage

operation.

Of the gas that goes into a storage reservoir, not all comes out during an
injection~-withdrawal cycle. The gas that remains is called the cushion gas, or base gas;
it is the amount of gas that must remain in the reservoir to maintain the minimum
reservoir pressure. In general, it is more economic to leave some gas in the reservoir
than to invest in the additional pumps and compressors to completely empty the
reservoir. This amount of base gas can make up to two-thirds of the storage volume.

For an expensive gas, this can make a significant contribution to start-up capital costs.
In the later stages of this investigation, the trade-off between compressor costs and base

gas costs was specifically studied from the standpoint of hydrogen storage.

The methodology for the economic analysis was developed by using the usual and
customary financial assumptions that a public utility would make in determining whether
to proceed with a given storage operation. The costs of service for storing natural gas in
four different reservoir types then were determined and compared insofar as possible
with actual costs. Because of certain assumptions in the model, the computed costs
could not be exactly compared with the real costs. In particular, the model assumes an
annual load cycle with 5 months of injection and 5 months of withdrawal over the entire
27-year life of the facilities. No reservoir operates under these ideal conditions. In any
given year, the amount injected and withdrawn depends on the dynamics of the supply
and demand of the distribution system. Despite this assumption and others, we were
assured by representatives of companies that store natural gas that our computed results

were "reasonable.” .
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Several of the input parameters in the economic model could be varied
independently to examine the sensitivity of the cost of service to them. The most
sensitive parameters were plant cost, cost of equity, and cost of debt. Least sensitive
parameters were yearly operating costs and facility construction time. The sensitivity to
cost of the gas to be designated as the base gas varied from most sensitive to hardly

sensitive, depending on how much that gas contributed to the initial capital costs.

The methodology then was applied to hydrogen storage for all four reservoir types.
Not surprising was the finding that storing hydrogen costs a great deal more than storing

natural gas, because in terms of energy units (Btu's}, not as much hydrogen energy as
natural gas energy can be stored in a given reservoir and the assumed cost of hydrogen to

be stored was four times as great as the cost of natural gas.

In an attempt to determine whether the cost of storing hydrogen could be reduced,
a computational experiment was performed. This experiment examined the trade-off in
reducing the amount of base gas by increasing the compression capacity. This means
that more gas could be removed during each cycle of the reservoir, but would cost more
in compressor costs. We found that a very significant reduction in cost of service can be

achieved by operating a depleted field in this manner.

Another approach to reducing the amount of base gas is to operate a cavern
storage reservoir in a water-drive mode. This means that water is pumped in and out of

the reservoir to change the reservoir volume. None of the gas in the reservoir is base

gas; it can all come out in any cycle.

We conclude the report (Section IV) with a summary of the findings and
recommendations for further study. Appendix B is a tabulated comparison of hydrogen

and methane properties, and Appendix C is a glossary of geological terms used in this
report. Appendixes D, E, and F contain the computer program for the economic analysis

and the computational output for the cases studied in this project.
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I. FEASIBILITY OF UNDERGROUND STORAGE OF HYDROGEN
A. Preliminary Assessment of Natural Gas Underground Storage Facilities

1. Overview of Underground Storage

a. History and Development of Underground Storage of Gases

The first successful underground storage of natural gas was accomplished in
Ontario, Canada in 1915 in a partially depleted gas field. In the following year, the first
successful American operation was initiated in a depleted field near Buffalo, New York.
The development of storage capacity increased slowly in depleted or abandoned gas fields
until after World War II. After 1946, when 78 pocls were being operated in 14 states,
natural gas storage capacity began to increase at a much faster rate to a total in 1977 of

385 pools in 26 states (Figure 1).%

Because depleted fields often are not available in areas of storage demand, the
storage of natural gas in water-bearing formations, or aquifers, has become common
practice. The first aquifer storage field was developed in Kentucky in 1946. At present,
52 aquifer projects are operated in 10 states. Midwestern states have the greatest
number of aquifer storage fields with 22 in Illinois, 10 in Indiana, 8 in Jowa, and 4 in
Kentucky. The other six states each have two or less aquifer projects. Cavern storage
of liquified gas and/or natural gas accounts for about 15 operations in 4 states, and these
occur primarily as dissolved cavities in salt deposits. Solution-mining of salt deposits has
a long history, but the creation in the United States of a salt cavern for the storage of
gases was not initiated until 1951, when propane and butane were injected underground.
Storage of natural gas in solution-mined salt caverns was first completed in Michigan in

1961.

There is a wide range in the geological age of the 385 natural gas storage
reservoirs in the United States (Table 1); rocks of early Paleozoic age have by far the
greatest number of reservoirs, about 54%, with late Paleozoic rocks accounting for about
33%. Mesozoic and Tertiary strata contain the remaining 13% of reservoirs. This
predominance of Paleozoic-age reservoirs correlates with the locations in the
Midwestern states shown on Figure 2, where regional bedrock consists principally of

Paleozoic sedimentary rocks within large sedimentary basins.?

The usage of underground storage of natural gas continues to increase because it
provides for better utilization of pipeline facilities and balancing of supplies to meet

market demands. Total capacity of stored natural gas in 1977 (latest data) was
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Table 1. SUMMARY OF RESERVOIRS BY STATE AND GEOLOGICAL AGE
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Arkansas - - - 5 - - - - - - -
California 8 - - - - - - - - - -
Colorado - 6 - 1 - - - - - - - - 7
Illincis - - - - 3 5 4 - 2 3 14 - 31
Indiana - - - - 4 4 11 - - [ 2 - 27
Towa - - - - - - - - - 4 4 - 8
Kansas - - - - 15 . 1 - - - i - - 17
Kentucky - - - - 2 11 2 - 6 2 - - 23
Louisiana 2 2 2 - - - - - - - - - 6
Maryland - - - - - - 1 - - - - -
Michigan - - - - - 18 1 - 25 1 - - 45
Minnesota - - - - - - - - - - 1 - 1
Mississippi - 1 - 1 - 2 - - - - - - 4
Missourd - - - - - - - - - 1 - - 1
Montana - 5 - - - - - - - - - - [
Nebraska - 2 - - - - - - - - - - 2
New Mexico 1 - - 1 - .- - - - - - - 2
New York - - - - - - 9 - 10 - - - 19
Ohio - - - - - 1 1 - 21 - - - 23
Oklahoma - - - 1 10 1 - - - - - - 12
Pennsylvania - - - - - 5 53 - 1 - - 8 (Y}
Texas 1 3 - 1 9 2 - - - - - 2 18
Utah - 2 - - - - - - -~ - - -
Washington 2 - - - - C - - - - - - -
West Virginia - - - - 1 19 17 1 - - - - 38
Wyoming 1 7 2 - - - - - - - - - 10
TOTALS 15 29 4 5 49 69 99 1 65 18 21 10 385

Reference: American Gas Association, 1978, The underground storage of gas in the United States and Canada:
Twenty-Seventh Annual Report on Statistics, Committee on Underground Storage.




Figure 2. LOCATION OF UNDERGROUND GAS STORAGE RESERVOIRS
IN THE UNITED STATES IN 1977
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7.2 trillion CF including base gas. Figure 3 shows the distribution of total natural gas ‘
reservoir capacity within the 26 states that have storage projects. Nearly two-thirds

(65%) of the 264 storage reservoirs whose capacity is reported by the American Gas

Association® have storage volumes ranging from 1 to 10 billion CF (Figure 4). In 1977, 85
companies operated underground storage facilities that have a total capital investment

worth $2.3 billion.%

Developments in underground storage of natural gas have been paralleled
successfully by the underground storage of other gases. Helium was first injected into
the Bush Dome structure of the Cliffside Field, near Amarillo, Texas, in 1945 by the U.S.
Bureau of Mines. Helium-~bearing natural gas is processed, and extracted helium is
injected into Bush Dome. Crude helium injection was begun in 1963. Crude helium is a
mix of helium (72%) and nitrogen with methane and hydrogen constituents. As helium
demand increases, crude helium will be withdrawn, purified, and sold. Since 1973, a
static storage situation exists with injection and withdrawal quantities in relative

balance each year. (Section A-Z2-e discusses Bush Dome further.)

Storage of liquified gases in underground caverns has been accomplished since
1951 by utilizing both excavated and solution-mined caverns. Cavern storage of
hydrocarbons has become an established and accepted practice, and many major
petroleum production and transmission companies have developed or are investigating
underground storage facilities. Numerous solution caverns have been formed in salt
domes along the Gulf Coast area of Texas, Louisiana, and Mississippi for the storage of

liquid ethylene, propylene, butane, and propane.

The underground storage of compressed air originated in 1910 in the Striberg
Mine, Sweden; this practice is still in operation. The application of a sealed rock
chamber for the storage of air to be used later as feedstock to supply drilling equipment
in mines is widespread in many couatries. In 1973, planning was begun for the world's
first air storage gas turbine plant (290 MW) near Huntorf, West Germany, and
commercial operation began in 1978. Compressed air is stored in two solution~mined salt
caverns at a depth of 2300 feet and cycled from the caverns on a daily basis to the gas
turbines coupled with electrical generators. Compressed air is withdrawn from
underground and piped to the turbine plant during peak demand periods, the combustion
air having been compressed in off-peak periods and injected into the caverns to later be

available to complete the cycle,
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b. Underground Hydrogen Storage

Hydrogen conventionally has been stored aboveground in small quantities at
industrial plants where it is used in the manufacturing of petroleum products, ammonia,
petrochemicals, etc. The hydrogen generally is converted into an end product at these
plants, and any surplus is either burned or sold to nearby consumers. Underground
storage of hydrogen in solution-mined salt caverns has been developed in England by the
Imperial Chemical Industries (ICI). This storage utilizes three brine-compensated
caverns to store hydrogen at 750 psi at a depth of 1200 feet. Hydrogen under pressure is
injected into a brine-filled cavern and is stored by displacing the brine in the cavern.
The brine then is directed into surface ponds until needed again to displace the hydrogen
back to the surface. About 20,000 tons (3.27 billion CF) of 95% purity hydrogen is stored
at the ICI Teeside facility. It is ultimately consumed by nearby industrial plants in the

production of ammonia and methanol.

In a field near Beynes, France, Gaz de France operated an aquifer that stored
hydrogen-rich, low-Btu, manufactured gas from 1956 to 1972. Storage operations
changed in 1973 when the by-product gas was no longer available, and the field was
converted to natural gas storage. The Beynes experience is discussed in detail in

Section A-2-e.

2. Modes of Underground Gas Storage

Facilities for the underground storage of gases fall into two categories: (1) porous
media storage, in which the gas occupies the naturally occurring pore space between
mineral grains or crystals in sandstones or porous carbonates, and (2) cavern storage, in
which the gas is contained in excavated or solution-mined cavities in dense rock
(Figure 5). Porous media storage, either in partially depleted oil or gas fields or in
aquifers, accounts for the large majority of all underground storage facilities for natural
gas. Natural gas also is stored in solution-mined salt caverns in Mississippi and Michigan
and in one excavated cavern, an abandoned coal mine near Denver, Colorado. Although
no excavated caverns have as yet been developed specifically for the storage of natural
gas, they are widely used for storing propane and other hydrocarbons in liquified form.
Because a supernatant vapor phase invariably overlies the hydrocarbon liquids in such
facilities, consideration of the facilities is appropriate for the underground storage of

any gas in the vapor phase.
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a. Common Considerations

Although each mode of underground storage has its own set of critical
characteristics, several basic considerations are common to all forms of underground

storage.

Both categories of storage must possess sufficient capacity and containment for
the gas in order to be successful. These two requirements are satisfied by different
mechanisms with each mode of storage. In porous media, these requirements are met by
a porous reservoir rock and an overlying confining enclosure, whereas in cavern storage,
capacity is achieved from the chamber volume with containment provided by the
impermeable host rock surrounding the cavern. Several factors greatly influence the
magnitude of capacity and containment for a given storage mode; chief among these is
pressure. Because most host rock lithologies cannot be considered to be absclutely
impermeable, the limiting pressure for some forms of underground storage is related to
the hydrostatic pressure gradient or, for purposes of approximation, 0.433 psi/ft of depth

below the water table.

The hydrostatic pressure gradient is calculated by dividing the density of water

(62.4 1b/£t3, or 1 g/ml) by the area of a square foot (144 in.?) as follows:

62.4 1b
144 in. = 0.433 psi/ft of depth (1)
The hydrostatic pressure is the limiting fluid pressure and represents the weight of

a column of water from the top of the water table to a particular depth. If the water
stored within the rock sequence is a saturated salt brine, the increased density of this
fluid (1.22 g/m}) results in a pressure gradient of 0.53 psi/ft of depth. Figure 6 shows
the pressure gradient for fresh water and brine, as well as the ultimate overburden
pressure gradient. The overburden pressure, 1.0 psi/ft of depth, is the load of the rock
column and, when approached, may result in hydraulic fracturing, or lifting, of the
overburden. To remain safely below this limit, storage facilities that operate above the
hydraulic pressure do not often exceed a gradient of 0.7 psi/ft of depth, which allows for

a margin of safety.

Most existing underground storage facilities for natural gas have maximum
operating pressures in the range of 1000 to 2500 psi, although there are facilities
operating at both extremes, from a low pressure of 160 psi to a maximum of more than
4000 psi. As the storage pressure increases, less volume is required for a given quantity

of stored gas. The greater the pressure, the more gas that can be stored in a given
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volume. This relationship is expressed by the following equation (Boyle's Law), assuming

an ideal gas —

- Il
V =V .3 2
XP ()

where —

V. = volume of stored gas
V_ = volume of cavern

P, = initial pressure

o = storage pressure.

On the other hand, a number of factors limit the maximum depth and pressure
desirable for underground storage, including the costs of drilling wells or sinking shafts,
the cost of compression, and the geothermal gradient, because high storage temperatures
partially offset the volumetric efficiency gained by greater pressure. Except in the case
of depleted fields, the higher cost of exploration at greater depth also is a limiting
factor, whereas the depth of storage caverns in salt is limited by the rheological

properties of salt.

For purposes of approximation of storage capacity, the ideal gas law is generally

sufficient; the supercompressibility of natural gas also slightly favors storage pressures

below 2000 psi.

Two mechanisms can provide the energy necessary to displace the gas from the
reservoir. In highly permeable and porous formations of considerable lateral extent, the
injection of gas drives the water down deep within the formation as the gas is
compressed. During the withdrawal cycle, the gas is displaced in part by expansion and
in part by reentry of the water into the previously gas-filled portion of the reservoir.
This latter mechanism is termed "water drive." Its degree of effectiveness depends in
part upon the rate of withdrawal. Under conditions of rapid withdrawal, gas expansion
provides most of the energy required. Under conditions of slower withdrawal, the water
drive may exercise a dominant effect. When the water drive is the predominant source
of displacement energy, the reservoir operates at essentially constant pressure. When
volumetric expansion is the primary source of energy, the reservoir pressure declines

with continued production.

Many porous reservoirs, such as sand lenses, are of restricted extent, and no
4
active water drive is present. Such reservoirs draw their displacement energy entirely

from the volumetric expansion of the gas.
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The same principles of displacement energy apply in cavern storage, where the
cavern may intentionally be designed to operate under noncompensated or water-

compensated modes. This distinction is further discussed in connection with cavern

storage.

b. Requirements of Porous-Media Storage

The two basic requirements for porous-media storage are (1) a reservoir that is
sufficiently porous to contain the gas and sufficiently permeable to transmit it and (2) an
enclosure that provides geological and hydrological mechanisms to restrict the injected
gas to a specific portion of the subsurface environment. The typical enclosure, as shown
in Figure 7, consists of a caprock, most commonly shale, overlying the reservoir in a
domal or anticlinal configuration that provides structural closure to limit lateral and
vertical upward movement of the gas together with an underlying gas/water contact; this
point of gravity separation prevents downward movement of the gas. However, all the
forms of structural and stratigraphic entrapment found in naturally occurring oil and gas

fields may not be conducive to storage, either in depleted fields or in aquifers.

1) Depleted-Field Storage. The oldest, most widespread, and most economical

mode of storage of natural gas is the reinjection of gas into existing fields partially
depleted by prior production. For natural gas storage, the use of such fields is
advantageous, because it virtually eliminates exploratory cost and risk and because these
fields normally contain sufficient residual gas to fulfill all or part of the base gas
requirement. Conversion to storage may require only the reworking of wells and the

installation of compressor facilities.

Oil and gas accumulate in reservoir traps over millions of years, commonly
migrating upward from source beds that may be thousands of feet from the reservoir
rock. Reservoir traps are either stratigraphic or structural and, when partially or fully
depleted of natural reserves, can accept gas by injection for storage. Figure 8 shows the
basic configurations of reservoir traps and the horizons of original oil and gas

accumulations.

In the case of hydrogen storage, the presence of residual natural gas may be more
of a problem than a benefit, because until it is fully displaced, mixing of the natural gas
and hydrogen results in the production of gas of widely varying heating values during
conversion. Further, the majority of depleted-field storages, particularly those in the
Appalachians, operate at relatively high pressures, which can be expected to intensify

problems resulting from hydrogen embrittlement.
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The locations of major gas and oil fields within the United States, some of which

may be suitable for conversion to hydrogen storage, are shown in Figure 9.

2) Aquifer Storage. The natural gas industry has found that suitable depleted-

field storage opportunities frequently do not exist in desirable locations with respect to
market areas and pipeline facilities, a situation that also may confront the development
of bydrogen storage. In many cases, it has been possible to develop fields, similar in all
respects to naturally occurring gas fields, except that in the absence of native gas, gas is
iniected to displace water from a portion of an aquifer. More than 50 projects have been
successfully developed, the majority in the upper Midwest. The potential for aquifer
storage development exists in most of the major sedimentary basins of the United States
(Figure 10).

Aquifer storage development requires a major exploratory effort. In oil and gas
exploration, the discovery of a hydrocarbon accumulation proves the existence of a
suitable enclosure. All that remains is to determine its size and its limits. In aquifer
storage, the existence of a suitable enclosure must be conclusively proven not only with
respect to its structural configuration, but also with regard to the adequacy of its
reservoir and caprock elements to contain gas. This is costly and not without risk, as

discussed in the section on leakage.

Figure 11, a map of the Media Field in Henderson County, Illinois, shows the
anticlinal structure on the top of the reservoir unit (Galesville sandstone) and the area
extent and size of the field. This structure is representative of a medium-size aquifer
field and has a volumetric capacity of about 50 billion CF of total stored gas. Gas would
be confined within the Galesville sandstone between depths of 1310 and about 1400 ft,
The overlying caprock, above the top of the depicted reservoir surface, prevents vertical
migration from the reservoir, and the structural closure of the flexure limits lateral
movement of gas above the —1400-ft horizon. At this depth, the enclosure flattens out

at the west end of the structure and provides a potential avenue for gas migration.

Total volume of stored gas for an aquifer field such as Media can be calculated

from the following equation —
V = (43560 £t2 x acre-ft) x ¢ x (1 = S_)(g) 3)
where —
V = total gas content, million SCF

h
acre-ft = 2 (A1 + AZ)
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SOURCE: PETROLEUM INFORMATION
CORPORATION, 1978

Figure 9. MAJOR GAS AND OIL FIELDS IN THE UNITED STATES
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h = contour interval, ft
AI,Z = area within successive contours
¢ = porosity of reservoir rock, %
S, = connate water, %
F = 106 xl;‘&x %—B xZ (4)
where —

P, = pressure base (14.73 psia)

=2

I

reservoir pressure

3
i

reservoir temperature, °R

T, = temperature base, °R

It

compressibility factor.

Total gas volume determinations include base gas, which represents a further cost
in the development of aquifer storage and is required to maintain storage volume. This
base gas, which is not normally produced in a routine storage field operation, may
represent from one-third to two-thirds of the total field capacity. This répresents a very
large investment under the current natural gas pricing structure and would presumably

represent an even greater investment in the storage of hydrogen.

Proposals to use various less expensive gases as base gas have been made on
several occasions and are discussed in Sections II-A-2-e and Section IV. However,
theoretical considerations and both experimental and field experience suggest that the
use of less expensive base gases is not practical in a storage facility subjected to

frequent and substantial injection-withdrawal cycles.

Injection-withdrawal wells are spaced throughout a field and penetrate the
reservoir rock. The number and spacing of wells are determined by the desired rate of
deliverability and the characteristics of the reservoir. A limit is reached when the well
spacing becomes close enough to cause "interference" (the productivity of one well
diminishing the producitivty of an adjacent well). Figure 12 is a typical well completed
in an aquifer or depleted field. These wells are designed to prevent the movement of gas
between casing and borehole and to protect overlying porous formations from gas

invasion if upward gas movement occurs.

3) Mechanisms Controllng Confinement or Loss of Gas in Porous-Media

Storage. The basic elements necessary for the confinement of gas in porous reservoirs

25



2/80

8% HOLE .

;SO"R.J. 51/ 0
2"0.D.CS6
;J FLANGE JLINFT.
R K-55 RG 2
1 S » 7T rZZa\]
s K 5" 3rd, 4th, & 6th
15 HOLE CEMENT INT. WitH )
. 582 " INSULATE BETWEEN RUFF COTE
CENTRAL IZER
\ L~ BOREHOLE
b r 8 5//2'0.0.
L | /’}/loa'o.o)cse. cs6. FRM..
a LIN.FT. : CENTRALIZERS .
CENTRALIZER H-40 RG 2 TO SURFACE
THIRD JUNT. R 4 L é AS NEEDED
s
J
Js |4 BAFFLE IN
1, 21 COLLAR OF
1.,1° A 2nd JNT. BOTTOM TWO
Ja » JCTS. ABOVE
p 4| _FULL STRING TAR SPRINGS
48 |, ) SAND BLASTED WITH TWO(2)
i, . EPOXY COATED 5'ROTATING
A, f AR L
CENTRALIZER —u -co
IN MIDDLE ) l'
{8 \ R CENTRALIZER
Py L INSULATED
CEMENT 218  BA| centrasize
-y CAPROCK
BETWEEN 7
BOREHOLE & & |4 NE RUFF -COTE
;o%"émssmsz » R
ROM CSG. S
SEAT T0 4, |4 ol ; SCRATCHERS
SUR
q°* by, E— PERFORATING
> "I e STORAGE - RINGS~5
¢ y RESERVOIR | ART
13 y (GAS STORAGE | 4
p 4 4 SAND) A
CENTRALIZER—3Y gf ) F 4
BOTTOM UNT. | z
3 ’ CENTRALIZER 4 . RUFF -COTE
RUFF-COTE 7| ¢3] | N st ONT. —Z—2
M JUNT.
POTTOM AT R \ 4 | — INSULATED 1*
Y B h// CENTRALIZER
r
3w
1075"0.D. e Bt Rres. AT, FLOAT SHOE
CASING CS6. SHOE
SET AT, s b =
40'-60 s
4 .
4+
3.
87, HOLE . R
,.G &
]

NOTE: RUFF-COTE IS AN EPOXY BONDED SAND FINISH
TO ASSURE CEMENT BOND TO THE CASING,

Figure 12. TYPICAL WELL COMPLETION

26



2/80

have been identified. Typically, the vertical upward and lateral confinement results
from the lithologic barrier imposed by an impermeable stratum in a domal or anticlinal
structural configuration. The underlying element of the confining system can consist
entirely or partially either of a similar lithologic barrier or of the gas-water contact
resulting from gravitational segregation of gas and water. This section discusses the

mechanisms and limitations of these critical elements for gas containment.

a) Lithologic Confinement. Although the term "lithologic confinement” is

convenient for purposes of discussion, with few exceptions it is not accurate because it
excludes the role of water. Omitting consideration of fractures, joints, faults, bedding
planes, and other similar "mechanical" discontinuities in rock, few rock types are
absolutely impermeable. Their ability to contain gas depends partially upon a condition
of relative impermeability resulting from their saturation with water. Because most
rock-forming minerals are hydrophyllic, water is retained in the pore throats, the
apertures between intercrystalline or intergranular pores, by capillarity. For a
nonwetting phase such as gas to displace this capillary water, a positive pressure
differential in excess of the capillary pressure within the pore throat is required. The
pressure required for gas to displace the capillary water and enter the pores themselves

is termed the threshold pressure and is inversely proportional to the radius of the pore

throat:
pc - 20 rcos 8 (5)
where —
P = capillary pressure (threshold pressure), dynes/cmZ
o = surface tension, dynes/cm

§ = contact angle, deg

it

r = capillary radius (pore throat radius), cm.

In finely grained or finely crystalline rocks, the pore throat diameters may be very small,
resulting in threshold pressures ranging from hundreds to thousands of psi. Thus, the
integrity of the lithologic confining elements, commonly called caprock, depends upon

a) saturation by water and b) the diameter of the apertures between pores. Shale, many
finely grained and dense carbonates, most evaporites such as salt and anhydrite, and most
unweathered igneous and metamorphic rock can be expected to have pore throat
diameters sufficiently small to result in threshold pressures of several hundred psi or

more.
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The threshold pressure is additive to the overlying hydrostatic pressure in
determining the maximum confining pressure within a storage reservoir. Thus, the
maximum gas pressure that can be retained by a 500-psi threshold pressure caprock at a
depth of 2000 feet is approximately 1366 psi, not 500 psi. Because in most porous~media
storage water under hydrostatic pressure is the confining element underlying the gas, the
operating pressure must be controlled to limit displacement of the gas beyond the limits
of structural closure. In such cases, the threshold pressure constitutes more of a
measurement of the quality of the caprock than an actual physical limitation. In cases of
totally confined porous~media storage and also in cavern storage, high threshold
pressures may permit "overpressuring,”" exceeding the hydrostatic pressures surrounding

the reservoir.

Note that, even in seemingly highly homogeneous lithologies, the range of pore
sizes and pore throat diameters often is very great. Thus, it is not sufficient to consider
average or typical pore throat diameters, but rather the largest, no matter how
infrequently they may occur. Accordingly, the threshold pressure cannot be reliably

inferred from such commonly measured parameters as permeability and porosity.

Even when the lithologic confining elements exhibit uniformly high threshold
pressures and low permeabilities, their integrity can be compromised by such
"mechanical" discontinuities as joints, fractures, and faults that provide avenues for gas
migration completely unrelated to the intrinsic characteristics of the caprock. Joints
and fractures are commonplace in almost all rock types, the only exceptions being some
plastic shales and salt formations whose rheological properties either prevent or heal
such physical discontinuities through plastic flow or creep. These discontinuities present
a serious risk of gas migration in mined cavern storage {and are discussed at greater
length in that context) but do not appear to be a significant concern in porous-media
storage. Because joints and fractures, particularly the former, occur with spacings from
a few inches to a few hundred feet in almost all sedimentary rocks, there would be few
naturally occurring oil and gas accumulations, not to mention successful gas storage
reservoirs, if they were a significant factor. Presumably the fact that porous-media
storage reservoirs are commonly much deeper (thousands of feet) than storage caverns
(hundreds of feet) and have lithostatic pressures an order of magnitude greater is one
explanation of the great difference in effect upon confinement: Deformation of the rock
under high stress commonly encountered in storage operations is adequate to close most
cracks. The greater roles of joints and fractures in gas loss from caverns also may be
due in part to hydrological considerations. Water entering a cavern through joints and

fractures will do so at a rate controlled by the hydrostatic head and by the dimensions of ‘
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the fracture system. The rate of discharge therefore can exceed the rate of recharge in
the fracture system with consequent localized reduction of the hydrostatic pressure
below the storage pressure. Water migrating downward into a porous reservoir does not
discharge into free space but rather into a partially water-saturated porous medium that
can greatly reduce its discharge rate, while the increased thickness of overlying rock

may result in greatly increased discharge capacity.

Although there is little evidence that joints and fractures have contributed
significantly to gas loss from porous-media storage, there are several instances of gas
loss attributable to faults. Faults differ from joints and fractures in that they represent
physical dislocation of one side with respect to the other. The most obvious and most
serious loss of caprock integrity through faulting is when the dislocation is sufficient to
disrupt the continuity of the caprock, when the caprock on one side of the fault is raised
or lowered with respect to the other to such an extent that they are no longer in contact.
Although such gross dislocations have been encountered in aquifer storage experience,
these features are usually of such magnitude that they can be recognized in advance by
careful exploratory methods. If faults of small displacement are identified even with
careful exploration techniques, the potential for leakage can often be identified by

pump-testing prior to the injection of gas.

Although it may be preferable not to store gas in structures whose caprock
contains known faults, faults have been identified in a number of successful storage

projects with no significant gas loss.

b) Hydrologic Confinement. As discussed elsewhere in this report,

hydrocarbon gases as well as hydrogen are soluble to a limited degree in water. Thus, at
any point in the containment system where gas is in contact with water, there is a finite
gas loss into solution. In most cases, this is virtually negligible, as is evident from the
fact that naturally existing gas accumulations have in many cases existed in contact with
water for hundreds of millions of years without significant diminishment. Under static
conditions, where gas and water are in contact in a porous medium without significant
movement, the concentration of dissolved gas in water diminishes rapidly with the
distance from the gas-water interface; once the water immediately adjacent to the gas
accumulation has reached saturation, near equilibrium conditions exist; and the
additional gas that can be lost through dissolution in water is limited to that which is lost
through diffusion. However, a cyclical operation of a storage reservoir not only results
in the advance and displacement of the gas-water interface, but under certain conditions

also can create a pumping effect in which undersaturated water is drawn in during the
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gas withdrawal cycle while the saturated water is displaced during the injection cycle.
Even when the field is inactive, water movement within the storage reservoir can result
in the continual flow of water at the gas-water interface with a consequent increase in
the rate of gas loss through solution. Velocities of water movement in storage reservoirs

sufficient to make this latter mechanism of gas loss truly significant are rare.

4) Other Factors Affecting the Containment or Loss of Gas from Porous-

Media Storage. In terms of frequency of occurrence but not necessarily in terms of
volumes of gas lost, the greatest single factor affecting the containment of gas within a
porous-media storage reservoir is the wells themselves. Gas losses from this source
normally are comparatively easy to detect and remedy, and they commonly originate

from corrosion of casing or failure of the cement bond between casing and host rock. A

large body of well-developed technology is available to detect and remedy such defects.

The consequences of seismic activity upon the integrity of underground storage
reservoirs appear to be minimal. A gas loss directly attributable to seismicity, even
among the several depleted-field storages in seismically active portions of California,
has never been reported. In general, subsurface installations in competent rock should be
much less susceptible to damage arising from earthquakes than would associated surface
facilities such as pipelines, aboveground storage, and compressor stations. Areas

susceptible to seismic activity are shown in Figure 13.

5) Frequency and Magnitude of Gas Losses from Porous-Media Storage. The

term gas "loss" requires definition, particularly as distinguished from "leakage." There
probably is some finite gas loss from virtually all porous storage reservoirs: loss through
caprock, loss through solution in water, and/or loss through defects in the wells
themselves. Not only are many of these losses very minor in quantity, but also they are a
predictable consequence of the environment of gas storage and the technology for its
development. They do not necessarily have an impact upon life or property in the
surface or near-surface environment. Even very substantial quantities of gas can be lost
from the primary reservoir without harmful effects, except upon the cost of storage. A
case in point is the Hersher Storage Field operated by Natural Gas Pipeline Corporation
of America in Kankakee County, Ill., in which gas escaping from the primary reservoir is
collected in an overlying reservoir and reinjected. The term "leakage" is reserved for
those relatively rare instances of uncontrollable gas loss of such magnitude as to be a
significant factor in storage economics or in environmental safety. Leakage is discussed

in a later section of this report.

We have had great difficulty in addressing the frequency and magnitude of gas

losses because these questions ultimately depend upon the limits of detectability of gas
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loss. In general, two methods are used to detect gas loss. The most obvious is the
detection of gas outside the confines of the storage reservoir either directly or by its
effect upon the pressures in superadjacent porous zones. Alternatively, it can be

recognized from reductions in gas inventory as measured by various means.

Even when gas is observed outside the confines of the primary reservoir, it must
be shown that the gas originated within the reservoir before loss is proven. Minor
guantities of gas of both biogenic and petrogenic origin are not uncommon in sedimentary
rocks, and in many instances the gas observed above and in the vicinity of porous-media
storage reservoirs ultimately has been proven to have been completely unrelated to
storage activity. Direct detection of lost gas is rare and frequently implies rather large-
scale leakage. Indirect detection is somewhat more common, particularly when applied
to minor gas losses associated with injection~withdrawal wells. Very often the
identification of gas behind the casing by gamma ray-neutron logs also indicates casing
failure or more commonly failure of the cement bond. Also, observation wells are often
used to measure the pressure in superadjacent formations at various points above the
storage reservoir. Upward movement of gas can be reflected in increased observation-
well pressures, although the sensitivity of this technique is highly dependent upon
hydrologic characteristics of the zone in which these wells are completed and upon their

location with respect to the storage reservoir.

The detectability of gas loss inventory measurement is highly variable and depends
upon the methods employed. Our study of inventory measurement practice suggests that
very careful pressure measurement during prolonged shut-in periods can result in an
accuracy of gas inventory measurement of substantially less than +1%. On the other
hand, in some depleted fields inwhich the reservoir volume or configuration is not well
understood and in which gas inventory is determined only by metering the gas injected

and withdrawn, the limit of detectability can be as great as +5%.

Barring direct observation of gas outside the confines of the storage reservoir and
assuming gas inventory measurements made in accordance with the best practices of the
natural gas storage industry, gas losses of the order of 0.1%/yr probably represent the
lower limit of detectability and only then after continuing for a period of several years.
In terms of a field of 10~billion CF capacity, an annual loss of 10 million SCF probably

would not be recognized for several years.

The frequency and origin of losses from depleted storage fields are particularly
difficult to assess. The operators of such fields frequently depend upon the historical

integrity of the field through geologic time as a guarantee of gas containment;
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observation wells are less common and inventory measurements seem less accurate
compared to the practice of aquifer storage operators. Further, when gas is observed in
overlying formations in the vicinity, it can be either native gas in the sense of primary
entrapment or gas that has escaped from the depleted reservoir either in the geologic
past or in the early development of the field for gas production. The majority of gas
losses in depleted fields apparently are associated with casing failures or other defects of
the wells themselves. Note that the large plurality of depleted storage reservoirs are
located in the Appalachian region and that many of these fields contain very old wells,
Thus, well failures are to be anticipated not only because of the age of the wells
themselves, but also because many of these wells were drilled prior to the development

of modern completion technology.

The argument that the integrity of depleted-field storage reservoirs is guaranteed
because they successfully held gas throughout geologic time is not wholly convincing;
many of these reservoirs were not completely filled with respect to their structural
closure at the time of discovery. Although it is possible, and in many cases probable,
that underfilling simply reflects an undersupply of gas at the time of entrapment, it is
also possible that these fields lost gas until the reduced gas pressure fell below the
threshold pressure of the caprock. Therefore, these fields are in a condition of delicate
equilibrium, susceptible to renewed loss upon increase in storage pressure, or loss may
have been continuous from the time of entrapment to the present. Examples of both
latter alternatives are known, but the extent to which they exist among depleted storage

reservoirs is not.

Notwithstanding the above, the presence of native gas in depleted fields permits,
at the outset, a greater degree of confidence in the competency of the caprock than is
possible in aquifer storage. Accordingly, caprock evaluation is a critical part of aquifer
storage development and customarily includes detailed structural and stratigraphic
studies, extensive coring and laboratory analysis, and pump~testing. Despite the care
that the gas industry applies to such pre-injection studies, there does appear to be a
higher incidence of gas loss resulting from caprock defects associated with aquifer
storage. Although such losses have resulted in field abandonment in some cases, others
continue to operate satisfactorily despite caprock problems. In some cases, it is difficult
to be certain whether caprock losses are occurring, and authorities differ upon the

interpretation of data.

Gas losses do not necessarily make porous media storage unfeasible or unsafe. In

some cases such as the Hersher Field, the gas can be gathered and recycled in an
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overlying seéondary reservoir. In other cases, there is no evidence that gas that has
escaped through the caprock has ever approached the surface or near-surface
environment, presumably being retained in secondary traps and/or having gone into
solution in water in overlying horizons. The magnitude of gas losses ranges from trivial
or undetectable to those which are economically unsupportable or potentially dangerous
to life and property and depends upon the specific geological and hydrological
characteristics at each storage site. Generalizations about probable frequencies and
magnitudes of gas loss cannot be made on the basis of either geographical location or
geological environment. On the other hand, with the advantage of hindsight, many
instances of serious gas loss should have been recognizable, at least to the extent of
identifying a high level of risk, with more careful and thorough exploration techniques

and testing programs.

c. Cavern Storage

Although relatively rare in the storage of natural gas, cavern storage offers
several significant advantages. Its suitable host lithologies for mined caverns include
thick shale sequences, salt, and igneous and metamorphic rock, the latter two being best
suited for deep, high-pressure storage. Regions in which these host rock types can be
anticipated are shown on Figures 14, 15, and 16. Note from these figures that one
important advantage is that cavern storage is geologically feasible in many areas where
porous-media storage is not. This is particularly true in a number of areas of high energy

consumption such as New England, the Atlantic seaboard, and the Pacific Northwest.

An additional advantage is that there is no inherent limitation on deliverability, as
opposed to porous-media storage where withdrawal rates are limited by the permeability
of the reservoir formation and the number of wells available, Finally, because cavern
storage involves only nominal quantities of nonproducible gas, increasing gas costs make
it increasingly economically attractive when compared to the high base-gas costs in

porous-media storage.

The two approaches to the design of a gas storage cavern are constant pressure
and variable pressure. Constant-pressure design requires that the cavern be kept
partially filled with water. The pressure is kept constant by the hydraulic head of water
that connects the water in the cavern to a reservoir at the surface. During withdrawal
periods, water is allowed to enter the chamber and displace the stored gas. The water
level is lowered in the cavern during gas injection, and water is returned to thé surface

reservoir through the shaft that connects the cavern with the reservoir (Figure 17a).

This water-compensating pressure system of cavern storage operates with a minimal
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volume of base gas, because the fluctuating water volume serves to pressure the cavern

and to displace the working gas.

The variable-pressure cavern is a closed system in which the storage pressure is
determined by the amount of gas stored in the cavern (Figure 17b). In dense,
impermeable host rock, the cavern can be operated at pressures greater than hydrostatic
because the withdrawal of working gas does not depend on a water displacement drive.
The pressure fluctuates as the gas inventory changes. Maximum storage pressure is
established by hydrostatic pressure or, in some cases, may approach lithostatic pressure.
Minimum storage pressure can be determined by pipeline or compressor input pressures
or, particularly in the case of solution caverns, the pressu;-e required to prevent extreme

shrinkage of storage volume by salt encroachment.

Water inflow to the cavern poses no serious problem with a water-compensated
cavern and is factored into the volume of water displaced from the cavern during gas
injection. The efficiency of a constant-volume cavern, however, is affected by water
inflow, because the water reduces the space available for stored gas and must be pumped

out of the cavern when significant quantities accumulate.

Reservoirs for compensated cavern storage do not always require surface ponds
and can be designed as an underground chamber above the storage cavern (Figure 18).
This design is particularly appropriate in the case of solution-mined salt caverns, in
which brine rather than fresh water is used and the environmental impacts of brine on
surface water supplies are of concern. Salt caverns also operate in the constant volume
(or noncompensating) mode of storage. The Eminence storage caverns, operated by

Transco, are examples of this method.

1) Solution-Mined Caverns in Salt.

Underground salt deposits occur either as "bedded" formations or as "domes."
Bedded salt formations are layers that occur primarily in regional sedimentary basins,
such as the Michigan Basin and Permian Basin of western Texas, Oklahoma, and eastern
New Mexico, and can be as thick as several thousand feet. Subsequent tectonic forces
may have folded and shifted the salt and influenced the structure and properties of the
deposit. Thin layers of dolomite, anhydrite, gypsum, and potassium chloride as well as
clay are frequently present as impurities, ranging from 1-2% up to 10% or more of the
deposit. The presence of these impurities, many of which are insoluble or less soluble
than salt, can cause difficulty in the solution-mining process, particularly in the control

of the cavern's configuration.
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Salt domes are masses extruded upward from salt layers at depths of 3,000 to
10,000 feet or greater. Oil, gas, and sulfur deposits frequently are associated with salt
domes that occur as diapirs composed of 95% to 99% pure halite that have been forced
upward through the surrounding sediments in a form of isostatic adjustment. This
upthrust or piercement results from the rheological properties of salt that cause it to

behave as a viscous liquid under high pressure and its low specific gravity (2.2

approximately) in contrast to that of the surrounding sedimentary rocks (greater than
2.4). Because the impurities that commonly occur in bedded salt layers do not exhibit
similar viscous flow characteristics, they are, for the most part, retained in the deep salt
beds from which the diapirs originate, in effect "refining" the salt and facilitating
control of cavern configuration during solution-mining. Some blocks of impurities,
particularly anhydrite, are occasionally carried along by the upwelling salt, but these are
normally small and only occasionally cause difficulty. The majority of salt domes occur
in the Gulf Coast states of Texas, Louisiana, Mississippi, and Alabama, although some
salt zones do occur in three interior basins adjacent to the northern edge of the Gulf
Coast province, These interior domes generally have shallower origins and contain a

higher percentage of impurities than do the domes of the Gulf Coast.

The most common approach to solution-mining of salt is controlled leaching to
create an elongated, bell-shaped chamber. Figures 19 and 20 diagrammatically show the
technique for cavity development. The direct injection method involves the installation
of casing and tubing into a drilled borehole and dissolving out the salt by pumping fresh
or brackish water down the tubing and removing the saturated brine out the annulus.
Leaching creates a bell-shaped cavern because solution occurs more rapidly near the
bottom where the fresh water comes into contact with a highly concentrated brine
moving upwards towards the annulus. Diesel oil is injected through the annulus to create

a blanket fluid that floats on the brine and controls roof formation during leaching.

An alternative method of solution-mining is by reverse leaching where the fresh
water enters through the annulus and is removed through the inner tubing (Figure 20). A
greater amount of finely grained insoluble material, or rubble, is flushed out with the

brine by this method and less rubble accumulates on the bottom of the cavern.

As caverns are leached from the salt, surveys are made to track the progressive
development of the chamber. Figure 21 also shows the results of a sonar survey that
records the configuration of the chamber during leaching over a 9-month period for the

Hornsea storage caverns in England.
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Transco's operations at Eminence have shown that cavern shrinkage due to salt
flow makes it impractical to operate (maintain) salt caverns below a depth of 5500 to
6000 feet. Whether this depth limitation is generally applicable or applies only to the

specific dome in which Transco's facilities are located is uncertain.

2) Excavated Caverns. Mined caverns for the storage of petroleum products have

been excavated in thick shale sequences and in massive igneous and metamorphic
crystalline rocks such as granite and gneiss. Limited experience in excavation of such
caverns in limestone has shown that its susceptibility to solution activity along fractures,
joints, and bedding planes makes it an uncertain host rock, although it may serve well in
some areas. Although caverns in shale have been used for the storge of propane at
shallow depths, its suitability as a host rock for deep cavern storage is less clear, because
it often exhibits swelling or spalling when exposed in underground openings. This can
result in roof instability and other construction problems that can lead to failure of the

caveri.

Massive igneous and metamorphic rocks are generally the best lithologies for
mined openings. These rock types exhibit dense, isotropic, high-strength properties that
make excellent conditions for cavern construction. They are also generally more
homogeneous than sedimentary rock types, resulting in a lower probability of

encountering unsuitable rock and increasing the reliability of cavern design.

Limitations on the depth of mined-cavern storage are largely questions of
economics. Preliminary cost estimates indicate that for a cavern capacity of
10 billion CF, a depth of 3500 to 4000 feet is optimal. Rock temperature proves to be a
significant factor below this depth, because of the possibility of having to provide cooling
during cavern excavation and because elevated temperature reduces the compressibility
of gas and decreases the volume of stored gas. Accordingly, unusually high or unusually

low geothermal gradients can significantly alter optimum depth.

A common method of cavern excavation is room-and-pillar mining, in which long
drifts are excavated perpendicular to each other in a grid, creating a waffle pattern
(Figure 21). This approach has been used in the mining industry for years to maximize
the extraction of minerals. A configuration also used for storage caverns is the closed-
loop tunnel arrangement (Figure 21). This configuration minimizes obstacles to flow and
provides sufficient stability for cavern design. The choice of configuration is based on
such considerations as local geology, strength and structural features of the bedrock,

haulage and production rates, and volume of cavern space desired.
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No deep-mined cavern specifically designed for the storage of natural gas is
known. The only excavated cavern currently in use is the converted Leyden coal mine
near Denver, Colo., which is operated by Colorado Public Service Company. Although
very useful for limited peakshaving service, this facility operates at low pressure with
relatively small storage capacity (45 million CF). Notwithstanding the fact that deep .
cavern storage has not previously been developed, it cannot truly be considered an
undeveloped technology, because it simply combines areas of technology that are already
highly developed ~ the excavation of underground openings and gas storage in deep

caverns as pioneered by Transco.

3} Mechanisms Controlling the Containment or Loss of Gas from Cavern

Storage. The same mechanisms that contain gas in porous-media storage also apply to
cavern storage; however, the emphasis is changed. In porous-media storage, a major
concern is the intrinsic characteristics of the lithologic confining elements, particularly
their permeability and threshold pressure. In cavern stc;rage, the site is normally
selected specifically because the host rock is dense with very low intrinsic permeability
and very high intrinsic threshold pressure. Purely hydrological confining mechanisms,
such as the transport of gas in solution in water, are even less pertinent because the
density and impermeability of the host rock minimize both the mobility of the water
phase and the extent of gas contact with it. Thus in cavern storage, the major concern is

the effect of any joints, fractures, or faults that may be encountered.

The permeability and threshold pressures of the host rock are not unimportant. It
is simply assumed that they would be very carefully evaluated during the exploratory
phase and that cavern excavation would not proceed if favorable intrinsic rock conditions

were not ensured.

a) Confinement of Gas in Fractured Rock. Gas can be confined in

fractured rock by either of two mechanisms, both of which depend upon the presence of
water. If the fracture is closed (width less than approximately 0.01 mm), capillary water
retained in the fracture can contain the gas subject to the same threshold pressure
limitation as in caprocks surrounding porous-media storage. When the fracture is too
wide to support a stable capillary water saturation under the prevailing hydrostatic

pressure, a different mechanism comes into play.

Until recently, a tenet of propane storage design was that if the hydrostatic
pressure exceeded the cavern storage pressure cavern (vapor pressure of propane}, no gas
loss was possible because if there were any movement of fluid within a fracture, it would

be that of water flowing in rather than gas flowing out. Both practical experience and
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theoretical studies have shown that this is an oversimplification that is valid only under
certain limited conditions. First, it must be assumed that there is adequate recharge to
the fracture system, so that downward drainage of the water does not reduce the
hydrostatic column. Artificial recharge of water may be required to ensure that this
condition is met. This can be accomplished in some instances by simply flooding the
fractures by injecting water into the soil overyling the cavern (as in Washington Gas
Company's Ravensworth Propane Storage Cavern), or as proposed by J anelid,29 a "water
curtain” can be created by the injection of water in a network of closely spaced
boreholes drilled horizontally or diagonally downward from galleries overlying the

storage cavern.

1 among others, has shown that within fractures of significant width (in

Aberg,
which capillary retention is of negligible effect), a critical downward velocity of water is
required to prevent the upward escape of gas bubbles. Thus, it is not only necessary to
maintain water saturation at a hydrostatic pressure in excess of the storage pressure, but
also it is necessary that the entry velocity of the water into the cavern be greater than
the upward velocity that a bubble would have if there were no water movement within

the fracture.

Much of the literature on cavern storage presupposes relatively shallow depths.
However, the storage of natural gas or hydrogen would be more economic at depths of
2500 to 4500 feet. With the greater lithostatic pressures prevailing at these depths, the

probability of fractures of significant width is greatly diminished.

Much of the most recent literature on gas losses from caverns has been written in
the context of compressed air energy storage (CAES). These papers refer to air loss
rates of from 2% to 5%/day in "normal grauliize."7’2‘2’51 Although not clearly specified,
particularly when quoted or referenced in subsequent English language publications, these
papers appear to assume a) relatively shallow depth and b) operating pressures
substantially in excess of hydrostatic pressure. Regardless of whether such loss rates are
realistic for highly pressured caverns in "normal granite,” as indicated in these
publications, these loss rates are not realistic for granite caverns at less than hydrostatic
pressure because a number of successful propane caverns have been excavated in granite.
Propane vapor leakage, even at a very small fraction of the rates suggested in this

literature, would be unacceptable under any circumstances.

Solution-mined caverns in salt are a special case; open fractures are unlikely at
depth because of the creep and self-healing characteristics of salt. With the exception
of minor gas losses associated with wells themselves, there is no reported loss incidence

in connection with salt caverns in salt domes.
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Bedded salt deposits frequently are less homogeneous than salt domes and not

uncommonly contain zones of impurities that, in extreme cases, might permit gas loss,

although no such losses have been reported.

b) Incidence and Magnitude of Gas Losses from Cavern Storage. Very

few caverns have been developed for the containment of gases, most of these in salt.
None of the salt-cavern gas storage facilities that we have studied have reported
significant gas loss, nor have the solution-mined caverns used for the storage of liquid »
hydrocarbons reported any loss of the supernatant vapor phase. Hence, we would

anticipate no loss of hydrogen if these caverns were operated under the same conditions

for hydrogen.

A number of excavated caverns have been constructed, primarily either in granite
or shale, for the storage of propane. Although several of these caverns have leaked, we
have not been able to acquire a sufficent body of data to present quantitative conclusions
on the frequency or magnitude of gas lnss. As in the case of many porous-media storage
facilities, the detectability of gas loss from caverns appears to vary greatly, and few, if
any, caverns have incorporated a loss detection system in their initial design. Such
instances of propane vapor escape as are known have first been detected at ground

surface.

One case of vapor loss seems clearly attributable to the loss through drainage of
the hydrostatic head in a fracture system. Another case may be due to the seepage of
propane, either as a liquid or as a vapor, through permeable zones in the shale host rock.
In both cases, the caverns are shallow, 400 to 500 feet, and it cannot be determined
whether similar losses would have occurred with the greater lithostatic pressure of the

depths appropriate to natural gas or hydrogen storage.

¢) Impermeation Techniques. Methods necessary to limit the leakage of

stored gas from an underground reservoir depend on the mode of storage and on the
mechanism and quantity of escaping gas. In porous-media storage, in which a large
volume of gas is stored under several hundred acres of land, the migration of gas from
the reservoir through the overlying caprock or by lateral leakage beyond the limits of the
structural closure may not be readily detected and is rarely correctible. The large
volume and areal extent of such a field inhibit the application of remedial impermeation

techniques to contain the leaking gas.

Cavern storage operations are more conducive to impermeation techniques. The
considerably smaller volume of gas stored in an underground cavern and the restricted

dimensions of the excavated opening reduce the variables associated with points of gas
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escape. In practice, however, identifying the nature and location of specific leakage
points, primarily through hairline fractures in the wall and ceiling rock of the cavern, has
been difficult. In these cases, such as Washington Gas Light Company's Ravensworth LP
storage cavern and caverns in Sweden, remedial actions to prevent leakage have been
applied to the entire cavern rather than to the specific points requiring impermeation

measures.

A wide variety of impermeation techniques have been reported, all concerned with
reducing permeability and sealing fractures within the rock. Laboratory methods have
shown that a gas hydrate barrier can be "grown" in pore spaces of rock by localized
convection-conduction cooling and agitation of the interstitial water as it comes in
contact with a hydrate~-forming gas.z’0 (Gases that do not form hydrates, such as
hydrogen, can be contained behind a hydrate barrier created and maintained by such
gases as carbon dioxide or other light hydrocarbons by injection wells located between
the approaching front of stored hydrogen and the line of in-situ water. Further research
would be required to determine the permanence of a hydrate barrier to hydrogen over the
life of a project. Long-term chilling of a reservoir is not a proved technology, and the
cost benefits of operation and maintenance are not available to determine its feasibility.
The lack of field applications for the theory prevents specific recommendations for

likelihood of success for the technique.

Methods of controlling gas leakage in porous rock by grouting and foams have been

proposed in the literature.20

The stabilities of foaming agents within a reservoir have
yet to be determined, and further research is required to evaluate long-term effects and
costs. The likelihood of completely filling the leakage channels is uncertain because of
the heterogeneity of rock masses and the circuitous nature of fractures. A grout or foam
treatment may be economically limiting and would appear to be most feasible in a
situation in which an identified portion of a cavern requires impermeation rather than,
for example, in an aquifer storage field in which the location of leakage is less
discernible and the large storage area can be a disadvantage. Grout has been injected as
a sealant for natural gas within the caprock overlying an aquifer, but the details and
results of the remedial program are not available in the published literature. The project

was unsuccessful.

In Sweden, gas and liquefied gas products are stored in unlined excavated caverns
below the groundwater level; these caverns are designed to prevent leakage by the
infiltration of water into the surrounding rock from a network of galleries and boreholes

above the cavern (Figure 22).1 In this manner, the hydrostatic pressure of the
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groundwater exceeds the storage pressure of the gas and the strong downward motion
towards the reservoir prevents mobile units from rising through the fractures in the rock
above the cavern. Gunite, epoxy, and other materials are commonly used in construction
of underground openings to seal cavern walls and ceilings from groundwater flow and

could serve a similar role in sealing fractures for cavern storage of gas.

Solution salt caverns appear to have virtually no potential for leakage by fractures
or by the intrinsic permeability of the salt surrounding the cavern. The viscous flow of
salt under high pressure would act as a sealant mechanism for any propagating fractures.
Impermeation techniques for salt caverns would most likely be grouting, particularly if
leakage was associated with the shaft, the only type of gas escape anticipated at a salt

cavern storage facility.

In summary, impermeation techniques, such as an infiltrating water curtain and
gunite-sprayed rock walls, are demonstrable preventive measures that seal fractures in
caverns and can be incorporated into an initial design as a pretreatment or anticipated

requirement for a storage cavern.

Remedial measures, such as the formation of hydrates, grout, and foaming agents,
may have application to both porous-media and cavern storage. In the absence of field
experience, all such methods must be regarded as speculative, and further research and
field testing are necessary to determine how such techniques could effectively mitigate

unexpected losses during operation of a storage facility.

d) Consideration of Leakage and Its Effects

As discussed previously, some gas loss is to be expected in most modes of
underground storage, particularly in porous-media storage. Such loss occurs primarily
through a) solution in groundwater and b) short-term escape, usually easily remedied,
through mechanical leaks associated with injection-withdrawal wells. Occasionally,
natural gas is lost from the primary reservoir but recovered in an overlying porous
formation and reinjected. When the rate of such losses is low or when they are promptly
recognized and corrected, such gas losses are considered to be a normal part of gas
storage operation and are not considered leakage. Instances have occurred, however, in
which natural gas lost from the storage reservoir has reached the surface or near-surface
environment in such quantities and in such locations that it constitutes an actual or
potential hazard. Additional consequences of natural gas leakage, while not known to
have occurred in the past, can constitute potential hazards under specific circumstances.
This section considers the mechanisms by which gas can escape from a storage reservoir
as potentially hazardous leakage, the consequences of such leakage, and means by which

such hazards can be eliminated or ameliorated.
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1) Mechanisms. Gas losses by diffusion into groundwater are unlikely to occur in
such magnitude as to constitute a potentially hazardous leak. Accordingly, the probable
sources of severe leaks will be either of a geological nature, leakage through the caprock
or past the spillpoint, or of a mechanical nature, associated with the injection-

withdrawal wells themselves.

Mechanical leakage associated with wells probably is most common, but because
such leaks are localized and normally susceptible to direct repair, their consequences are
normally less severe than those of leaks due to geological mechanisms. Most, if not all,
large-scale natural gas discharges in the surface or near-surface environment resulting
from mechanical leakage can be avoided and occur either as a result of inadequate
routine inspection programs or human error. Most commonly, they occur either through
large-scale upward migration of gas through the annulus between the casing and the
surrounding rock or through leaks in the casing or tubing; they also can occur as the
result of equipment failure or simple error. Leakage due to equipment failure or human
error most frequently occurs during well servicing, such as when the well is not properly
"killed" (filled with drilling mud or water) prior to reentry, when temporary seals
installed to permit servicing are dislodged, or when tubular goods or fittings fail under

high pressures applied for well stimulation.

Geological leakage usually involves the migration of gas through substantial
thicknesses of overlying rock, thus limiting its volume and rate of movement and
providing adequate opportunities for detection and control. For this reason, large-scale

leakage due to geological factors is extremely rare.

Probably the most common source of geological leakage is defective caprock,
caprock that is either intrinsically weak or is breached by faults or fractures. In some
cases, a combination of geological and operational factors has contributed to leakage.
Such a situation is the so-called "umbrella effect" that occurs when natural gas is rapidly
injected into a reservoir whose horizontal permeability substantially exceeds its vertical
permeability. A flat-bottomed "bubble"® does not form; rather, a thin laterally
extensive gas layer immediately below the caprock forms that may extend beyond the
spillpoint of the structure. With a slower rate of gas injection, the use of more injection
wells, or controlled injection into deeper parts of the formation, the same geological
conditions might provide better gas retention. The geological conditions in such a case
are not unfavorable, but rather the combination of geological factors and operation

methods contributes to leakage.

* Mobile gas unit.
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A similar geological-operational source of natural gas loss is the "pumping effect.”
If, during the injection cycle, gas is driven close to the outer limits of the reservoir and
if gas is withdrawn primarily from the center of the reservoir, leaving a volume of gas
near the periphery, then upon the next injection cycle, this peripheral gas may be driven
further outward. After a number of injection-withdrawal cycles, the peripheral gas may
be "pumped" beyond the structural closure, resulting in its loss and potential leakage to
the surface or near-surface environment. Again, alternative patterns of operation can be

implemented to eliminate or minimize such gas losses.

A final type of "geological” leakage needs to be mentioned, although it is rare.
This is the exploration error or design error, the error in interpretation of the geological
conditions, and it applies exclusively to aquifer storage in which the conditions of storage
are not well known in advance. These errors are invariably the result of inadequate
exploration and testing. Two examples illustrate this source of leakage. In the first, the
interpretation of structural closure was based largely upon core drilling to a shallower
stratigraphic horizon; however, thinning of intervening beds between this horizon and the
caprock resulted in greatly decreased closure at the base of the caprock and the loss of
much of the natural gas initially injected. In the second example, the reservoir was a
carbonate reef rock containing both vugular and intercrystalline porosity. Field capacity
was calculated on the basis of total porosity, and estimates failed to recognize that
water could not be displaced from, and that gas could not move into, the fine
intercrystalline porosity that constituted approximately one-half the pore space. More

gas was injected than could be contained, resulting in large losses.

2) Consequences. In most instances, mechanical failure associated with wells
results in gas being discharged to the atmosphere either through the well itself or in its
immediate vicinity, carrying with it the danger of injury from explosion, fire, or simply
the effects of high~volume, high-pressure flow. When the escaping gas is lighter than air
{natural gas or hydrogen), the area of hazard is limited to the immediate vicinity of the
well. When the escaping gas is heavier than air, it can spread along the ground and
accumulate in low or sheltered areas, and depending upon the terrain and meteorological

conditions, the area exposed to hazard may be much larger.

Potentially greater hazards occur when escaping gas does not discharge directly at
the surface but rather enters shallower porous formations. Several instances have
occurred in which leaking natural gas has accumulated in shallow aquifers, disrupting
local water supplies by creating artesian conditions (increasing pressure so that wells
flow spontaneously and/or new springs develop), by creating gas pockets that cause

pumps to lose their prime, and by creating fire and explosion hazards when gas is
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coproduced with water. When the gas escapes into a partially confined aquifer, it can

migrate over considerable distances.

If leaking natural gas accumulates under high pressure in a confined shallow

porous formation, the potential for blowout and cratering exists. Consider a confined

sandstone at a depth of a few hundred feet overlying a storage reservoir at several

thousand feet. If gas accumulates in the shallow reservoir, its pressure will rise towards

the storage pressure and eventually exceed the lithostatic pressure of the shallower

formation. At some point above the lithostatic pressure, the overlying rock can rupture

and, under some circumstances, eject large volumes of soil and rock. Even when the
discharge is less violent, there also can be surface disruption due to "cratering.” When
large volumes of gas move at high rates through soft or poorly consolidated materials,
some of this material can be carried and ejected by the gas stream, resulting in an
undermining of the ground surface in the vicinity of the discharge. Where the overlying
material is permeable and unconsolidated, it also can be fluidized by the high-velocity
gas flow. Whether through undermining or fluidizing, the ground surface loses its

strength and subsides, often leaving a pronounced depression or crater.

Geological leakage also can result in the introduction of gas into shallow porous
formations with the same potential for disruption of water supply or blowouts and
cratering. However, because geological leakage usually involves the migration of gas
through substantial thicknesses of overlying rock, the rates of gas accumulation in
shallow formations can be expected to be lower than those arising from mechanical

leakage; accordingly, the dangers of excessive overpressuring are greatly reduced.

3) Incidence. Geological leakage, apparently associated with caprock defects, has
resulted in abandonment of a few aquifer storage fields, but in others, notably Herscher,
the leakage has been brought under control and the field operated satisfactorily.

Leakage through geological mechanisms is suspected or alleged in several other fields,
but resolution of such questions is beygnd the scope of this study. An example of the
kind of question that is not susceptible to immediate resolution is whether gas occurring “
in a shallow aquifer has originated from an underlying storage reservoir or is native
biogenic gas. There does appear to be a higher incidence of leakage, particularly that

due to geological mechanisms, in aquifer storage than in depleted field storage.

Depleted reservoirs are assumed to be necessarily free from leaks due to
geological factors because their integrity is proved by their containment of hydrocarbons

throughout long periods of geologic time. For this reason, the monitoring of possible

natural gas leaks in depleted fields frequently is less intensive than it is in aquifer fields. ‘
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Also, the detection and quantification of leaks from depleted fields are further
complicated by the effects of past and present oil and gas production from underlying or
overlying reservoirs. When a region is known to contain gas naturally, the significance of

the discovery of small quantities of gas is ambiguous.

Although most natural gas leaks from depleted-field storage are attributed to
mechanical factors, a number of operators and investigators suspect that leakage due to
geological factors also occurs. In some cases, operational procedures contribute to the
suspected leakage, but other instances seem best explained by deterioration of caprock
integrity. However, no case of purely geological leakage from depleted reservoirs has

been fully documented.

Determination of the incidence of leaks due to mechanical causes in depleted~
field storage is difficult and complicated by the frequently difficult distinction between
leakage resulting from storage operations and that resulting from pre-existing oil or gas
production operations. Also, great differences exist in the levels of effort that the many

operating companies employ to prevent mechanical leaks.

In general, the incidence of release of significant gas volumes in the surface and
near-surface environment resulting from mechanical causes apparently is similar to, or
slightly greater than that experienced in the aquifer storage fields, but leaks arising from

geological causes are less frequent.

Leakage data from cavern storage are sparse. Experience with cavern storage of
natural gas is limited to solution caverns in Michigan, Mississippi, and Texas and a
converted coal mine, the Leyden Mine, near Denver, Colo. No serious leakage problems
are reported from these facilities. We also have investigated leakage data from LP gas
storage caverns, particularly those formed by excavation. At least two LP caverns have
leaked through fractures in the overlying rock. However, LP caverns are customarily
excavated at depths of only 400 to 500 feet. Thus, small quantities of gas can approach
the lower levels of the biosphere with relative ease. With the greater thickness of
overlying sediments and higher hydrostatic pressures prevailing at greater depth,
fracture leakage from deep cavern storage probably would be minimal. Minor, easily
remedied leaks of a mechancal nature associated with shafts also have been reported but
are infrequent. In general, the incidence of leakage from caverns is significantly less

than that from porous-media storage.

In our study of leakage, we have attempted to identify correlations between the
incidence of leakage and other factors such as regional geoclogical conditions, operating

methods, etc. Within the limited data available, no such correlations have been
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identified other than the unsurprising suggestion that the security of gas storage is in

direct proportion to the experience and technological investment of the operators.

4} Detection and Remedy. The primary emphasis should be upon detection of gas

losses before they become serious leaks. However, leak control begins with the
exploration and development phases. All underground storage facilities are sited with
the expectation that the geological conditions are favorable for the containment of gas.
On the other hand, there is a considerable variation in the quantity and quality of data
upon which such an expectation is based. Particularly in connection with aquifer storage,
the possibility of geological leaks would seem to provide a strong incentive for thorough
efforts to define and characterize the structure and to establish the limits and
competency of the caprock. In addition, the selection of storage sites must include
consideration of means for the early detection and remedy of gas losses. The presence of
overlying secondary reservoirs and secondary caprocks suitable for observation and/or

the gathering of gas for reinjection is a very important factor.

Assuming that the storage site has been thoroughly defined and tested, the means
for leak detection consist primarily of 1) observation wells to detect gas movement
beyond the reservoir either directly or by pressure response, 2) observation and testing of
wells and shafts, and 3) periodic inventory evaluation, preferably by reservoir tests
involving periods of shut-in with well shut-in pressures applied to a material balance

model.

Observation wells if necessary should be completed in the storage formation itself
at intervals around the periphery of the reservoir, particularly up~dip, and in porous and
permeable zones above the reservoir. The number, location, and spacing of observation
wells are determined by local geological conditions, as are the method and frequency of
observation. Continuous water-level recorders should be installed in at least some of the

observation wells completed in overlying permeable zones.

A large number of methods are available for monitoring the condition of wells and

for detecting and localizing leaks in them. Some common techniques are listed below.

a) Methods of Monitoring.

e Monitor the Annulus Pressures Between the Imjection String and the Next Quter
String. For a well completed with tubing on-packer arrangement, the annular
pressure response of the tubing-long string annulus is monitored.

e Monitor the Annulus of the Intermediate and/or Surface Strings. Where the well
is completed without having the entire annulus on the outside of the production
string filled with nonpermeable materials and where there are no native hydro-
carbons existing above the injection reservoir, the annulus between the flow and the
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intermediate and/or surface string is monitored. Fluids not confined to the injection
reservoir can be emitted through the annulus. Surveillance of the annulus would
indicate if and when such has occurred.

e Radioactive Tracer Survey. Conduct a base log to record existing radicactivity in
the formation, and then inject a radicactive material with the fluid stream. Tracer
logs then are conducted to determine the location of the radioactive material that,
in turn, indicates whether the injected fluids are confined to the injection zone.

e Casing Inspection Log. An electrical survey is conductéd that averages the casing
wall thickness at any one circumference, and an interpretation of the percentage of
metal existing at that circumference indicates the integrity of the casing at that
point.

® Pressure Test on Casing with Gas. A packer or a similar type of shut-off tool is
set above the injection zone to isolate the casing to be tested. Pressure equal to the
reservoir operating pressure is applied to the casing, and the pressure response is
monitored at the surface.

& Pressure Test on Casing with Liquids. A packer or a similar type of shut-off tool
is set above the injection zone to isolate the casing to be tested. The casing is filled
with liquids; surface pressure is applied; and the pressure response is monitored at
the surface. Extreme caution should be exercised in utilizing this method because
the weight of the column of liquids itself is a pressure factor.

e Neutron Logs. Neutron logs are conducted at different periods during the life of the
well to compare the existence and/or accumulation of hydrocarbons behind the
casing from one time to another.

@ Sonic Detection. A sonic detection tool is operated, and the detection of
concentrated noise at any point indicates fluid movement.

e Cement Bond Log. The cement bond log is a tool that assists in the evaluation of
the cement bond to both the formation and/or casing. The tool is particularly
valuable in locating the top of the cement behind the casing.

e Temperature Log. A temperature survey is conducted, and a change from the
normal temperature gradient of a previous temperature survey indicates fluid
movement through or behind the casing.

e Spinner Survey. To locate a hole in the casing, a packer or a similar type of shut-off
tool is set above the injection zone to isolate the casing to be tested. A spinner tool
then is inserted through a lubricator in dry casing; any gas movement causes the
spinner (on the wire line tool) to rotate.

¢ Pump and Plug Test. To locate a hole in the casing, a packer or a similar type of
shut~off tool is set above the injection zone to isolate the casing to be tested. The
casing is filled with liquids; a movable top plug is installed at the surface; and
pressure is applied with liquids. When the top plug passes the hole, the plug stops its
travel. The location of the casing hole is measured by a surface indicator. If no hole
exists, there is no top plug movement.

® Camera Inspection. A television monitor or a downhole camera can be inserted
inside the casing. The camera must be run through a lubricator in dry casing; its use
is limited by allowable pressures induced upon the camera.
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Periodic reservoir tests can detect large gas losses through the recognition of
losses in inventory; fundamentally, they are an application of Boyle's Law. Assuming
that the effective volume of the reservoir at a given level of inventory is known, there
should be an equivalent equilibrium pressure. This pressure is determined by shutting in
the field for a time and observing the equilibrium pressures in selected wells. The
accuracy of this method depends upon 1) the accuracy of the reservoir model, 2) the
number and distribution of wells observed, and 3) the length of the shut-in period. In
general, this method does not work well in the early stages of field development (the
first three or four injection-withdrawal cycles) because the storage volume is not well
stabilized nor is the reservoir accurately modeled. Once the field has been stabilized and
the model refined, this material balance approach can detect gas losses if carefully
performed. Inappropriate well selection and/or brief shut-in periods can seriously

degrade the accuracy of these tests.

b} Remedial Measures. In porous-media storage in which leakage results

from and is closely associated with the wells themselves, the well-developed technology
for remedial work is as varied as the potential sources of leakage themselves. Methods
range from simply tightening a fitting to killing, cementing, and abandoning the well
entirely. When casing or tubing fails, it can either be replaced (if not cemented in place)
or be sealed and reinforced by inserting a "liner," another piece of casing of slightly
smaller diameter. When the leak is associated with the cement between the casing and
the borehole, selected intervals can be perforated and cement or chemical grouts
injected to reestablish the seal. For other types of leaks, a large selection of plugs,

packers, and chemical sealants exists, each suited to specific purposes.

When the leak arises from geological causes, little can be done to directly remedy
it, other than reducing storage pressure. In such a case, the main emphasis must be to
bring the leaking gas under control and either vent it under safe conditions or recycle it.
In the case of geological leaks and mechanical leaks that result in subsurface gas
accumulations outside the immediate vicinity of the well itself, the first concern must be
venting to isolate the point of surface gas occurrence and to prevent or relieve

pressurization of shallow horizons.

In the case of cavern storage, mechanical leaks can often be treated by variations
of the same techniques employed in porous-media storage. If leakage does occur through
joints and fractures, it may be susceptible to control by increasing the differential of

hydrostatic pressure over storage vapor pressure either by reducing the storage pressure

or by artificially augmenting the hydrostatic head. Fracture leakage, when its location is ‘
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well understood, can be reduced or eliminated by high-pressure grouting through wells
drilled from the surface, although the specific location of leaking joints rarely is

sufficiently well known to make this approach feasible.

5) Conclusions. Because the escape of gas from undergound storage to the
surface or near-surface environment does occur, however infrequently, it must be a
factor in storage facility location and design. On the other hand, most leaks in both
cavern and porous-media storage are associated with the mechanical elements of the
wells or shafts and are normally susceptible to early detection and repair. Geological
leakage has occurred in aquifer storage and, to a lesser degree, in shallow cavern
storage. Geological leakage in depleted-field storage is suspected in some instances but

has not been conclusively proved,

In all forms of storage, careful site selection and testing, regular monitoring, and

periodic well inspections are essential.

e. Mixing of Dissimilar Gases in Underground Reservoirs

When hydrogen gas is stored in an underground reservoir, the possibility of mixing

with an inert base gas or natural gas that may have previously existed in the reservoir

must be considered.

Mixing of two different gases in an underground reservoir cannot be avoided.
Whether this mixing should be encouraged or discouraged depends on the use of the
stored gas. For the case of hydrogen gas storage, there are two possibilities. The first is
that hydrogen will be used or a supplement to natural gas during those periods when
demand is high and natural gas supplies are low. The economic analysis in this study
shows the substantial influence of base gas costs on the ultimate cost of service. If this
base gas can be cheaper than hydrogen, the cost of service drops significantly. The
second possibility is that hydrogen will be used as a chemical feedstock; therefore high~

purity requirements determine the amount of mixing that can be tolerated.

Fortunately there have been several experiences with storing dissimilar gases in
porous underground reservoirs. We review them here and relate the results of these
experiences to the storage of hydrogen. The use of cheaper dissimilar base gas in cavern
storage is a simple extension of the use in porous reservoirs. This latter expediency has

not been followed because historically natural gas has been priced low enough.

The two cases discussed here are the experience of Gaz de France,17’39 which

operates the Beynes Field for the storage of natural gas, and of the U.S. Geological

19,58

Survey, which operates Bush Dome near Amarillo, Tex., for the storage of helium.

59



2/80

1) Beynes Field. Since 1956 the Beynes gas reservoir had been used for the
storage of manufactured gas (sometimes called "city” gas or "town" gas); in about 1970, a
decision was made to convert the field to the storage of natural gas. At times, the
manufactured gas consisted 50% to 60% hydrogen gas. A decrease in the local demand
for low-Btu gas plus an increase in the supply of natural gas were the reasons for the

conversion.

The Beynes Field is an aquifer with a capacity of 500 million cu m (18 billion CF),
of which 360 million cu m (13 billion CF) is working gas. The storage interval is a 10-m
(30-ft) thick unconsolidated sandstone with a permeability of 3 to 5 darcies. This

interval is at a depth of about 1200 ft.

In the conversion program, the reservoir was first filled with manufactured gas
(300 million cu m). Half the working gas (100 million cu m) was removed from the center
of the field, and then natural gas was injected at the south end of the field with
simultaneous withdrawal of gas from the north. After 80% of the gas had been
exchanged, the winter season approached, and the field had to be used for normal
withdrawal. A total of 40 million cu m of natural gas (NG) was removed from the

injection point with no mixing of manufactured gas.

Subsequently, 200 million cu m of natural gas was injected, and 100 million cu m
of gas was removed in the second winter. Only 14% of the withdrawn gas was of low
calorific value. In four subsequent winters, 100 million cu m was removed, with less than

1% of the original manufactured gas coming out. The data for the field are now as

follows:
Useful Capacity 160 million cu m
Base Gas — Natural 70 million cu m
Manufactured 108 million cu m

A mathematical model was developed to predict the composition of the gas
withdrawn at the removal wells as the "old" gas was swept toward one end of the »
reservoir by the injection of natural gas at the other end. The pattern of withdrawal
followed the simple model fairly well, but this was a very porous and permeable interval .
with a fairly homogeneous composition. Some mixing of the gases was observed, but this
was not a problem because markets were available in the gas distribution system for gas

with different heating values.

The conversion of the field did not follow the original plan because of

interruptions in the supply of natural gas and the higher demand for fuel one winter
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because of much colder temperatures. However, once the conversion was completed and
the reservoir used in a "normal" manner, less than 1% of the gas withdrawn consisted of
the original "manufactured gas." About 40% of the base gas in the reservoir is the

original "manufactured" gas.

This operation has been so successful that Gaz de France is currently using an

inert base gas (carbon dioxide-nitrogen) as the base gas in new reservoirs as well as old

reservoirs and as the gas to test the integrity of the reservoir and aboveground

facilities.19

Depending on the particular reservoir, the carbon dioxide makes up 20% to 63% of
the cushion gas and permits withdrawal of 50% to 33% of total capacity. The carbon
dioxide for this use is by-product compresser exhaust produced by burning natural gas in
specially designed heat engines and passing the exhaust through dehydration units to

remove the water and through catalyst beds to remove the oxides of nitrogen.

2) Bush Dome. The Bush Dome reservoir has had a very different history from
that of Beynes Field. Bush Dome was discovered in 1924 and developed to supply helium-
bearing natural gas for processing at a helium plant nearby. The gas was produced from
the Brown dolomite formation at about 3300 ft. This formation is rather heterogeneous,
containing anhydrite, shale, and sandstone stringers. Its porosity varies from 4% to 20%,
and its permeability is about 10 millidarcies. The gas-filled pore volume is

5.6 billion CF.

Pure helium was injected into this reservoir from 1945 to 1959. This helium

represented amounts in excess of market demand. In 1959, 80% of this injected helium

was withdrawn.

In 1960, the U.S. Department of Interior began to develop the reservoir for
permanent helium storage. Projections showed that the rate of consumption of helium
would deplete all known sources within 30 years unless conservation measures were
taken. Pure helium and raw helium (gas containing about 70% helium, 30% nitrogen)
were injected into the middle of the reservoir. Excess gas was removed from wells at
the perimeter of the reservoir to maintain reservoir pressure below 817 psi (the discovery

pressure). By 1977, 69 trillion CF raw helium had been injected.

A mathematical model was developed to predict the appearance of the injected
helium at the removal wells. The model accounted for pressure, temperature, rate of
injection, compressibility, porosity, permeability, and density of the gases. Although the

model predicted the pattern of the helium "cloud" fairly well, the recovery wells were
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invaded by the helium ahead of the computed times. In fact, the distances traveled by

the helium were two to four times the computed distances for the same time.
Four explanations have been offered for early invasion of the recovery wells:

e Gravity segregation, which can produce helium velocities at the leading edge that
are double the injection velocities

e DPorosity anisotropies
e Diffusivity of the helium at the leading edge
e High permeability "fingers."

Which, if any, of these explanations is responsible for the behavior of the gas migration is
speculative, and further refinement of the model and more data from the reservoir are

regquired.

3) Conclusions. The experiences of Beynes Field and Bush Dome can lead us to

the following conclusions with respect to miging of gases in a porous storage reservoir,

If mixing is undesirable, it can be reasonably well controlled in homogeneous
reservoirs of high permeability and porosity. On the other hand, existing mathematical
models are not sophisticated enough to represent reservoirs that have a heterogeneous
structure and low permeability. This shortcoming of the models can be overcome by very
careful, slow injection of the gases, as well as by monitoring of the gases in the reservoir
by observation wells. The latter solution can be very expensive if many wells are

required.
B. Detailed Technical Evaluation of Hydrogen Properties

1. Safety Aspects of Handling Hydrogen Gas

This section discusses safety issues in underground hydrogen storage, except for
those arising from hydrogen embrittlement of metallic components, which are discussed
in Section HI-B-3. This section is concerned primarily with the changes that would have

to be made when an underground natural gas storage facility is converted to hydrogen

storage. .

62

Gas storage is regulated by the Code of Federal Regulation,”“ which applies to

hydrogen as well as to natural gas. Only one significant change will have to be made

when a natural gas facility is converted to hydrogen: conformation to the National

Electrical Code,*2 an otherwise nonmandatory but industrially accepted standard, which ‘
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will make it necessary for most electrical equipment in the facility to be replaced. A
few other very minor changes may be necessary, but there appear to be no other codes or
regulations that would require a hydrogen storage facility to be treated any differently

from a natural gas fac:ility.41

Hord%? has examined and compared the safety aspects of hydrogen with those of

methane (and gasoline). Pertinent safety-related properties of hydrogen and methane

from Hord's paper are summarized in Appendix B.

No change will be required in the structural design of compressor stations. These
buildings usually are designed to withstand minor explosions inside; for example, windows
can be hinged so they can fly open to relieve internal overpressure. Sufficient
ventilation is required by the Code of Federal Regulations to prevent an accumulation of
gas that will endanger employees; ventilation capable of maintaining a methane
concentration below the flammability limit of 5.3% should keep the concentration of
hydrogen below its flammability limit of 4.0%, though this would of course depend on the
size of a leak. Compressor station buildings are already required to be made of
noncombustible materials. Though the theoretical energy of explosion (on a volumetric
basis) of hydrogen is less than that of methane, hydrogen has a much lower energy of
ignition than methane (0.02 mJ versus 0.29 mJ for methane) and is more readily
detonated.?’ In spite of this, the chances of a building or its contents surviving an actual
explosion depend more on the conditions of the explosion (such as gas concentration,
ignition source, degree of confinement, and the geometry of the enclosure) than on the

type of gas.

The National Electrical Code defines Class 1 hazardous locations as those "in
which flammable gases or vapors are or may be present in the air in quantities sufficient

to produce explosive or ignitible mixtures, nd2

including locations in which the hazardous
gases "will normally be confined within closed containers or closed systems from which
they can escape only in case of accidental rupture or breakdown of such containers or

systems."

Thus, electrical equipment and wiring installed in either a natural gas or a
hydrogen compressor station must conform to Class 1 standards. However, whereas
natural gas is a Group D hazardous chemical, hydrogen is a Group B chemical, requiring
more heavily built and more tightly sealed electrical equipment than Group D chemicals.
Therefore, virtually all electrical equipment and wiring in a natural gas storage facility,
including the cathodic protection systems, will have to be replaced with equipment

conforming to Group B standards when the facility is converted to hydrogen storage.
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Natural gas leak detectors probably can be retained for use in a hydrogen
compressor station, though recalibration may be necessary. The sensing element in
detectors, most commonly a hot wire, is itself a potential hazard. However, a detector
suitable for use with methane should be acceptable for use with hydrogen, because the »
autoignition temperature of hydrogen (the minimum temperature at which a combustible
mixture of fuel and air can be ignited by a hot surface) is higher than that of methane. .
The sensing element is enclosed by a flame arrestor. This is a screen or metal frit with
holes smaller than the maximum experimental safe gap (MESG), which is the maximum
permissible clearance between flanges (or sides of a hole) to ensure that an explosion
does not propagate from within an enclosure to a flammable mixture surrounding the
enclosure. The MESG for hydrogen is 1/15 that for methane, so a flame arrestor
designed for methane service may not be suitable in a hydrogen atmosphere.

Alternatively, commercially available hydrogen detectors may have to be installed.

Because hydrogen has a much lower ignition energy than methane, the use of
conductive paint and other protective coatings on fleors and equipment is imperative.
Special attention must be given to eliminating all possible sources of static electricity.
However, because even a weak spark due to the discharge of static electricity from a

2

human body may be sufficient to ignite either hydrogen or methane, 7 personnel may be

required to wear antistatic clothing to make a converted storage facility more safe in

this respect.

The dehydration system in a natural gas storage facility generally consists of
methanol injection at the wellhead followed by dehydration with glycol or dry dessicant.
The methanol prevents the formation of solid hydrates of methane, which can plug the
wellhead or gathering lines. Hydrogen is not known to form hydrates. Furthermore,
unlike methane, hydrogen has a negative Joule-Thomspon coefficent (above —95°F), so
the temperature of hydrogen increases slightly {(a few degrees Fahrenheit at most) when
it expands isenthalpically, as when flowing out of a well. Thus, moisture will not
condense or freeze inside the well or gathering lines. In a storage field where only .
hydrogen is present, the methano! injection system therefore could be eliminated.
However, in a field where methane was once stored, some methane will always be
present in the withdrawn gas, so as a precaution, wellhead methanol injection should be

retained.

Glycol dehydration towers should be completely compatible with hydrogen,

although greater capacity may be needed if the volume of gas cycled is greater.
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Pressure-relief devices commonly used for natural gas include rupture discs
(generally used only on compressor equipment) and various types of relief values. In
transmission pipelines, a blowdown valve is opened in emergencies, which immediately
empties a section of pipeline of gas down to atmospheric pressure. All such devices
should be safely applicable to hydrogen service, if their materials of construction are not

susceptible to hydrogen embrittlement.

Gasket materials and seals now in use with methane probably can be safely used

with hydrogen, although this is open to debate. Research is currently under way (for

example, at Sandia Laboratories) to provide more definitive answers to this problem,

Building and component layout and spacing within a natural gas storage facility
can remain unchanged when converted to hydrogen storage. Buildings are spaced so that
a large open leak in one will be unlikely to create an immediate fire hazard in an
adjacent building. The likelihood of a fire spreading depends upon the rate at which the
fuel vapors mix with air, which in turn is affected by the diffusion velocities and bouyant
velocities of the fuels. Both properties have higher values for hydrogen than for
methane, so a fire hazard should exist more readily with hydrogen than with methane.
However, because hydrogen has a higher bouyant velocity than methane, a fire hazard
will not persist for as long as with methane, and a hydrogen fire will have a greater
tendency than a methane fire to burn upward rather than outward, thus reducing the
danger of spreading. In addition, a hydrogen flame generally radiates a lower percentage
of its thermal energy to the surroundings than does a methane flame. This further
reduces the chance of a fire spreading. Therefore we would expect that the existing

layout of a natural gas storage facility can be used safely with hydrogen.

If an energy flow rate of hydrogen equivalent to that of methane is desired, the
volumetric flow rate of hydrogen will be about three times that of methane. Some
devices, such as meters, may not be capable of safely handling the higher flow rate.
Each piece of equipment at a storage facility will have to be checked to ensure that a

higher flow rate will not cause potentially hazardous mechanical failures.

To safely operate an underground hydrogen storage facility that has been
converted from natural gas storage, only a few relatively minor changes will be
necessary. Most electrical equipment and wiring will have to be replaced. Leak
detectors will have to be checked for compatibility with hydrogen and possibly be
recalibrated and fitted with proper flame arrestors. Mechanical equipment will have to

be checked to determine whether it can accommodate higher gas flow rates. In addition,
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some operating procedures will have to be adjusted. With the exception of rewiring, all
the items listed above are not expected to have a large impact on the cost of service,

and no major technical gaps have been identified.

2. Environmental Effects of Hydrogen Use

The underground storage of hydrogen gas does not appear to pose any significant
adverse impacts on the terrestrial or aquatic ecosystems in the vicinity of storage
facilities. There are two ways that hydrogen could escape from the storage horizon and
possibly reach the surface. First, gradual seepage from a storage reservoir could occur
through overlying rock layers because of geological mechanisms, as discussed in
Section II-A~2, Second, rapid leakage at damaged wellheads can occur because of

mechanical leaks that usually are short term and promptly corrected.

Free hydrogen exists in the atmosphere in very minute amounts. It is the lightest
of elements and consequently very buoyant, which would lead to its rapid dispersal upon
entering the atmosphere. Free hydrogen is not known to be toxic to living organismsll;
consequently, the likelihood of significant adverse impacts arising from the release of

hydrogen into the surface environments is very small.

The preparation of an environmental impact statement for an underground
hydrogen storage facility would follow the format of impact statements currently being
required for the testing, construction, and operation of underground natural gas storage
facilities. The greatest potential for environment impacts may occur during the
construction of these facilities because of such activities as the drilling of wells, ditching
for the installation of pipelines, and building or upgrading of access roads. The
temporary disruption of farming, drainage tile lines, wildlife habitats, and vegetation
caused by rights-of-way clearing, temporary removal of fence sections, and movement of
construction equipment can be minimized by planning. Conversion to hydrogen storage

at an existing natural gas storage field would further minimize these temporary effects.

Impacts on historical, cultural and archaeological-landmarks, reported threatened
and/or endangered species, and recreational and wildlife areas are site~specific and “
would have to be evaluated, in addition to other factors, during the environmental impact

analysis at a selected location. -

Theoretically, imperceptible seepage by molecules of a gas from a storage
reservoir over a prolonged time is possible through the confining rock layers as well as
fractures and in joints. Such gradual diffusion could reach the surface in undetectable
volumes at atmospheric pressure. Significant leakage of large volumes of gas due to

geological mechanisms, as discussed in Section I-A-2-d, is rare. In one reported case, .
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the leakage of detectable quantities of methane from underground storage facilities
caused localized minor crop and vegetation damage.32 It is not clear whether this
vegetation damage resulted directly from the presence of methane or indirectly from
associated constituents, odorants, for example, of displacement of oxygen and/or water;
by itself methane is not toxic to natural life. The nontoxicity of hydrogen precludes such
damage in the rare event that large volumes would gradually escape through geological

mechanisms.

Hydrogen could escape rapidly from the storage area as a result of a damaged
wellhead; however, damage to wellheads can be repaired and avoided. A rapid release of
hydrogen from an injection-withdrawal well could create a noise problem that can be
minimized by locating wellheads away from residences. If the damage to the wellhead
also ignited the hydrogen, it would produce an intense, upwardly dispersed, clean-burning,
almost invisible flame. The only anticipated product from an accident of this type would
be water vapors and oxides of nitrogen. Such an accident could ignite surrounding
vegetation and cause injury to anyone involved in the accident; however, the potential
for such an adverse impact is considered remote. If the escaping hydrogen is not ignited,

it would rapidly disperse in the atmosphere, causing no damage to the surface

environment.

Increased noise levels at the compressor station and temporary increases
associated with well maintenance and/or rapid release of gas from a wellhead during
testing are probably the most significant effects of such a facility. Note that the
compressor station is not in operation continuously; it is used only to compress gas in
and/or out of the reservoir as dictated by the relative pressures of reservoir and pipeline.
Typically for a natural gas storage field, compressors operate only about 3 to 6 months of

the year.

Rural agricultural areas have average ambient noise levels of between 45 and

60 db. These levels are due to such things as farm machinery, automobiles, aircraft, and

livestock. Increased noise levels outside of the compressor station would be on the order
of 70 to 85 db. Distances of 1 mile would provide a sufficient buffer for facilities such

as residences, schools, and hospitals.

3. Embrittlement of Metals by Hydrogen

The purpose of our investigation of hydrogen embrittlement is to determine
whether equipment used in natural gas storage facilities is suitable for hydrogen service,
and, if it is not suitable, what must be changed. There is considerable industrial

experience in this country in the handling of high-pressure hydrogen. Petrochemical
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industries, hydrogenation operations, and retailers of commodity gases all have

considerable experience with hydrogen service. In addition, there is a limited base of

experience in the design of pipelines for hydrogen service. Table 2 summarizes hydrogen

pipeiine experience both in this country and in Germany. We contacted representatives

of industrial concerns with hydrogen experience to determine how the design equipment

for hydrogen service could account for hydrogen embrittlement and whether those

designs were general enough to apply to underground storage facilities.

Table 2. SUMMARY OF HYDROGEN PIPELINE EXPERIENCE%4?

Hydrogen
Length, Pressure
Location  Pipeline Steel Age, yr km Purity,% MN/m® psi
Texas Converted 6 8 99.5 6 800
natural gas
line
Texas New Schedule 3 19 99.5 1.4 200
40 steel
Germany  Seamless 1015 Up to 35 210 Dirty? 1.8 260
steel
Florida 316 stainless 10 1.6 Ultrapure? 42 6000
steel
Los 5 Cr-Mo 8 6 Ultrapure? 14 2000
Alamos steel

2 Purity unknown, 12 materials transported interchangeably through pipeline.

b Liquid boiloff.

_Comments

No problems

No problems

No problems

No problems

Leaked in 3 yr;
crackad in 4 yr;
abandoned

The purpose of this section is to define, where possible, the effects of hydrogen

embrittlement on equipment at underground hydrogen storage facilities. Of major

concern is whether materials of construction currently used in underground natural gas

storage facilities are suitable for hydrogen service. Three major topics are discussed:

e Summary of temperature and pressure conditions expected in each of the four
specific storage sites examined in this study to determine the worst likely set of
temperature and pressure conditions for hydrogen embrittlement

® A general descripton of the types of hydrogen embrittlement reported in the
literature, including mechanisms (if known) and those properties that influence the
rate and the severity of hydrogen embrittlement

e Summary of the data presented as they apply to the design of underground hydrogen
storage facilities, and identification of future research needs in the area of hydrogen
embrittlement.
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a. Summary of Storage Conditions

The different types of underground storage facilities used in the United States are

described in detail in Section A. Table 3 summarizes the maximum wellhead pressures
and underground temperatures for the four specific storage sites chosen for detailed

study. (Three possible depths are shown from the mined cavern case.)

Table 3. SUMMARY OF STORAGE CONDITIONS

Maximum Wellhead Mazimum Underground
Storage Type Pressure, psig Temperature, °F

Depleted Gas Field 1050 87

Aquifer 900 82

Washed Salt Cavern 3500 160
Mined Cavern

Depth = 2500 ft 1000 80

3500 ft 1400 90

4500 ft 1800 106

The depleted gas field, aquifer, and shallowest (2500 feet) mined cavern all have
maximum pressures below about 1000 psig and maximum underground temperatures
below 90°F. The washed salt cavern has the most extreme temperature and pressure
(160°F and 3500 psig), and conditions for the deeper mined caverns fall somewhere in
between. The pressures shown in Table 3 represent actual maximum values for storage
field equipment, with the exception of down~hole well casing and tubing, which will be
subjected to somewhat higher pressures. Temperatures at compressor outlets will be
much higher than the underground temperatures listed in Table 3. Typical compressor
interstage temperatures are 200° to 400°F. Although these higher temperatures will be

localized, they must be recognized as we study hydrogen embrittlement.

b. General Description of Hydrogen Embrittlement

The term "hydrogen embrittlement” is not well-defined; it is used to describe a
variety of effects of hydrogen on the physical and mechanical properties of metals. The
mechanisms that cause hydrogen embrittlement effects also are not well-defined.
Factors known to influence the rate and severity of hydrogen embrittlement include
internal hydrogen concentration, external hydrogen pressure, temperature, hydrogen
purity, type of impurity, stress level, stress rate, metal composition, metal tensile

strength, grain size, microstructure, and heat treatment history.
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Because the mechanism of hydrogen embrittlement often is not well understood,
most studies of hydrogen embrittlement describe effects rather than causes.
Embrittlement effects can be divided into a number of different categories; different
studies often describe the same embrittlement effects in different terms. We have
chosen to follow the nomenclature set forth by a study performed by Battelle

21

Laboratories®” and will describe seven types of hydrogen embrittlement effects,

including -

e Opening of the lattice

@ Shatter cracks, flakes, and fisheyes

e Hydrogen chemical attack

e Blistering

@ Loss of ductility

e Hydrogen stress cracking

e Hydrogen environment embrittlement.

The first six types of hydrogen embrittlement effects involve internal (dissolved)
hydrogen. The seventh type of embrittlement effect (hydrogen environment
embrittlement) is the result of hydrogen adsorbed on the surface of metal. A detailed

description of the seven embrittlement effects follows.

1) Opening of the Lattice. Metal exposed to very high-pressure hydrogen can

become filled with small cracks and fissures. In extreme cases, the metal may become
permeable to both liquids and gases. The mechanism for this embrittlement effect is not
well understood.?! However, this type of embrittlement has not been observed at

hydrogen pressures below 30,000 psi and, as such, is of no significance to this study.

2) Shatter Cracks, Flakes, and Fisheyes. Shatter cracks, flakes, and fisheyes

can occur during the manufacture of metals. The mechanism for this hydrogen effect
involves the trapping of molecular hydrogen in the metal lattice during cooling.z'1 This

problem therefore should not affect hydrogen storage operations.

3) Hydrogen Chemical Attack. The effect of hydrogen chemical attack on

metals is the development of fissures, resulting in a loss of both strength and ductility.
The mechanism for this embrittlement effect is understood. Hydrogen reacts with
carbon in the metal to form methane gas. The methane molecule is too large to diffuse

through the metal structure and therefore becomes trapped in voids. Sufficient pressure ‘

can be generated by trapped methane gas to cause fissures.36 The following conditions
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and physical properties are known to affect the rate and/or severity of hydrogen
chemical attacks

e High hydrogen partial pressures favor hydrogen chemical attack.%¢

6

@ The rate of hydrogen attack on metals increases as temperature increases.

e Both the rate and severity of hydrogen chemical attack are influenced directly by
the carbon content of the steel. In ge fral, both rate and severity increase as the
carbon content of the steel increases.

@ The effect of hygro%n chemical attack on metals increases as the grain size of the
metal increases.’”’

® The temperature history of the metal affects hydrogen chemical attack. In general4
cold-working of metals increases their susceptibility to hydrogen chemical attack.

® The presence of some impurities in hydroign enhances hydrogen %}%}emical attack.
Specifically, moisture, hydrogen sulfide,”" and carbon monoxide™" increase the rate
of hydrogen chemical attack. These alloying elements and guidelines for material
selection have been experimentally determined.

e Various alloying elements in slt(c)aelg nguce chemical attack of hydrogen on carbon by
forming very stable carbides. »36,43,44 The elements commonly used to decrease
hydrogen chemical attack are thorium, zirconium, tantalum, neodvmium, titanium,
chromium, vanadium, tungsten, and molybdenum.

These guidelines are generally presented in graphical form (Nelson charts) as plots of

temperature versus hydrogen partial pressures.45’47’48 Figure 23 is a typical Nelson

chart showing safe design conditions for plain carbon steel and carbon steel alloyed with
molybdenum. The areas below and to the left of the lines on the temperature versus
partial pressure curves for the various metal compositions are considered safe zones, As
indicated in Figure 23, even plain carbon steel exposed to temperatures below 500°F is
capable of withstanding very high hydrogen pressures (greater than 1000 psi).z‘l’()8

Because temperatures in hydrogen storage facilities are expected to be below 500°F, we

do not expect major problems from hydrogen chemical attack on metals commonly used

in natural gas storage facilities.

4) Blistering. Blistering is another hydrogen embrittlement effect whose
mechanism is fairly well-understood. Atomic hydrogen diffuses quite rapidly through
most metal structures. Molecular hydrogen, on the other hand, does not diffuse and can
become trapped in metal structures. In blistering, atomic hydrogen diffuses through a
void or defect in the metal structure, recombines at that void to form molecular
hydrogen, and cannot diffuse from that void. In such cases, internal pressure in voids due
to trapped molecular hydrogen builds up to many times the environmental partial

36,67

pressure of hydrogen and results in mechanical rupture. The following factors are

known to increase the blistering of metals exposed to hydrogen environments:
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e Internal imperfections in the metal (laminations, slag inclusions, inclusion stringers)
provide sites for the3%e§8mbination of atomic to molecular hydrogen and increase
blistering in metals.” ™’

e Corrosion of the metal surface?? and some surface poisons (such as hydrogen sulfide)
increase the concentration of atomic hydrogen at the surface of the metal 511}’43
therefore increase the internal concentration of atomic hydrogen in metal.”’

® Reducing metal temperatures quickly favsoréss tgxg formation of molecular hydrogen
and results in incresed blistering effects.””” ™’

Blistering may present a problem for some hydrogen storage applications. This potential

problem can he controlled by obtaining high-quality metal (as free of defects as possible),

by monitoring and minimizing surface corrosion, and by carefully controlling temperature

cycling.

5) Loss of Ductility. In the presence of high internal atomic hydrogen

concentrations, some metals (especially high-strength steels) exhibit reduced values of
tensile elongation, area in tensile tests, and fracture stress. In severe cases, metal may
no longer be capable of resisting fracture in regions of high stress near notches and
changes in section size. The mechanism for loss of ductility is not well understood. The
effect described as loss of ductility may indeed be a combination of other effects of
hydrogen embrittlement. The following factors are known to increase loss of ductility in
metals:

@ Steel tensile strength affects the degree to which ductility losses o<:cur.30’60’66 In

general, the higher the yield strength of the material used, the higher its loss of
ductility in hydrogen environments.

® Losses of %%cgg,ity are especially severe in areas that include imperfections and
inclusions.” ’"" The presence of notches also leads to increased ductility losses.

e High internal concentrations of atomic hydr ( herefore high external
& : ' ydrogen; 235G 106E &
hydrogen pressure) increase ductility losses.

@ The hardness of the material of construction also is a factor.go’66
especially near welds, are especially susceptible to ductility losses.

Hard spots,

@ Losses of ductility are most severe at intermediate temperatures (approxin%gtg})yél
room temperature) and are less severe above and below room temperature.””’”"’

® The rate of strain exterted on a metal also affects the severity of ductili’% léags:fg in
hydrogen service. Ductility losses are most severe at low rates of strain.””>~?

e Cold worki tal i its su tibility to loss of ductility in hydrogen
Se:ViCm; §5}§x,?’8g’gbe al increases its susceptibility to loss of duc y in hydrog

Losses in ductility probably will not be a problem for the low-yield-strength

materials commonly employed in underground gas storage facilities. Portions of the

73



2/80

compressor apparatus are possible exceptions to this general conclusion. In addition,
welds and notches can provide sites for severe losses in ductility. The design of hydrogen
storage facilities should include use of low-tensile~strength steels wherever possible,
proper annealing and welding procedures, and the avoidance of notches, rapid
temperature changes, and temperature excursions above or below ambient temperature

wherever possible.

6) Hydrogen Stress-Cracking. Hydrogen stress~cracking is an embrittlement

effect in which cracks initiate and grow in high-strength steel subjected to stress in the

presence of diffusing atomic hydrogen. The mechanism for this embrittlement is not
well understood, but the following experimentally determined conditions are necessary

for hydrogen stress—-crackingu:
1) The metal must have a tensile yield strength above approximately 110,000 psi.

2) The steel must be subjected to a minimum sustained tensile stress. That minimum
value of stress depends upon the strength of the steel and its hydrogen content.

3) The steel must contain atomic hydrogen moving through the lattice as a result of
concentration of stress gradients.

Factors that increase hydrogen stress-cracking include the following:

® Hydrogen stress-cracking is most severe in steels with high yield strengths.Z?’
e Hydrogen stress-cracking is most severe at welds and hard spots.23

e The level and rate of stress applied to steel affect hydrogen stress~-cra\cking.23’36 In
general, a high rate of stress decreases the transport rate of atomic hydrogen
through the metal lattice.

e Cyclic stress loadings make a metal more susceptible to hydrogen stress~cracking.47

® The presence of hydrogen sulfide and carbon dioxide appears to increases hydrogen
stress-cracking of metals.%

Hydrogen stress-cracking can be made less severe by adding small amounts of
carbon monoxide, water vapor, or oxygen to hydrogen; oxygen, in particular, in very .
small concentrations has shown the ability to almost completely eliminate hydrogen
stress—cracking-47 Some researchers36 have determined that alloying steels with some
metals can reduce hydrogen stress-cracking, but this observed phenomenon is not well
defined at this time. We conclude that hydrogen stress-cracking probably will not be a
major problem in most underground storage systems. Hard spots, especially near and
around welds and in some compressor components, may be affected more severely than

the remainder of the system. .
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7) Hydrogen Environment Embrittlement. Hydrogen environment embrittlement

is a surface phenomenon in which severe cracks initiate at the metal surface. The
mechanism for this embrittlement is not well understood, but two conditions have been
experimentally determined to be necessary for this type of hydrogen embrittlement:

1} The metal must be exposed to an external hydrogen environment. Hydrogen
environment embrittlement is not affected by internal, atomic hydrogen.

2} The metal exposed to an external hydrogen environment also must be plastically
deformed.

The effects of hydrogen environment embrittlement are reversible and do not
depend on internal hydrogen concentration. Hydrogen environment embrittlement
depends on hydrogen pressure to a limited extent.26 However, increasing hydrogen
pressure by small amounts does not severely increase the rate of hydrogen environment

embrittlement. Hydrogen environment embrittlement is much worse in the presence of

notches, defects, or changes in section size.57,64 There are little data available in the

literature on the temperature dependence of this hydrogen embrittlement effect.

The presence of small amounts of oxygen almost completely eliminates hydrogen
environment embrittlement, even in metals that have been severely deformed.2® Oxygen
in concentrations as low as 1 ppm causes a small reduction in the hydrogen environment
embrittlement. Oxygen in concentrations of 1% by volume completely eliminates
hydrogen environment embrittlement in deformed metals. If facilities to be used for
underground hydrogen storage are carefully designed and inspected, hydrogen
environment embrittlement should not be a problem except where metal defects or soil

stress cause plastic deformation.

c. Conclusions

Because of a lack of understanding of the basic mechanisms of hydrogen
embrittlement, we found that present designs are based on a variety of empirically
determined formulas and that no generally accepted method prevails. Factors upon
which present designs of hydrogen equipment are based include —

e Nelson charts. These charts are appropriate only for determining the ability of a

particular material to withstand hydrogen chemical attack and are not generally
applicable to the other hydrogen embrittlement effects noted above.

¢ A 110-psi yield strength "rule of thumb." The use of low-yield-strength steels
reduces the effects listed above as hydrogen environment embrittlement and
hydrogen stress-cracking. This rule of thumb generally does not apply to the other
forms of hydrogen embrittlement.

® The use of expensive alloys.

75



2/80

® The use of expensive heat-treating and annealing procedures. Here again, heat-
treating and annealing are effective in reducing some embrittlement effects, but are
not generally applicable to all forms of hydrogen embrittlement.

e Over-design — the use of high safety factors.

® Test of proposed materials of construction at specific conditions.

The existence of a large number of industrial hydrogen-using processes attests to the

ability of present design techniques to handle hydrogen service in most cases, but there
are documented cases in which equipment has failed for no discernible reason.’® We
conclude that industrial experience is specific to particular applications and not directly
applicable to the determination of the ability of equipment designed for methane service

¢o handle hydrogen storage applications.

In our examination of the seven hydrogen embrittlement effects documented in
the literature, we determined that the first two (opening of the lattice; and shatter
cracks, flashes, and fisheyes) will definitely pose no problems for facilities designed for
underground storage of hydrogen. We determined that hydrogen chemical attack, loss of
ductility, and hydrogen stress-cracking embrittlement effects probably will pose no
problem in moderate-pressure storage operations if proper procedures are followed.
Hydrogen chemical attack can be prevented by alloying steels to tie up carbon as stable
carbides and avoiding metals that readily form hydrides, such as titanium. The use of
low-strength steel and the avoidance of hard spots will help to eliminate loss of ductility
and hydrogen stress-cracking problems in equipment designed for hydrogen storage
applications. Critical components will be compressor parts and welded zones. Blistering
and hydrogen environment embrittlement are likely to be the most severe problems for

hydrogen storage facilities.

In summary, we conclude that, if the pressure at storage facilities is limited to
values of approximately 1000 to 1200 psi, equipment currently in service at natural gas
storage facilities will withstand hydrogen service with respect to hydrogen
embrittlement. Therefore, of the four specific sites investigated in this study, only the
washed salt cavern and the deep mined cavern sites will require a complete replacement
of materials of construction. However, before any given facility is converted from

natural gas to hydrogen service (regardless of the pressure level), in-place equipment
must be surveyed to determine the number of flaws (which promote blistering and
hydrogen chemical attack), hard spots (which promote hydrogen stress-cracking,
hydrogen environment embrittlement, and loss of ductility), and plastic deformation

(which promotes hydrogen environment embrittlement). A detailed inspection of this

76




2/80

type may not be cost-effective at existing storage facilities. In that case, we would
recommend replacement of all welded sections subjected to pressures above several
hundred psig. In order to avoid hydrogen embrittlement, we suggest that the following

criteria be applied to the design of facilities for underground hydrogen storage systems:
@ Use low-yield-strength steel whenever possible.

@ Use heat-treated and fully annealed materials.

® Use careful welding procedures to aveid hard spots and flaws.

e Maintain a careful inspection of all materials for flaws, including voids, inclusions,
and hard spots.

e Design for minimum stress levels in all components (particularly cyclic stress).
@ Avoid plastic deformation of all materials at all costs.

e Possibly, use an oxygen impurity at low concentration levels to control hydrogen
stress-cracking and hydrogen environment embrittlement.

4. Reactions of Hydrogen with Chemical Species Found in Underground
Reservoirs

The four major storage reservoirs types — 1) sandstone, 2) depleted field, 3) salt
dome, and 4) mined cavern — are composed of, or in contact with, rock strata of the
following general types: 1) sandstone, 2) shale, 3) limestone, 4) dolomite, 5) anhydrite,
6) gypsum, 7) silt stone, 8) reef, 9) salt, and 10) granite.?’Z Each of these strata may be

characterized by both lithology and, more importantly, mineralogy.

Sandstone, depleted field, and mined cavern reservoirs are composed primarily of
stable, nonreactive silicate minerals consisting of quartz, feldspars, and lesser amounts
of garnets, spinels, and micas. However, minor sulfide, sulfate, carbonate, and oxide
minerals often occur either as cementing materials or as small crystals coating the
surfaces of larger grains. In limestone, dolomite, and salt caverns, these minerals may
become major in quantity. Because of the large amount of exposed surface area of these
minerals in sandstone-type reservoirs, in excess of the quartz itself, and the large
quantity of these minerals in limestone and salt reservoirs, possible reactions with
hydrogen could proceed to the complete consumption of the reacting mineral. This might
involve measurable quantities of hydrogen and the generation of toxic gases. Primarily
these minerals are the 1) sulfides S, FeS, FeSZ, PbS, HgS, ZnS, Cuzs, CuFeSZ, CSZ; 2)
sulfates CuSO,, CuSO,"2H,0; 3) carbonates CaCO3, MgCO3, (Ca, Mg)COjy; 4) oxides
Fe,03, Fe30y, FeO, MgO, and minor chemical species in the gases in the reservoir, CO,
CO, and hydrocarbons. Walters65 stated that hydrogen loss in a depleted oil field,

through hydrogenation and cracking, as well as loss in an aquifer, due to chemical
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reaction, would not be significant without higher temperatures or catalysis. After a year
of operation, withdrawal from the Beynes Field, France, in 1957 produced trace
quantities of nickel and iron carbonyls (see Section II-A-2-e}. In addition, it was
necessary to desulfurize, dry, and oxygenate the manufactured gas before scrubbing out
the carbonyls.39 Trace amounts of carbonyls, before scrubbing, were found to form

deposits, resulting in disruption of safety devices, stoppage of pilot lights, and

opacification of glass. The mechanism for formation of the Ni(CO), and Fe(CO), was
postulated to involve reaction between carbon monexide gas in the manufactured gas and

trace metal salts in the reservoir through adsorption and desorption due to manufactured

gas and natural gas interface motions.

Because of the minor hydrogen sulfide in the Beynes Field and indications of minor

chemical reactions, it was decided to compile thermodynamic data for the minerals

listed to determine the possibility of reactions with hydrogen taking place with minerals

in the reservoir. A complete chemical model involving chemical species dissolved in

groundwater and multicomponent chemical equilibria was not attempted because
dissolved species, though more reactive, would be in quantities significantly smaller than

the trace minerals themselves.
For reactions with hydrogen, a reaction equation can take the form:
aH2+bB2 cC + dD {6)
where -
a, b, ¢, d = stoichiometric quantities
B, C, D = different chemical species.

By adding the free energies of formation of the components for temperatures and
pressures similar to those in the reservoir, the direction of reaction can be determined.
The most stable chemical configuration in a reaction exhibits the minimum free energy.
The minimum free energy configuration is indicated if the free energy of the products

minus the reactants is negative, or for Equation 6 —
Ag = CGC + dGD bt bi - aRTin PHZ (7)
where ~—
AG = free energy of the reaction
G = free energy of the formation

and assuming: Fugacity for hydrogen at P, T is nearly 1.
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Table 4 lists some of the reactions considered and the free energies of the
reactions, assuming a reservoir temperature of 298°K (77°F) and pressure of 2000 psi.
An increase in temperature of as much as 50°F would not change reaction directions nor
would reaction directions be changed by decreases in pressure. Only reactions 1, 2, and
11 indicate possible reaction with hydrogen. However, these three reactions require
either temperatures above those in reservoirs or catalysis.

Table 4, APPROXIMATE FREE ENERGIES OF REACTIONS INVOLVING HYDROGEN AND
SOME RESERVOIR MINERALS

Free Energy, kcal

(1) Hy+0, = H,0 -54.64
(2) H, +S = H;,S -7.892
(3) Hy +FeS = H,S + Fe 12.520
(4) H, + FeS, = H,S + FeS 5.720
(3) Hy + PbS = HyS+ Pb 11.350
(6) H, + CuyS = HyS +2Cu 15.616
(7) Hy + CaSO4 = H,S03 + Ca0 45,767
(8) H, + CaSO4"2H,0 = H,50,4 + CalOH), 42.519
(9) 2H, +2CaCO; = 2H,0 + 2C0, +2Ca’*(ag) 385.962
(10) H, + FeO = Fe + H,O 6.668
(11) Hy + 3Fe;04 = 2Fe304 + Hy0 -11.241
(12) H, + FesO = 3Fe + H,0 12.732
(13) H, +CaF, = 2HF + Ca’*(ag) 21.811
(14) 2H, + Si0, = Si + 2H,0 379.40
(15) 3H, + Al,03 = 2Al +3H,0 206.7

Similar to inorganic reactions, most hydrogenation and cracking reactions require
temperatures in excess of normal reservoirs. Some anaerobic bacteria are capable during
fermentation processes of reducing hydrogen and sulfates to hydrogen sulfide and water,
but this activity is rare in reservoirs for short times. In past geologic time, all the

hydrogen reacted to hydrogen sulfide or escaped.

For the Beynes Field, at the time of conversion, all gas analyses of injected and

withdrawn natural gas over the previous 10 years were examined. There was some
change in the hydrogen content of the injected gas over this period, but analysis of the

withdrawn gas followed this change exactly.

Further evidence of the absence of significant hydrogen reactivity was given by

analysis of gas that had leaked through the caprock into a shallower reservoir. This leak
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was through a poorly centered well and was withdrawn from an observation well some
100 meters from the leak. The upper reservoir was a low~permeability clay-sand
mixture. Gas analysis corresponded to the "older" injected gas, not higher in hydrogen
than the maximum that was originally injected. This confirmed that selective diffusion
of hydrogen through the caprock did not take place and that hydrogen could co-exist with
the underground rock strata for long periods.

Although the reactions and the cases studied here cannot be considered to
represent the full range of possible reactions that could occur in a reservoir, with the
lack of theoretical prediction and actual occurrence of hydrogen reaction, there is little

evidence for serious problems with underground storage for long periods.

5. Purity Requirements of Hydrogen Delivered Storage Reservoirs

The purity required of hydrogen delivered from storage will be determined by both
end use and by the physical requirements of the transmission and distribution systems for
hydrogen delivery. The specifications for transmission and distribution pipelines are not
likely to be substantially different than those for natural gas service. The possible
exception here is water vapor content, which is limited in natural gas service by hydrate
formation. Water vapor content in hydrogen transmission and distribution lines probably
will be limited only by condensation, and therefore, water vapor specifications are likely
to be less severe than for natural gas. The end use of hydrogen {which we assume is a
fuel) will determine hydrogen purity based on what is required for burners designed for
hydrogen service. Methane from mixing in the converted storage fields will be the
primary concern. To our knowledge, no one has determined the maximum allowable
methane content in hydrogen or burners designed for hydrogen. This knowledge should be

developed in future research programs.

There have been studies on the other end of the spectrum, i.e., the maximum
allowable hydrogen content in natural gas. These studies conclude that 10% to 20% (by
volume) hydrogen is acceptable for most methane burners. An exception here is target
burner pilots, which will require minor adjustments for hydrogen contents of 20%. For
methane burners, the higher flame speed of hydrogen compared to that of methane is the
critical factor that limits hydrogen concentration in natural gas. Because of the higher
flame speed of hydrogen, flashback results if too much hydrogen is added to natural gas.
Because hydrogen burners will be designed for a fast flame front, the methane content in
hydrogen is expected to pose fewer burner problems than hydrogen in methane.

However, we cannot define an actual upper limit on methane concentrations in hydrogen.

An investigation of allowable methane concentrations in hydrogen burners (catalytic and ‘

noncatalytic) should be the topic of future research programs.
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If the end use of hydrogen delivered from storage is as a commodity rather than as
a fuel, the end use of hydrogen must be specified before an accurate determination of
hydrogen purity requirements for that purpose can be made. Such a detailed assessment

is beyond the scope of this program and will not be considered.
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OI. CURRENT COSTS OF UNDERGROUND NATURAL GAS STORAGE (TASK 3)

A. Format and Methodology Development

The objective of this task is to develop an economic analysis that corresponds to
that used by a utility in forecasting the cost of service provided by a contemplated
facility. Utilities act as monopolies in the public interest: Facility capital and operating
costs are passed on to the end user. Any facility that has associated costs and acts upon
the utility's product adds cost to the product equal to the revenue required to operate the
facility divided by the facility throughput. This requirement often is hard to delineate,

and different accounting principles can yield different revenue requirements.

With limited capital expenditure budgets, all corporations must make intelligent
decisions on the type of facilities to construct and/or operate. As a result, a method for
evaluating all investment decisions on an equal basis is sought and employed by

corporations.

1. Background

Two basic approaches exist to judge the economic feasibility of a project: the

payback analysis and the discounted cash flow (DCF) techniques.

The payback analysis is the most simple and direct. The firm simply calculates
the length of time required to cover or "pay back" the investment from revenues. This
type of analysis is excellent for small businesses that lack the ability to raise capital for
investment. This analysis also is excellent for small and large businesses that have cash
flow difficulties. One major drawback of this methodology is that the "time value" of
money is not considered. An expected return of a certain amount in the future is usually
not valued as highly as the same amount paid in full in the present. In actuality, given
monies in the present, investment options are available on which to earn monies in excess
of the principal amount as time progresses; i.e., money has a time value. The payback
analysis does not consider those time-value financing costs associated with paying back a
facility construction loan. In addition, the method assumes that earnings in the future

are worth the same as those in the present.

Most large corporations that are not suffering severe cash flow problems use an
economic analysis methodology based on the concept that money has a time value. The
general term for these analyses is "discounted cash flow (DCF) analysis" because the

future earnings and expenses making up the cash flow are discounted back to a particular
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year for comparison. Several basically similar approaches are used for this type of
analysis; two are the net present value (NPV) method and the internal rate of return

(IRR) method.

In the net present value approach, the present value of the expected net cash
flows of an investment is calculated and discounted as the cost of capital. From this
value, the initial cost outlay of the project is subtracted. Then —

CFl N CF, R CF,
1+l 1+ (1+9)?

i

NPV = - Pl (8)

where —

CF represents cash flow

Pl represents initial project costs
i represents the cost of capital.

With this type of calculation, a positive NPV indicates an acceptable project. Assuming
corporate investment constraints, only affordable projects with the greatest NPV would
be acceptable. For this method, of course, the internal rate of return as well as all

capital costs and cash flows must be known or assumed.

The internal rate of return (IRR) approach assumes that the internal rate of return
is not known. The objective is to calculate an interest rate that equates the present
value of expected future receipts to the capital cost of the investment. The equation is
similar to that for the NPV analysis except for rearranging terms and setting the NPV
equal to zero.

;1 CF,
t=1 (1+1t
Then, both the NPV and IRR approach are the same except that, in the former, the i is

Pl = 9)

specified and the NPV is found. In the latter, the NPV is specified as zero, and the
required i is found. The calculated rate of return is usually compared to that desired by
the corporation at the project risk level. Projects providing a rate of return equal to or
greater than the IRR required by the corporation are possibilities for funding to the

extent of available capital.

For utilities, which are the most likely corporate candidates to operate either
natural gas or hydrogen storage fields, the internal rate of return can be well estimated;
it is ensured within limits by the public utilities commission. When a DCF analysis is

performed, a form of the NPV analysis should be used. The general form usually is
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modified to calculate future revenue requirements from a present amount or value. The
interest factor, i, is the utility's assumed or anticipated internal rate of return. For
utilities, this must represent their cost of capital. Then a NPV of zero resulting from an
analysis would indicate a rate of return equal to the cost of capital assumed. This does
not imply that the corporation is "breaking even"; it is earning profit as permitted by its

rate of return constraints.

With the capital costs, facility life, operating expenses, tax structure, and debt
and equity service defined, the utility then can calulate the revenue required to operate
the facility. This revenue required becomes the cash flow required as an input to the
present value equation. The present value of these revenue requirements then can be
calculated by applying the present value factor 1/(1 + )2 for each required yearly
revenue. Also, if the throughput is known for each year, the annual cost of service can
be calculated. With utilities, the required revenue must be passed on as the cost of
service. As might be expected, the cost of service changes yearly because expenses

change yearly.

If a single number is desired for comparing various choices, a levelized number is
sought. This number can be calculated first by applying an annuity factor to the sum of
all years present value of revenue requirements. The annuity concept essentially means
that once the total present value of revenue requirements is known, the yearly equal
amounts, annuity, or "levelized" payments over the project life, equivalent to the total in
terms of present value, can be determined. This yearly amount, the levelized revenue

requirements, then is divided by the throughput to yield a levelized cost of service.

Another choice that must be made is whether inflation rates should be considered.
If an analysis is being used for comparison, as DCF analyses should be used, and if the
facilities under consideration have similar cost areas and percentages of cost in each
area, then a constant dollar analysis is more meaningful than an analysis that introduces
variables to describe inflation effects. For this report, a constant dollar analysis based

on 1978 dollars was assumed.

For this project, we developed a computerized DCF analysis by using constant
dollars in a form of the net present value approach. The methodology has been modified
from the standard textbook approach to reflect financing specific to utilities. This
includes consideration of the "Allowance for Funds Used During Construction" (AFUDC)

in the utility rate base.

This analysis assumed that base gas was financed along with facility construction;

that is, base gas was purchased and financed during the construction period for delivery

84




2/80

after construction completion. As a result of financing base-gas purchases, this gas cost
becomes a part of the AFUDC calculations. This technique of financing base gas was
considered important for a study of hydrogen storage facilities because base-gas costs
could be a large percentage of the facility cost and not supplied by the parent company
to the storage facility. For comparison, in some analyses the base gas was not financed,
but considered to be a one-time cost.

Because the economic justification of any facility must gain approval from a

public utility commission (PUC and/or the Federal Energy Regulatory Commission), our

analysis was based on PUC filings to help ensure compatibility with financial practices.

For this project, the computer program was tested extensively on data from
operating or planned natural gas storage fields before it was applied to hydrogen storage.

Details of the computer program used in this analysis are presented in Appendix D.

2. Parametric Variables

The development of the economic analysis methodology required input data from
the participating gas companies. These data were required to test the methodology
under development for general agreement with the cost of service methods and resulting
operating experience or predictions of the utilities. Data were provided by gas company
participants on three natural gas storage fields. One, a depleted gas field that started
operation in 1965, was constructed at what seems today to be a very low cost of

$3.6 million.

A second field, a washed salt cavern, started operation in 1977 after a cost of
development of approximately $17.6 million. A third field, an aquifer, is not yet in
service. Based on 1975 filling costs, this aquifer would have had a construction cost of
$62.7 million. Capital cost data also were provided by Dames and Moore for an
excavated cavern site to be constructed. The cost data provided by Dames and Moore

included documented bid estimates for each aspect of the excavation and completion.

Before analysis results are presented, note that the cost of constructing any
storage facility depends upon the year the facility was constructed, the type of facility,
its capacity, and its intended duty cycle for the utility. Utilities must plan facilities
based on their regional needs and demands. For example, a Midwest utility would have
little desire to operate a Southwest storage facility if daily peak loads were its concern
for storage. Unfortunately, underground formations that could provide low-capital-cost
facilities do not exist in all regions of the country. Therefore, some utilities must plan

for the use of what might appear to be higher-capital-cost facilities because of regional
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requirements and the lack of formations that lend themselves to low capital costs. There
is no choice in the matter; if underground storage is required, the natural geologic
formations in the area must be considered regardless of the capital cost of development.

If the capital cost is too great, alternatives must be investigated by the utility.

The storage facility capacity and the intended duty cycle play a major role in the
facility's operating economics. Doubling the throughput per year without noticeable
changes in operating costs reduces the cost of service by a factor of two. On the other
hand, increasing daily output from a facility or reducing base gas below that usually
intended could have a limited effect on the average cost of service over the year while
increasing the marginal cost of service for a brief period beyond acceptable limits to the

facility manager.

Table 5 presents the capital cost of the three storage fields in terms of dollars
current to the year in which they were built. The economic analysis program was

conducted by using these capital costs for test cases.

However, of major concern to this project is construction of new similar fields for
hydrogen use or retrofit of existing fields for hydrogen use. In the former case, the
capital cost of the new field would reflect present costs, which for this study are
assumed to be 1978 dollars. In the latter case, multiple alternatives exist. The company
operating the existing field might sell it for the cost new less depreciation or for any
cost as low as the remaining investment pending sale circumstances. Alternatively, a
subsidiary might be formed to buy the existing field at a similar cost to provide earnings
for alternative investment by the parent company and an initial capitalization
requirement for the subsidiary. This study assumed that the capital cost of all facilities
analyzed, except for a few cases, represents the cost new in 1978 because neither of the

constructed fields has depreciated significantly compared to their new replacement cost.

For the depleted field, new-construction capital costs were estimated by the
operating company. The estimate was not claimed to be precise; unless construction bids
are sought, it is difficult to know the cost of a facility with great precision. The »
approximate cost, $9.5 million less the unrecoverable gas, is used as a base case in this
analysis. For the aquifer and salt-cavern fields, the capital costs provided by the .
companies were in 1975 and 1977 dollars, respectively. An adjustment factor of 6%/yr
was applied to increase these costs to 1978 dollars. This percentage, based on the

Chemical Engineering magazine's cost index, 18 provides sufficient precision for these

calculations, because actual construction costs based on bids could vary by more than the

imprecision of this escalation factor. The resulting base-case capital costs for the
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Table 5. CAPITAL COST ESTIMATES FOR NATURAL GAS STORAGE FACILITIES

Cost
Aquifer, Salt Cavern, Depleted Field,
1975 1977 1965
Item dollars X 103 dollars X 103 dollars X 103
Land and Land Rights 1,247 408.6 22.4
Structures and 655 718.1 95.6
Improvements
Storage Wells and 5,500 8,114.7 2,151.8
Reservoirs
Storage Lines 16,565 1,883.1 966.3
Compressor Station 3,270 3,269.6 NA
Equipment
Storage Measurement NA 72.4 NA
and Regulation
Storage Dehydration NA 279.4 NA
Nonrecoverable/Noncurrent 25,630 671.6 681.3
Gas
Other Capitalized Equipment 2,826 56.6 361.0
and Expenses during
Construction
Labor and Supervision 2,831 781.0 NA
Allowance for Funds Used 4,232 1,382.2 NA
during Construction
Total Capitalized 62,764 17,637.3 3,598.2%

* . . -
Not including original nonrecoverable gas.

aquifer and salt-cavern fields are $39.5 million and $16.4 million, respectively, less the
nonrecoverable or noncurrent gas. Application of the same factor over the 14 years

since the depleted field was constructed would result in a capital cost of approximately
$8.2 million. A 7% escalation adjustment per year results in a $9.3-million capital cost,

which is comparable to the company estimate.
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For the excavated-cavern case, capital-cost estimates were provided for the
2500-ft, 3500-ft, and 4500~ft excavation levels. These estimates were $53 million,
$50 million, and $47 million, respectively. The estimates included two shafts, one with a
diameter of 24 ft, costing $1200/ft, and the other with a diameter of 6 ft, costing
$300/ft. Purchase of excavation equipment is included in the capital cost, as is
$5 million for surface equipment. The estimates included two possibilities for
construction cost credits: one is sale of rock from excavation, and the other is the use of
miners rather than higher salaried construction workers for the excavation work. Partial

credits for each were considered for cases in this analysis.

Detailed operating and maintenance costs for the two natural gas storage fields
currently in use were gathered from their respective companies. Data as detailed as
possible also were gathered for the aquifer field based on the FERC f{iling and contact
with the owners. In addition, operating and maintenance costs for the excavated cavern
were estimated based on those costs experienced for operating the salt cavern. These
costs were adjusted for relative working gas capacities and used directly as excavated-
cavern operating costs for two cases. For conservative cost-of-service calculations, the
scaled operating costs for the excavated cavern were increased by a factor of 1.5 for
most of the cases tested. In actuality, the excavated cavern is not expected to have any
dimensional instability problems often associated with salt caverns; the operating costs
should be no more than those of the salt dome. Tables 6, 7, and 8 present the annual
operating and maintenance costs for the aquifer, depleted-field, and salt-cavern
reservoirs, respectively. Base cases for natural gas operation assumed annual operating
and maintenance costs of $200,000, $1.2 million, $350,000, and $500,000 for the depleted

field, aquifer, salt-cavern, and excavated-cavern cases, respectively.

Table 6. OPERATING AND MAINTENANCE EXPENSES FOR AQUIFER RESERVOIR

Third Year Fourth Year Fifth Year Sixth Year
Expense Item $
Total Operating 428,000 913,000 792,000 855,000
Expenses
Total Maintenance 157,000 270,000 301,000 311,000
Expenses
Leases and - 8,000 8,000 8,000
Royalties
Grand Total 585,000 1,191,000 1,101,000 1,174,000
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Table 7. OPERATING AND MAINTENANCE EXPENSES
FOR DEPLETED-FIELD RESERVOIR

1977
1976 Cost, % Labor, %
Expense Item Cost, $ Cost, $ of total of total
Operating Expenses
Structures 6,157.29 5.5 3.3
Wells
Lines 17,131.47 15.4 9.3
Compressor Station 55,912.29 50.0 42.0
Fuel 5,208.81 4.7
Lubrication 424.05 0.4
Measurement 460.91 0.4 0.2
Purification 1,031.63 0.9 0.02
Subtotal 86,330.53
Supervision 24,552.00 22.1 22.1
Total 111,643 110,853.00 99.4 59.8
Maintenance Expenses
Structures 3,421.85 14.7 1.7
Wells 1,956.59 8.4 0.08
Lines 1,388.04 6.0 1.4
Compressor Station 9,165.51 39.4 15.9
Measurement 91.40 0.4 0.3
Purification 25.99 0.11 0.11
Subtotal 16,049.88
Supervision 7,202.00 31.0 31.0
Total 52,506 23,252.00 100.0 50.5
Leases and Royalties 5,172 5,221.00
Grand Total 169,276 139,326.00

For each FERC operating and maintenance account indicated in the tables, labor
costs and the labor percentage of the total item also are presented. Because labor costs
were not available for the aquifer field (for which construction has not yet begun), these

data are omitted.

The next major input considered for both the natural gas and hydrogen cases is the
throughput per year. The throughputs are constrained by market demands for gas,

reservoir parameters, and surface equipment at the field. As a result, a field could have
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Table 8. OPERATING AND MAINTENANCE EXPENSES FOR SALT-CAVERN RESERVOIR

1975 1976 1977
‘ost, tost, Labor, Cost, Cost, Labor, Cost, Cost, Labor,
Expense Item $ %~ of total % of total $ % of total % of total $ % _of total % of total
Operating Expenses
Power 13,700 10.3 0 49,501 18.4 0 14,323.84 6.4
Structures
Wells 351 (7 ~0 0 -— —— -
Lines
Compressor Station
Fuel 76,270 57.4 G 84,848 31.5 0 84,221.45 38.2 0
Lubrication 2,682 2.0 ¢] 5,664 2.1 6,920.24 3.1 [¢]
Measurement 7,000 5.2 1.2 5,937 2.2 1.7 1,646.07 .75 ~0
Purification 139.00 ~0 Q
Subtotal 100,000 145,950 107,249.00
Supervision 18,300 P2 ~13.8 21,700 8.1 7.9 22,834.81 5.6 ~9.6
Total® 132,812 10N 268.674 220,370.04 100.0 22.7
Maintenance Lxpenses
Structures 14,914 27.2 19,5 12,849 6.5 1.9 27,075.60 22.0 3.7
Wells 5,945 8 1 8,505 4.3 ~0.7
Lines
Compressor Station 11,071 20.2 9.8 37,731 19.3 7.6 31,885.23 26.2 5.3
Measurement 4,638 8.8 6.9 7,622 3.8 2.0 10,308.15 8.4 3.6
Purification 806 ~1.5 “1.95 916,20 ~0 ~0 251.67 0 ~0
Subtotal 37,374 ©07,423.00 42,445.05
Supervision 11,844 21.6 21.4 13,895 7.0 14,509.15 12.0 11.6
Total® 56,716 195,872 ~0 121,626.47 100 36.9
a Includes other expenses not itemized. 38006}_492
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a potential throughput higher than that experienced in meeting market demand.
Similarly, a reservoir might be expanded, based on market demand and reservoir
parameters, to include additional surface equipment. Moreover, operation of a particular
reservoir depends not only on these factors but also on the operation of and demands
upon all other storage and transmission facilities integrated to serve the same utility

market.

3. Methodology Verification

By using the economic model described above and the operating characteristics of
each reservoir, a levelized cost of service for a base case was determined for each
reservoir. Some base-case parameters for each reservoir are unique to that reservoir.
For example, the base cost of natural gas stored is $0.30/106 Btu for the salt cavern
because that was the actual cost in 1975 when the cavern storage was begun. Similarly,
the anticipated cost of $1,60/10% Btu used for the aquifer was based on a 1977 startup.
Other parameters such as cost of debt or plant lifetime are the same for all four. The
objective of this analysis, therefore, is not to compare one type of field with another, but
to establish the validity of the economic model. After the levelized cost of service was
determined for each field, the economic parameters were varied one at a time to observe
the sensitivity of the cost of service. This analyses is especially important because the
cost of the gas (hydrogen) that might ultimately be stored is unknown at this time and
because the cost of equity and cost of debt are rising to levels that were unanticipated a
few years ago. Also, this type of analysis highlights those cost items that influence the

cost of hydrogen service in a manner that is different from natural gas service.

In addition, certain aspects peculiar to each field were examined in more detail.
For example, a lower capital cost for the excavated cavern can be obtained by selling the
rock produced from the excavation or by using labor costs for miners instead of those for
construction workers during excavation. Each field and its analysis are discussed in

detail below.

a. Salt Cavern

Table 9 lists the base-case economic parameters for the salt cavern. As
mentioned above, the low cost of the base gas, .‘150..3()/106 Btu, is based on 1975 values,

and the computed cost of service of $O.58/106 Btu is an appropriate value according to

the operating company of the field.
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Table 9. ECONOMICS OF STORING NATURAL GASIN A SALT-CAVERN RESERVOIR

Item Base Case Percentage Variation

Erected Plant Cost, $103 16,400 -5 to +30
Annual Throughput, 1012 Bty 6.2 -

Cost of Base Gas, $/10° Btu 0.30 +900
Annual Operating Cost, $103 350 -50
Construction Time, yr 3 ~-60
Cost of Debt, % 10 -50 to +100
Cost of Equity, % 15 -60 to +30
Fraction Debt Financed 0.60 -60 to +30
Lifetime for Economics, yr 27

Cost of Service, $/10° Btu 0.58 -36 to +41

The parametric values were varied as indicated in Table 9, and the results are
plotted in Figure 24, Figure 24 summarizes the parametric variations; the exact
computational results are found in Appendix E. The lines in Figure 24 represent the
levelized cost of service as a function of the percentage change in the variable. All the
lines go through the point that represents the levelized cost of service for the base case.
The cost of service is most sensitive to the parameters with the steepest slope. For the
salt cavern, the most sensitive parameter is the erected plant cost; the least sensitive is

the cost of the gas.

b. Aquifer

The base~case economics for storing natural gas in an aquifer are illustrated in
Table 10. The levelized cost of service is $2.07/106 Btu for a base-gas cost of
$1.60/10% Btu. This cost of service is based on an annual throughput of 6.6 x 1012 Btu.
Figure 25 illustrates the sensitivity of the cost of service to variation in the parameters
in Table 10. As was the case for the salt cavern, the cost of service is most sensitive to
the plant cost and cost of equity. For the aquifer, the least sensitive parameters are the

operating costs and construction time.
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Table 10. ECONOMICS OF STORING NATURAL GAS
IN AN AQUIFER RESERVOIR

Item Base Case Percentage Variation

Erected Plant Cost, $103 39,500 -15 to +30
Annual Throughput, 1012 Bty 6.6 --

Cost of Base Gas, $/10 Btu 1.60 to 90
Annual Operating Cost, $103 1,200 -50
Construction Time, yr 3 -60
Cost of Debt, % 10 -50 to +100
Cost of Equity, % 15 -60 to +30
Fraction Debt Financed 0.6 -60 to +30
Lifetime for Econcmics, yr 27 -

Cost of Service, $/10° Btu 2.07

c. Excavated Cavern

The levelized cost of service for the base case of the excavated cavern is given in
Table 11. Because no excavated cavern exists that was designed primarily to store
natural gas, there are no actual costs of service with which to compare the computed
cost. However, for an annual throughput of 8.0 x 1012 Btu and a base-gas cost of
351.00/106 Btu, the cost of service is $1.30/1O6 Btu. This is a reasonable value, which is
larger than that for the salt cavern, for example, because the base-gas cost is higher and

the erected plant cost is very high.

The sensitivity analysis illustrated in Figure 26 again shows that the most
sensitive parameters are the plant cost and the cost of equity. The least sensitive
parameter is the cost of base gas. The above analysis considers an excavated cavern
with a depth of 2500 feet. If deeper caverns are considered, i.e., to 3500 ft and to 4500
ft, the base-case cost of service drops to $1.18/106 Btu and 851.11/106 Btu, respectively,
if the excavated rock is sold and miners are used instead of construction workers. The
effect of increased compression costs (appearing as larger plant cost) is more than offset

by the larger storage volume for the 4500-ft depth.
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Table 11. ECONOMICS OF STORING NATURAL GAS
IN AN EXCAVATED-CAVERN RESERVOIR

Item Base Case Percentage Variation

Erected Plant Cost, $103 50,000 -3 to +30
Annual Throughput, 1012 iy 8.0 --

Cost of Base Gas, $/10° Btu 1.00 to +200
Annual Operating Cost, $103 500 -50
Construction Time, yr 3 ~-60
Cost of Debt, % 16 -50 to +100
Cost of Equity, % 15 ~60 to +30
Fraction Debt Financed 0.6 ~60 to +30
Lifetime for Economics, yr 27 --

Cost of Service, $/106 Btu 1.30

d. Depleted Field

As shown in Table 12, the cost of service for the depleted-field base case is
330.88/106 Btu for a base-gas cost of $1.00/1O6 Btu and an annual throughput of 3.080 x
100 Btu. As was the case for all other reservoirs, the plant cost and cost of equity affect

the cost of service more than the other parameters. (See Figure 27.)

e. Conclusions

The results of the test of the economic methodology on natural gas storage show
that the method does accurately predict the levelized cost of service. This prediction,
however, must be considered in the context of the assumptions made in the model. In
particular, the model assumes a fixed amount of gas is injected and withdrawn in every
year of the computational history, that the amount of gas considered to be the "base" gas
remains fixed, and that the operating costs per year remain fixed. None of these
assumptions$ are held exactly in the actual operation of a reservoir, nor should they be.

For the most part, the model is insensitive to very small changes in most of the
parameters and is even insensitive to large changes in others such as yearly operating

costs.
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Table 12. ECONOMICS OF STORING NATURAL GAS
IN A DEPLETED-FIELD RESERVOIR

Item Base Case Percentage Variation

Erected Plant Cost, $103 9,500 -3 to +30
Annual Throughput, 1012 Bty 3.08 --

Cost of Base Gas, $/10° Btu 1.00 to +20
Annual Operating Cost, $10° 200 -50
Construction Time, yr 3 -60
Cost of Debt, % 10 -50 to +100
Cost of Equity, % 15 -60 to +30
Fraction Debt Financed 0.6 -60 to +30
Lifetime for Economics, yr 27

Cost of Service, $/10% Btu 0.88

The absolute value of the levelized cost of service depends on the absolute value
of the base-case parameters. The sensitivity of the cost of service to any of the
parameters depends on their value relative to one another. So, for example, in the
excavated-cavern case both the plant cost and cost of base gas are high and contribute to
the high cost of service. The ratio of the base-gas cost to the plant cost is
approximately the same for the excavated cavern as for the other reservoirs, so that the
shape of the sensitivity plot is about the same as the others, merely shifted up in cost of

service,

A caution to be observed in extrapolating the lines in the sensitivity figures is that
only the solid lines represent computed data. The dashed lines are extrapolations for the
sake of clarity. To determine the cost of service for values beyond the solid portion, the

best procedure is to execute the program in Appendix D.
B. Economic Assessment of Hydrogen Storage

1. Equipment Changes for Hydrogen Storage Facilities

We have examined wells and aboveground equipment at underground gas storage
facilities to determine 1) the changes or modifications to existing equipment that would

be required in converting natural gas storage facilities to hydrogen service and 2) the
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design differences that would be required in developing new storage facilities dedicated
to hydrogen service. The following analysis is based on four specific storage fields that
are typical of four different types of storage applications: depleted fields, aquifers,
washed salt caverns, and mined caverns. Changes in or modification of equipment for
use at storage facilities designed for hydrogen (as opposzd to natural gas) service are
outlined generally for all four types of storage {ields. The depleted natural gas storage
facility examined in this study was chosen for detailed analysis in Task 4. Therefore, we
provide additional details on the equipment changes required for the depleted~field case.
We have estimated the cost for equipment changes only for those items identified in a
preliminary economic analysis as having a significant impact on the cost of service; those
items include wells, gas compression equipment, and pipefields. Changes in equipment
that do not have a significant impact on the cost of service are simply identified; no
detailed cost estimates have been prepared. Where appropriate, we have identified
specific reasons {safety considerations, materials compatibility, changed physical
properties) for the required changes in equipment at underground hydrogen storage

locations.

a. Basis for Study

The design of underground gas storage facilities depends on both the total storage
gas volume and on the injection-withdrawal cycle assumed for a particular field. The
methods used to determine hydrogen storage volume and hydrogen deliverability

(injection~withdrawal cycles) are outlined below.

b. Hydrogen Storage Volume

Most underground gas storage facilities, including the four studied here, are
operated in a pressure swing mode, that is, between a maximum pressure (generally
occurring at or near the end of an injection season) and a minimum pressure (generally
occurring at or near the end of a withdrawal season). The amount of gas contained in any
particular field is a function of the field's temperature, pressure, and void volume

according to the relationship expressed by Equation 10.

PV = znRT (10)

The total amount of gas in any field can be divided into two general categories. The
difference in the amount of gas between the temperature, pressure, and volume existing
at the end of the injection cycie and the temperature, pressure, and volume existing at
the end of the withdrawal cycle is the total amount of gas (working gas) cycled through

the storage field in a season. The gas contained in the field at the lowest pressure that is .
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necessary to support the storage operation, but is not cycled, is termed base gas. In
general, the highest pressure used in a given storage field corresponds closely with the
hydrostatic pressure at the particular depth of the field. Hydrostatic pressure is about

0.43 psia/ft of depth.

The amount of hydrogen working and base gas was calculated for each of the four
fields studied here by assuming the same maximum and minimum field pressures used in
{or postulated for) natural gas operation. Because the temperature and underground void
volume for three of the four fields {depleted gas field, washed salt cavern, mined cavern)
remains relatively constant at all times, Equation 10 was used to calculate hydrogen,
"working," and base gas volumes for those fields directly. In the aquifer, however, the
movement of water into and out of the gas storage zone makes the total void volume
available for gas a variable along with pressure. Therefore, a more detailed analysis was

required to determine working and base gas requirements for the aguifer field.

Because aquifer storage requires movement of the water preexisting in the
reservoir, the actual structure, or geometrical, configuration of the reservoir and
surrounding region must be determined. The structure, or elevation contours, of the top
of the Galesville formation are shown in Figure 28. On the assumption that the
Galesville formation is approximately constant in thickness, profiles through the
structure can be drawn as shown in Figure 28. The structure is thus seen to be elliptical

and nicely arched for a storage reservoir.

The gas storage volume is determined by the amount of pore space exposed when
the water is swept away by the advancing mobile gas unit. This is shown schematically in
Figure 29, in which it is assumed that, as gas is injected into the high point of the dome,
the pressure in the mobile gas unit is approximately constant and the gas-water contact
is approximately horizontal. The amount of available pore volume per cubic foot of
reservoir sandstone then is equal to the pore space in the rock reduced by the amount of
residual, or irreducible, water that remains trapped in the surfaces and in the small
recesses of the pores. By using the porosities and residual saturation data reported in the
filing document along with the contour data, the available pore space can be determined.
This is tabulated in Table 13 and shown graphically in Figure 30 for natural gas storage.
The quantity of natural gas that can be stored over the possible ranges of operation is

given in Table 14,

The initial pressure in the water at the reservoir depth of approximately 2000 feet
below ground level is hydrostatic pressure of approximately 840 psi. From this it can be
assumed that the aquifer is an open system, but with the external boundary at some far

distance away from any significance or influence on the storage project.
101



2/80

DEPTH, ft

1300

1400 —

1500—

1600 f—

1700

1300 p——

1900

FRANCONIA
DAVIS MEMBER

20% 10°CF
60 X10°CF

IRONTON
™~
~
~
~
~
~—

GALESVILLE

EAU CLAIRE

FAULT

AB0020293
Figure 28, PROFILE THROUGH AQUIFER

102




2/80

PRESSURE —

INITIAL AQUIFER PRESSURE Po

GAS BUBBLE
»
INJECTION
PRESSURE
GAS _
BUBBLE

Degree of Compression of Woter

DISTANCE —#=

Figure 29. GAS MOVEMENT IN AN AQUIFER

103



2/80

1310

1320

1330

1340

1350

1360

1370

1380

1390

CONTOUR ELEVATION, ft below sea level

1400

1410 | ]

1000 2000 3000 4000 5000 7000 10,000
EQUIVILENT RADIUS, ft

A80020289

Figure 30. EQUIVALENT RADIUS FOR CONTOUR AREAS IN THE
GALESVILLE FORMATION

104



2/80

Table 13. VOLUMETRIC CAPACITY OF AQUIFER STORAGE FIELD
IN GALESVILLE FORMATION

Contour? Bubble? Contour? Equivalent®
Depth, Thickness, Area, Radius,

ft-SLEP ft acres ft
-1300 7 63.7 117
-1320 17 113.5 1255
-1330 27 174.6 1556
~1340 37 295.0 2022
-1350 47 742.6 3209
~1360 57 1215.5 4105
-1370 67 1793 .4 4987
-1380 717 2510.8 5900
~-1390 87 3512.1 6978
~-1400 97 4747.8 8114

2 From Exhibit H-18 of FPC filing.

b SLE = sea-level elevation.

€ Contour area assumed to be a circle.

d Using 17.2% pore volume and 16.6% connate water.

Pore
Volume,
10° CF

6.9
15.9
30.6
63.0

124.1
218.2
352.7
540.8

798.9

The size of the storage gas unit depends on the applied gas pressure and time. It

does not matter whether the gas is hydrogen or natural gas. To create the mobile gas

unit, gas must be injected at a pressure above hydrostatic, or above 840 psi. The

strength and sealing characteristics of the caprock control the extent to which the

injection pressure can exceed the hydrostatic pressure. The excess pressure must not

fracture the caprock or drive out the sealing fluids that are held in place by capillary

forces. Also, if the mobile gas unit is formed when the driving pressure is too high, there

is fingering of the water and the pores can not drain adequately down to the irreducible

or connate saturation. This excess water lowers the available pore space and also the

permeability to the gas flowing through the pore network.
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Table 14. VOLUMETRIC CAPACITY OF AQUIFER FORMATION
FOR NATURAL GAS STORAGE

Mobile gas unit . Gas Content®
Contour, Thickness, Area,” 640 840 890 940 990
ft SLE2 ft acres psia psia psia psia psia
106 sCF ’

-1310 7 63.7 66 89 95 101 108
-1320 17 113.5 328 445 473 503 536
~-1330 27 174.6 753 1,023 1,088 1,156 1,232
-1340 37 295.0 1,447 1,964 2,089 2,221 2,367
-1350 47 742.6 2,980 4,045 4,302 4,574 4,874
-1360 57 1,215,5 5,873 7,972 8,478 9,013 9,600
-1370 67 1,793.4 10,317 14,006 14,895 15,836 16,877
-1380 77 2,510.8 16,676 22,637 24,074 25,594 27,277
-1390 87 3,512.1 25,573 34,715 36,919 39,250 41,830
-1400 97 4,747.8 37,775 51,279 54,535 57,978 61,789

4 SLE = sea-level elevation.
b Aquifer structure map.
€V =43,560 x acre-ft x  x (1 — Sw) x 1/F
where V = gas content, 100 CF
h
Acre-ft = 2 (A1 + Az)
h = contour interval, ft
Al,Z = area within successive contours
= porosity = 17.2%
Sw = connate water = 16.0%
P
F=100%x 2% T x2z
P b
Pb = pressure base = 14.73 psia

P = reservoir pressure, psia, at a datum of —1320 SLE?2

i

T = 532°R, 729F reservoir temperature

520°R, 60°F temperature base

4

Ty

Z = compressibility factor.

d Original pressure.
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In an aquifer storage project, such as this one, the gas-water interface is moving
continuously. When the pressure in the gas unit is above the initial in-situ pressure, the
gas unit expands, and when the pressure is lowered below the initial pressure, the gas unit
contracts. The dynamics of the motion of the gas-water contact are controlled by the
geometry of the system and the physical properties of the gas, water, and rock. In
theory, the motion can be calculated, but in practice, the mathematics are so complex
and the parameters so uncertain that detailed calculations usually are not performed.
Instead, simplifying assumptions are made and engineering approximations are made by

using analytical equations that are adequate for design estimates.

The method used in Table 15 to calculate the rate of water movement is the
method described by Katz,32 in which the rate of water egress is calculated from the
"influence function." In Table 15 the assumed bubble radius is approximately equal to the
equivalent radius shown in Figure 30 that corresponds to 20 billion CF storage in Tables
13 and 14. The model assumes that the reservoir is circular and infinite in lateral extent.
The assumed circular shape should be an adequate representation of the actual ellipscidal
shape seen in the structure map (Figure 31) for engineering design purposes. With this
circular geometry assumption, the analytical method described by Katz can be used to

approximate the water movement in the operating reservoir.

The above assumptions about the mobile gas unit formation assume that the
reservoir gas pressure is constant. There is some pressure differential between the well
bore and the outer edge of the gas unit that can be approximated by the steady-state
flow equation. The steady-state equation can be used because the "readjustment time,"
or the time for a pressure transient to move from the well bore to the outer radius, is

small compared to the flow times.

The readjustment time is calculated by the equation —

t,= o T e (11)

where ~

t. = readjustment time, hr

W = viscosity, cP
¢ = porosity, dimensionless
r, = effective reservoir radius, ft

k = permeability, md

p = average gas pressure, psi
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Table 15. CALCULATION OF RATE OF DEVELOPMENT OF THE MOBILE GAS UNIT .
IN THE GALESVILLE FORMATION

Assumed Conditions

Radius of gas bubble = 6,000 ft (r,)
Porosity of sand = 17.2% (&)
Permeability of sand = 448 md (k)
Compressibility of rock and water =7 x 10-6 (c)
Effective thickness of sand = 100 £t (h)
Pressure in gas bubble minus aquifer pressure = 1000 psi (A P)
Water viscosity = 1.0 cP (}')
Formula
where —
q =0.00628% cr 2h P Q,
q = cumulative water movement rate, 1000 CF

Q= dimensionless quantity, function of th

00633 kt

tD = dimensionless time = 0. S
¢c Iy,

t = time, days

q = 0.00628 x 0.172 x (7 x 107%) x 100 x 600% x 100 Q, = 2,722 Q,

t = __ 0.00633 X 448t - 0‘06543 t
0.172 x 7 x 1076 x 60002

Injection,
Time (t}, Qs q/t, 1000 CF/day
days tp R 1000 CF 1000 CF/day _ at 940 psia
50 3.271 3.389 9,225
7,730 < 110.4 8,029
70 .
120 7.851 6.229 16,955
11,912 = 91.6 6,662 -
130
250 16.357 10.605 28,867
9,451 = g2.2 5,978
115
365 23,880 14.077 38,318 ‘
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For hydrogen of viscosity 0.009 cP and natural gas of viscosity 0.012 cP, the

readjustment times for r, = 6000 ft are as follows:

natural gas t =135 hr
hydrogen t = 130 br

These readjustment times of 5 to 6 days are short compared to the months of
constant flow in and out in an assumed in-duty cycle. For the assumed schedule, the
maximum flow rate is about 39.2 x 100 SCF/day. The maximum pressure difference
between the mobile gas unit edge and the well bore is then calculated by the steady-state

equation (turbulence is neglible):

Pi2-Pp? = AU £ I ‘(re) (12)
ro)
Hydrogen Natural Gas

M= 0.009 0.012 cP

Z = 1.04 0.95

T = 532 532 °R

Q= 39.2 36.1 100 CF/day

k = 448 4438 ft

h = 65 65 ft'

r, = 6000 6000 ft

r, = 0.365 0.365 ft
Assumed Pl = 900 900 psi

Calculated P, 899 899 psi

H

The pressure differential is thus very small and neglible for the assured maximum flow
rate. The storage reservoir will thus periorm essentially the same whether the gas used

is natural gas or hydrogen.

Assume the initial void volume in mobile gas unit is 220 x 106 CF at a pressure of
840 psi. From Figure 30, this corresponds to a contour elevation of 1370 ft. If the
pressure is raised rapidly from 840 psi to 990 psi and held there for 120 days (injection
cycle), the water efflux can be calculated, by using q and t; from Table 15, as 24.5 x .
10 CF. The volumetric factor for hydrogen at 840 psi in (Table 15) —

_[14.73\/532 =0.0185 13,
F ( 830 )(520)(1'03) 0.0 (
%.: 53.92 SCF/ft3 (14)
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. The factor for hydrogen at 990 psi is ~
14.73\/ 532 01 15
(990 )(520)(1 24) = 0.0188 (15)
%: 53.17 SCF/ft3 (16)

Therefore, working gas above hydrostatic pressure is —

Initial = (220 X 109)(53.9) = 17.86 X 10% CF
Final = (245 X 109)(63.2) = 15.50 X 10% CF
Difference (working gas) = 8.64 X 109 cF

In order to achieve a higher fraction of working gas, it may be assumed that
during the production phase the gas will be rapidly removed to drop the pressure to about
150 psi below hydrostatic to allow water to flow back to the initial position. The
volumetric factor at 690 psi is 45.69 SCF/ft3, and the final volume is 10.05 billion CF.
The difference (or working gas volume) is now 5.45 billion CF. The above procedure can
be applied for differing initial void volumes in the mobile gas unit and pressure
conditions. For the purposes of this study, we are assuming a total hydrogen (working

plus base) volume of 15.5 billion CF and a working gas volume of 5.0 billion CF,

Table 16 summarizes working base-case volumes for hydrogen storage for the four
types of storage fields. Also included in Table 16 are the maximum and minimum
bottom-hole or field pressures. We have selected three working/base gas ratios for the
depleted gas field case to examine the effect of increasing base gas by decreasing the
mmimum field pressure at the expense of extra horsepower for compression. The first
case shown for the depleted gas field (762 psia minimum pressure and 2.87 billion CF
working gas volume) represents the pressure range used currently for natural gas service
to the field. Working gas volumes of 5.0 and 7.0 billion CF can be achieved by lowering
minimum field pressure to 538 and 331 psia, respectively. Because the total field volume
{10.25 billion CF) at the unchanged maximum pressure is not changed, increasing the
working gas volume decreases the investment required for base gas. However, the lower
pressures required to achieve increased working gas volume will mean increased gas
compression costs to serve an assumed 750-psia hydrogen pipeline. In a later economic
analysis, we examine the trade~off between the installation of extra gas compression
equipment and a decrease in investment for base gas to determine the most economically
favorable mode of operation of this field. The three cases shown for the mined cavern in
Table 16 correspond to caverns cut at increasing depths. The mined cavern field does not

‘ exist; therefore, we had to rely on projections for this type of field.
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Table 16. SUMMARY OF PRESSURES AND HYDROGEN VOLUMES
FOR FOUR STORAGE FACILITIES

Bottom-Hole

Pressures, psia Hydrogen Volumes, billion CF
Field Type Maximum Minimium  Base Working Total ’

Aquifer 990 690 10.5 5.0 15.5
Depleted Gas 1070 762 7.38 2.87 10.25
Field 1070 538 5.25 5.0 10.25
1070 331 3.25 7.0 10.25

Salt Cavern 3500 1000 2.28 4.23 6.51
Mined Cavern L1000 226 1.92 6.33 8.25
1400 325 1.90 5.98 7.89

1800 417 1.84 5.70 7.54

c. Injection-Withdrawal Cycles

Gas injeciion and withdrawal cycles vary considerably according to the type of
field and the particular market demand of the field operator. A "typical" injection~
withdrawal cycle simply does not exist. Injection of gas into a storage field generally
corresponds with the summer months, when the demand for gaseous fuel for residential
space and water heating is lower. A withdrawal typically corresponds to the winter
months, when the demand for gas or space heating is highest. However, it is not
uncommon for a gas to be withdrawn from a field to meet a small peak demand during
summer months, nor is it unusual for gas to be injected into a particular storage field
during winter months. Injection-withdrawal cycles vary considerably from field to field
and company to company and also can vary considerably from year to year for a
particular field. It is beyond the scope of this study to treat every possible set of

injection and withdrawal cycles.

Instead, we chose a fairly simple injection-withdrawal cycle, which approximates
a smoothed base-load demand case. In our reference injection-withdrawal case, we
assumed 5 months of injection followed by ! month of no net activity, and 5 months of
withdrawal followed by 1 month of net inactivity. Figure 32 is a graphical representation
of our standard cycle, shown as a plot of injection or withdrawal flow rate versus time
for a 12-month period. The injection and withdrawal cycles are mirror images of one
another in Figure 32. During the first month of injection or withdrawal, the hydrogen

flow rate into or out of the field builds linearly to a maximum, represented by q,, on
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Figure 32. The maximum injection or withdrawal rate is maintained for a 3-month
period, after which the rate is decreased to half of the maximum over the fifth month.

The area under the injection or withdrawal cycle corresponds to one working gas volume

for each field.

Note that the cost of service for an underground hydrogen storage facility will be
extremely dependent on the assumed injeciion-withdrawal cycle for a particular
application in the market. Wells, compressors, and other aboveground equipment will
need to be sized for the maximum flow rates of a particular or injection or withdrawal
cycle. Specifically, capability to provide peaking service will require much additional
capacity — capacity that will be unused most of the time. It is also feasible to cycle the
working gas more than once, as assumed in our standard cycle. Storage facilities
designed for peaking service can cycle several working volumes for a 12-month period
into and out of the underground reservoir. The cost of service would be decreased by
cycling the working gas more than once per season. Therefore, our standard injection-
withdrawal cycle and the economic analysis results from it are useful for comparison
only. A field~specific economic analysis that takes into account the actual injection-
withdrawal history would be required to calculate an accurate cost of service for a

particular field designed for a particular hydrogen market.

d. Number of Wells for Hydrogen Service

In underground gas storage operations, fields arve designed with a sufficient
number of wells to provide the required flow of gas into or out of the field. Well bores in
porous-media (depleted fields, aquifers) storage operations are generally large enough
that diffusion through the underground porous structure is the limiting factor on the flow
of gas into or out of the field. However, in porous media with permeabilities near

1 darcy, the well bore can limit flow. For cavern storage, flow through the well bore is
obviously the limiting case. Whether flow through well bore or diffusion through the
porous media is the limiting case for gas flow, the volumetric flow of hvdrogen from a
given well or number of wells should be larger than the corresponding volumetric flow
rate of natural gas because of the lower viscosity of hydrogen. (The viscosity of

hydrogen is approximately 20% lower than that of natural gas at 1000 psi.)

Given the lower viscosity of hydrogen gas, the number of wells of a given inside
diameter designed for natural gas service should be more than sufficient to provide the
deliverability specified by our standard injection-withdrawal cycle. For new storage

fields designed for hydrogen service, it appears that fewer wells would be required for
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hydrogen than for natural gas service. Fields designed for natural gas storage that are
converted to hydrogen service will have more than enough wells to provide the same
volumetric deliverability. It is not safe, however, to assume that the same wells will be
appropriate for hydrogen service. We noted in our earlier discussion of hydrogen
embrittlement effects that, although well bore casing materials are generally
appropriate for hydrogen service at pressures of 1000 to 1200 psi, the materials and
welded zones would need to be thoroughly inspected to ensure compatibility with
hydrogen service. In our economic analyses, we make the conservative assumption that
new wells will need to be drilled. This assumption is conservative because —

a. Well casings, unlike gathering lines, are open for inspection of welds and of the
material itself for flaws.

b. Even if the well casing materials are judged unsuitable for hydrogen service at the
pressures specified, it is possible to insert tubing liners of appropriate materials

without seriously affecting deliverability.

1} Depleted Fields. In order to calculate the number of wells required for a

depleted gas field, we used the general "rule of thumb" that wells should be capable of
sustaining 125% of the desired gas production rate when 90% of the working gas
inventory has been depleted. At the point in the withdrawal season when 90% of the
working gas inventory has been depleted, both flow and pressure regimes in the
underground porous media should be very well stabilized. Therefore, we used the
relationship shown below as Equation 17, proposed by Katz and Coats, for quasi-study-

state (stabilized) flow.3 2

(P2-P 2 =0Q [m R ~ 0.75] + BQ® (17)
where —

_1424TZQ

kh

D

g - 1.56 X 107188 sz(l )

ue TZ .

w

T = 5479R formation temperature

Z = gas compressibility factor

1 = 0.009 cP (hydrogen viscosity)

) = gas production rate, 1000 CF/day per well

k = 50 md (average formation permeability)
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h = 2000 ft (average formation depth}
G = 0.07 {gas gravity)

r, =02 ft (well ID)

3 =1.5x%x108 (empirically determined turbulence factor, ftl)

R= re/rW

r, = effective drainage radius, ft

P, = equilibrium field pressure, psia

P = flowing sand-face pressure, psia.

Equation 17 expresses the relationship between gas production rate (Q), a turbulence

factor (3), and a differential pressure (Poz - P WZ). Equation 17 can be used to calculate

the number of wells required directly by transforming gas production rate (Q) and the
effective drainage radius {r ) viaz Bquations 18 and 19 to obtain these variables in terms

s}
(&4

of the number of wells {n).

Q= EI (18)

21

where —
Q = gas production rate per well
Qr = total field gas production rate from Figure 32 and Table 17

n = number of wells in the fiell.

TS e

YL \ AT/H i (19)

where -
r, = effective drainage radius
Ag =3.5x 107 £t% = total field area

o= 3.14,

Substitution of Equations 18 and 19 into Equation 17 yields an expression that relates

POZ - PWZ in terms of the physical properties of the gas in porous structure, total field
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Table 17, MAXIMUM HYDROGEN FLOW RATES
DURING INJECTION OR WITHDRAWL

Working Gas Hydrogen Flow
Volume, Rate (q_),
Field billion CF 106/SCF/day

Aquifer 5.0 39.2
Depleted Gas 2.87 22.5
Field 5.0 39.2
7.0 54.9

Salt Cavern 4.23 33.2
Mined Cavern 6.32 49.6
5.98 46.9

5.70 44 .7

flow rate, and the number of wells in the field. By making these substitutions and

inserting some of the physical constants into Equation 17, Equation 20 is obtained.

A,/n
(Po2 - PWZ) = (3.505 Z %I) In ~%— - 0.75 +4.49X 1076 (3.505 4 91—]1)2 (20)
w
Equation 20 was solved to yield the number of wells required for the depleted gas
field by the procedure described below.
1. The hydrogen flow rate required at 90% of depletion of working gas is calculated
from the point on Figure 32 where 90% of the area is enclosed. (The vertical scale in

Figure 32 is set by the value of ¢, taken from Table 17.) 125% of the calculated
hydrogen flow rate is substituted into Q. in Equation 20.

2. The equilibrium field pressure (PO) and compressibility (Z) are determined from a
plot of P_/7Z versus gas inventory prepared for the depleted field in hydrogen service.
The equilibrium field pressure and compressibility factor are substituted into
Equation 20.

3. Based on the operating experience of our participating industrial company, a pressure

drop (P, — P ) of 100 psi is assumed, and a value for P_ is substituted into Equation
20.

4. The number of wells required for the field (n) is calculated by trial and error for each
case for the depleted field.

To the number of production wells calculated by our procedure, we add a total of three

observation wells for each case to determine a total number of wells. The results of

these calculations for each assumed hydrogen working gas inventory are presented in

Table 18.
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Table 18. NUMBER OF WELLS REQUIRED FOR THE DEPLETED GAS FIELD

Working Gas

Inventory, Production Observation Total
Case billion CF Wells Wells Wells .
1 .87 5 3 8
11 5.0 11 3 14 -
111 7.0 22 3 25

2) Aquifers. The aquifer was not chosen for the detailed analysis in Task 4.

Therefore, our estimation of the number of wells for this storage facility was not as

detailed as the estimation procedure used for the depleted gas field. The single-well

performance equation used in the FPC f{iling for the aquifer storage field, shown as

Equation 21, was modified to take into the account the physical properties of hydrogen.

12) gt e (% - L)
P2 _p.2- 1421 2TQIn(ry /r5) s (3.161x 10°%/ BQ"2TG\T, — T 21)

where —
P, = pressure in reservoir, psia
P, = flowing well pressure, psia
| = gas viscosity, cP = 0.009
2 = gas compressibility factor = 1.034
T = temperature, °R = 532
Q = gas well flow rate
h = effective well penetration, ft = 40
k = sand permeability, md = 448 ‘ .
ry = radius of reservoir to Py, ft = 330
rp = radius of well to Py, ft = 0.328
G = gas gravity, 0.0676
B = turbulence factor = 1.0 x 107,

Equation 21 is similar to Equation 17, used for the depleted gas field case, but steady-

state operation is assumed.
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The results of the calculations using Equation 21 are presented in Table 19. The
results indicate the expected hydrogen flow rate from a single well for various pressure
levels in the aquifer. We used the minimum flow calculated (at the pressure
corresponding to hydrostatic) to yield a minimum hydrogen flow of 6.125 X 106 SCF/day
per well. We then simply divided the maximum hydrogen flow required from the aquifer
field (qm) from Table 17, which is 39.2 X 106 SCF/day, by the calculated hydrogen flow
per well to yield just less than eight wells for our assumed deliverability profile from the
aquifer. Because the wells calculated for hydrogen service are fewer than those required
for natural gas service, the well spacing (rl in Equation 21) would be increased. But this
effect would be relatively minor, and eight is a conservative number of wells for the
aquifer converted to hydrogen service. Nine observations wells, which are required for
natural gas service, also would be appropriate for hydrogen service, yielding a total of 17

wells for the aquifer storage facility,

Table 19. HYDROGEN FLOW RATES CALCULATED FROM EQUATION 21

) Q {methane), Q (hydrogen),

Py, peia Pa, psia 1000 CF/day 1000 CF/day
940 930 5725 6900
900 890 5485 6600
870 860 5300 6385
840 830 5125 6165

3) Cavern Storage. Because a single well is required for both the washed-salt-

cavern and the mined-cavern storage fields, this case is trivial. A single well also would

be required for hydrogen service,

e. Hydrogen Compression Equipment

A detailed analysis of the hydrogen compression equipment required for the three
working gas inventory cases for the depleted field was performed. As a basis for this
analysis, we assumed that the storage field serviced a 750-psig hydrogen transmission
pipeline. In order to attain the most reliable equipment specifications and cost estimates
for hydrogen compression equipment, we enlisted the aid of a manufacturer (Ingersoll-

Rand Co.).

The manufacturer had to be supplied with compressor suction pressures and gas

flow rates as functions of time for the three cases to be investigated for the depleted gas

field. Starting with the flowing sand~face pressure, we calculated the pressure drop due
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to friction in the well bore and assumed a 5-psi pressure drop in the gathering system to
yield the suction pressure for the compressor. The results of this analysis are presented
in Figure 33, which is a plot of total field flow rate and compressor suction pressure
versus time for the withdrawal cycle for the depleted gas field. All three cases are
16

indicated in Figure 33. Based on the results of a recent Exxon study,"~ we also specified

electric motors as the prime movers for the compression equipment.

The equipment specifications and machine costs supplied by the manufacturer for

the three cases in question are listed below. 13

e Casel

Q =23 x 108 5CF/day
Governing Case: injection
Machines and Cost: two (2) 5.5 and 5.5 x 9-2HSE-1 at $264,413

BHP Required: 560
Motor: (2} 350-hp, 514 rpm induction, 460 V, 60 cycle, 3 phase
Motor Efficiency at Full Load = 91%

e Case I

Q = 40 x 10% sCF/day
Governing Case: withdrawal
Machines and Cost: three (3) 6.5 and 6.5 x 0-2HSE-1 at $365,933

BHP Required: 910
Motor: (3) 350 hp, 514 rpm induction, 460 V, 60 cycle, 3 phase
Motor Efficiency at Full Load = 91%

e Case II

Q = 55 x 10° SCF/day
Governing Case: withdrawal
Machines and Cost: one (1) 4-11.4 x 11-4HHE-VC-1 at $724,660

BHP Required: 3036

Motor: (1) 3500 hp, 2300 V, 514 rpm sync.

Motor Efficiency at Full Load = 97%.
Total capital costs for compression equipment for the depleted field (all three cases) are
summarized in Table 20. The machine cost listed includes the cost of the Ingersoll-Rand
balanced-opposed reciprocating compressors, induction driving motors, standard
lubricated cylinders, special high-velocity valves {to match the low viscosity of
hydrogen), valve unloaders and pulsation bottles for each cylinder, explosion-proof
electrical system, and all electrical couplings. The installation costs listed in Table 20
are for additional costs (to turnkey status) based on an estimated $500/horsepower

installed. Controls costs listed in Table 20 are for instrumentation and control panels,

one $10,000 package assumed per machine.
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Table 20. COMPRESSOR COSTS FOR THE DEPLETED FIELD

Machine Installation Controls
Cost Cost Cost Total
Case $1000
I 264 350 20 634
11 336 525 30 921 -
111 725 1750 10 2485

Table 21 summarizes the annual operating cost for hydrogen compression for the
depleted field, all three cases, for power costs from 2¢ to 5¢ per kilowatt-hour. The
annual power consumption listed in Table 21 was calculated based on the suction/pipeline
pressure ratio and gas flow rate indicated in Figure 33. Additional annual costs for
maintenance were not supplied by the manufacturer and were estimated from existing
data on natural gas compression units.

Table 21. ANNUAL OPERATING COSTS FOR HYDROGEN COMPRESSION
FOR THE DEPLETED FIELD

Annual Operating Cost for Power Costs of

W/kWhr  3¢/kWhr  de/kWhr  So/KWhr

Case 10® kWhe/yr $1000
1 0.909 18.2 27.3 36.4 45.5
II 1.65 33.0 49.5 66.0 82.6
111 4.91 98.2 147.4 196.5 245.6

The costs for hydrogen compression for the three cases (different working gas
inventories) provide the basis for an economic analysis of the trade-off between smaller
based gas inventory and increased compression costs. A detailed analysis was performed
only for the depleted-field case. Hydrogen compression costs for the other three storage

field types were estimated based on the figures calculated for the depleted-field cases.

f. Gathering Systems -

The design of the gathering system for an underground gas storage field is strongly
dependent on the field size and shape, the number of wells required, and the desired
capacity for deliverability of that field. Cavern storage fields (washed salt or mined)

generally have small areas and a small number of wells. The gathering systems,

therefore, are not extensive, and few differences in design are expected for hydrogen

122



2/80

storage operations as opposed to natural gas operations. Porous-media storage fields
(depleted field or aquifer), on the other hand, generally encompass large areas, have
multiple wells, and require extensive gathering systems. As noted earlier, the number of
wells required for a given field for hydrogen storage will be lower than the number of
wells for an equivalent volumetric output of natural gas. However, the fewer wells will
occupy the same total field area for both hydrogen and natural gas operations. We do not
expect the total length of the gathering system for hydrogen service to be significantly
less than that for natural gas service, even though the number of wells is smaller. The
only portions of the gathering system that could be deleted for hydrogen service would be
some of the small lateral lines running to individual wells. It is beyond the scope of this
program to completely redesign the gathering system for any field. We did perform,
however, a qualitative analysis for the field (depleted gas field) selected in Task 4 for a
detailed analysis. Although the pipe materials used in present natural gas gathering lines
probably are compatible with hydrogen from the standpoint of hydrogen embrittlement,
we noted earlier in the embrittlement section that the inspection of welds and section
size changes would be required before any existing gathering system could be converted
to hydrogen. Because a thorough inspection of an existing (in-ground) gathering system
probably would be very expensive, we will assume that a new gathering system would be

laid for converted fields as well as well tor newly designed fields for hydrogen service.

The gathering system currently used in the depleted gas field for natural gas
storage consists of 4-in. gathering lines running to individual wells, 8-in. and 16-in.
intcrmediate gathering lines, and 20-in. mains. This system 1s designed for a maximum
pressure drop across the gathering system of 5 psi for the maximum gas flow rate. For
our hydrogen storage option with the greatest hydrogen deliverability (Case HI, with
7 billion CF working gas inventory and a maximum hydrogen flow rate of 54.9 million
SCF/day), we calculate that 4-in., Schedule-80 pipe would have less than a 2-psi pressure
drop for a 600-ft gathering line to an individual well for the maximum flow. Gathering
mains could be constructed of 8-in.. Schedule-80 pipe up to 2000 ft long for the maximum
flow rate with less than a 5-psi pressure drop to the compressor. Therefore, the
gathering field design for a hydrogen storage system should be slightly shorter and
constructed of smaller diameter pipe. However, the probability that a slightly more
expensive pipe material would be required and that more expensive construction and
testing procedures would be required are compensating factors that would tend to offset
any cost decrease due to shorter and smaller diameter lines. We therefore use the same
cost for pipe that was quoted to us for the original natural gas storage field. This should

be a slightly conservative, but safe, estimate.
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g. Other Equipment

The following pieces of aboveground equipment will need to be changed when a
natural gas storage facility is converted to hydrogen service. These changes are dictated
by technical considerations, but are not expected to signifcantly affect the cost of .
service for hydrogen service. As noted in the section on hydrogen safety considerations,
several equipment items will have to be changed or modified. All wiring (including the
cathodic protection system) will have to be revamped to make it explosion-proof to fit
safety codes. Leak detectors will have to be recalibrated and their flame arrestors
changed to account for the different properties of hydrogen gas. Flow-metering
equipment will need to be either changed or recalibrated to allow hydrogen service. All
materials of construction (including sealing and lubricating materials) will have to be
thoroughly checked for their compatibility with hydrogen gas. In addition, the
dehydration equipment common in natural gas service may require modification. The
reduction in water content of withdrawal gas to 7 pounds of water vapor per million SCF
of withdrawal gas to prevent condensation in transmission and/or distribution lines will
remain the same. However, the methanol injection system commonly used in natural gas
facilities to prevent hydrate formation at or just beyond the wellhead will not be
required for hydrogen service, because hydrogen will not form stable hydrates. Note,
however, that fields that have been converted from natural gas service or depleted gas
fields may require some methanol injection due to residual natural gas contents in the

early years of operation.
h. Conclusions

From an economic viewpoint, it appears that there will be little difference
between the conversion of an existing natural gas storage facility and the development of
a new field specifically for hydrogen service. The major capital cost items (wells, gas
compression systems, and gathering systems) probably will have to be replaced in the
conversion of an existing natural gas facility to hydrogen service. From a technical
viewpoint, the same general type of system and many of the minor parts of the system
will be applicable to both natural gas and hydrogen service. There appear to be no major

gaps in either technology or operational procedure for underground hydrogen storage

(except, perhaps, for unspecified materials for very-high-pressure storage fields).

2. Economics of Hydrogen Storage Field

The hydrogen storage economic analysis was carried out by using the methodology
developed for natural gas storage in Section III-A. Each type of field was analyzed again .
with base-case values that reflect reasonable assumptions for hydrogen storage. These
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‘ base-case values then were parametrically varied as they were for natural gas storage.
The depleted field was singled out for further detailed study. This involved examining
the trade-off between obtaining more throughput for the field at the expense of more
compression and wells. By keeping the field volume constant but increasing the amount
of gas withdrawn per cycle, the amount of base gas decreases. In addition, we examined
the possible economic effects of retrofitting this reservoir for hydrogen service instead
of developing a totally new reservoir. The following sections describe the assumptions
made to model each type of reservoir, the base-case cost of service, and how the cost-
of-service sensitivity for each parameter for hydrogen storage compares with that for
natural gas storage. The base-case assumptions for hydrogen service for the four types
of reservoirs are listed in Table 22.

Table 22. BASE-CASE ECONOMICS OF STORING HYDROGEN
IN FOUR TYPES OF RESERVOIRS

Excavated Depleted
Item Salt Cavern Cavern Aquifer Field

Erected Plant 16,400 50,000 31,900 6,660
Cost, $103

Annual Throughput, 1.44 2.03 1.7 0.976
1012 Bty

Cost of Base Gas 6.00 6.00 6.00 6.00
$/10° Btu

Annual Operating 350 425 1025 230
Cost, $103

Construction Time, 3 3 3 3
yr

Cost of Debt, % 10 10 10 10

Cost of Equity, % 15 15 15 15

Fraction Debt 0.6 0.6 6.6 0.6
Financed

Lifetime for 27 27 27 27
Economics, yr

Cost of Service, 3.03 5.27 6.59 4.47

$/106 By

Variation in Cost of
Service, $/10% Btu

(2.44-4.27)(3.23-7.51)
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a. Salt Cavern

The base-case plant costs and operating costs for hydrogen storage were assumed
to be the same as those for natural gas storage. This assumption is based on having the
same number of wells for hydrogen storage as for natural gas storage. The salt cavern
was assumed to be operating within a 1000 to 350C-psi pressure range per annual cycle.

Based on this assumption, the amount of throughput is 4.42 billion CF, or 1.438 X 1012

Btu. By using the same financial values as for the natural gas base case and choosing to

store $6o00/106 Btu gas, the base-case cost of service is 353.03/106 Btu {1978 dollars).

Figure 34 illustrates the sensitivity of this base-case cost of service to parametric
variation. The different parameters have the same relative degree of sensitivity as they
did for natural gas storage in salt caverns; that is, the cost of service is relatively
insensitive to the bhase gas cost. The maior contribution to the high cost of service for
hydrogen storage is the smaller amount (by volume) of gas that can be stored for the
operating pressure range allowed in the reservoir coupled with the smaller throughput per
cycle of the reservoir. The hase-gas cost for hydrogen storage is 5354&.65/106 Btu, or 28%
of the plant cost. The base-gas cost for natural gas is 350“68/106 Btu, or only 4% of the
plant cost. (The base~gas cost and plant cost are treated similarly but separately in the
analysis.) The throughput of gas is only 1.44 X 1012 Btu/yr for hydrogen, compared with
6.2 X 1012 Btu/yr for natural gas. This large ratio almost completely accounts for the

$3.00/10% Btu cost of service for the $6.00/10° Btu gas.

This analysis implies therefore that, for salt cavern, the high plant cost combined
with the smaller amount of energy that can be siored makes the actual price of the gas
to be stored a small influence on cost of service., To visualize the effect of zero base~
gas cost (by using an inert gas that does not mix or by operating the reservoir in a water-
compensated mode), just extend the base-gas cost line to ~100%. The cost of service is
still quite high. (This negative extrapolation works only for plant costs and base~gas

costs.)

b. Aquifer Storage

Unlike the salt-cavern storage case, the porous-field storage does require some
changes in the physical plant. The primary change is in the fewer number of wells
required for hydrogen service, as discussed in Section III-B-1-d). Adjustments therefore
were made for different compressor costs and operating costs. The base-gas cost to
plant cost ratio is 65% for natural gas and 67% for hydrogen gas, so that the cost-of~-
service sensitivity plot, Figure 35, is almost the same as that for natural gas (Figure 25).

The base cost of service is higher for hydrogen storage because of the smaller Btu
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throughput per vear. Unlike the excavated cavern costs, the cost of service is sensitive
to the cost of the base gas. Eliminating the base-gas cost reduces the cost of service to

60% of the base-case costs.

¢. Excavated Cavern

The excavated cavern illustrates in an even more severe manner the effect of
large development costs and lower throughput per cycle. Assuming that the plant costs,
operating costs, and methods of financing are essentially the same for hydrogen service
as for natural gas service, Figure 36 illustrates the sensitivity of cost of service. The
base~case cost of service is :’55,27/106 Btu for gas that costs $6.00/106 Btu. Again, the

cost of service is practically insensitive to the cost of the base case.

d. Depleted Field

The depleted field was analyzed in somewhat more detail than the other three
types of reservoirs. In particular, three different cases were investigated. The
parameters for these cases are listed in Table 23. The distinction made in Table 23 is
that from Case I through Case HI the throughput per year increases, the base gas volume
decreases, and the plant cost increases. By examining the cost of service, we observe
that the increased well and compression costs {showing up as increased plant cost) are
more than compensated for by the increased throughput and decreased base gas. Case I
was singled out for the sensitivity plot, as shown in Figure 37.

Table 23. EFFECT OF INCREASING THROUGHPUT ON COST
OF STORING HYDROGEN IN A DEPLETED-FIELD RESERVOIR

Item Case 1 Case 00 Case III
Plant Cost, $103 , 6660 7600 10,700
Throughput, 1012 Btu 0.976 1.700 2.380
Base Gas Cost, $10° 15,050 10,700 6630
Cost of Service, $/10° Btu 4.47 2.21 1.51

As noted in the methodology, base gas was assumed to be financed along with the
plant. The base-gas cost should be of growing concern to potential field builders; as its
cost or value increases for any type of gas, the ability to pay for it in the first year of
operation without financing becomes more difficult. With base-gas costs of about $5
million to $15 million, financing its purchase becomes a good assumption. Table 23
represents two cases (I and III depleted field) in which base gas is paid for only in the

first year the plant is financed. As expected, the cost of service is reduced.
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e. Retrofit of Depleted Field

Test cases were run for retrofitting the depleted field for hydrogen service rather
than constructing a new field. Retrofitiing, in terms of plant economics, changes the
required plant capital cost for construction. The sensitivity of service cost to plant
construction cost was analyzed for changes in several costs in the parametric analysis.
They need only be treated here as special cases. The retrofit test cases provided for
eliminating the land cost, well cost, line cost, or combinations of these parameters. For
the Case I depleted field, the resulting costs of service ranged from $4.4’1’/106 Btu for
the original base case down to $3.35/108 Btu stored for the case less land, wells, and line
cost. The latter case, though of questionable possibility, ounly includes $1.85/106 Btu for

the plant and $15 million for the base gas, the major financed iiem.

For the Case [ field retrofit, the range of cost of service for the tested cases was

1’62..22./106 Btu stored through $1.7Z/106 Btu for the case less land and wells. For the
Case III field retrofit, the range was $0.195/106 Btu for the case less land, wells, and lines
through $1.51/100 Btu for the original base case.

All of the above is shown in Table 24.

132




€T

Table

BASE CASE

Operating Cost, $103
Base Gas Cost, $1O3
Throughput 10'? Btu
Plant Cost, $/10°

Gas Cost, $/10° Btu

Cost of Service, $/10°

RETROFIT CASE

Plan Cost

(Assuming Land, Wells,
Lines Costs = 0)

Cost of Service, $/10°

24, RETROFIT OF DEPLETED FIELD FOk HYDROGEN STORAGE

CASE 1

230
15,050
0.976
6600
6.00

Btu 4.47

1850

Btu 3.35

CASE 11

265
10,070
1.7
7600
6.00

2.21

3200

1.72

CASE III

285
6630
2.38

10,700
6.00

1.51

3650

0.95
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Iv. CONCLUSIONS AND DISCUSSION

This study was designed to determine which of the following conclusions about
underground hydrogen storage is most accurate based on technical and economic findings:

1. "Current underground gas storage practice can be used to economically and safely
store hydrogen in widely available reservoirs."

2. "Further research is needed to determine whether hydrogen can be stored
underground safely and economically."

3. "Underground storage of hydrogen is unsafe or not economic at this time."”

We consider the first conclusion to be the most appropriate. "Current
underground gas storage practice can be used to economically and safely store hydrogen

in widely available reservoirs.”

We found no technical constraints that prohibit ihe storage of hydrogen in
underground reservoirs. There are, however, technical questions that must be addressed
by appropriate R&D programs for some underground storage applications. Economic
feasibility is a more complex issue. Under the best of circumstances, the development of
an underground reservoir for natural gas storage requires many years for a utility. Site
selection is only one of a number of decisions in a complicated process that must
consider ultimate volume and throughput, pricing, FERC filings, and corporate decisions
dealing with the entire company, not just the storage operation. There is no reason to
believe that this process will be less involved for hydrogen storage than for natural gas
storage. In particular, the most favorable storage location may not be near the source of
hydrogen or near the end user. Some comproumises must be made — trade-offs between
convenience, cost of service, and time. Uertamly underground storage of hydrogen on a
large scale is more economical than aboveground alternatives, for which storage costs of
about 51350/106 Btu have been estimated (1972 $.28 It should be clearly understood that
the cost of storing gas (either hydrogen or natural gas) is very site-specific and that a
range of costs is possible for each type of storage. Our economic analyses indicate that,
for a given type of reservoir in a given locatinon, the ratio of the cost of storage to the
cost of the gas itself is very nearly the same whether the gas i1s hydrogen or natural gas.
In effect, we expect the cost of storing hydrogen to be approximately equal to the cost
of storing equally expensive natural gas. The following sections summarize technical and

economic conclusions and list future R&D needs.
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A. Technical Results

We conclude that although all types of reservoirs cannot be used at all times for
any type of service, there are no technical constraints that prohibit the storage of
hydrogen in underground reservoirs. Some pressure limitations and constraints on how
the fields are cycled make some fields more attractive than others for storage.
However, as we have discussed previously, no mode of operation is prohibited for safety
or environmental reasons. Table 25 summarizes the various technical conclusions of this
project and gives a relative evaluation of their economic impact. The strongest
technical constraint is hydrogen embrittlement, which limits the reservoir pressures to
1200 psi or less with commonly used materials of construction. Deep caverns cannot be
operated economically with this pressure constraint. However, shallow salt formations
can be operated in a water-compensated mode, and this type of operation may be the

most attractive alternative, as discussed in the next section.

B. Results of Economic Analysis

Costs of service ($/10°® Btu) for the storage of both hydrogen and natural gas
were calculated for four specific reservoirs that are examples of four different types of
storage (depleted field, aquifer, washed salt cavern, and excavated cavern). For each
type of storage, a base case was developed, and the sensitivity of cost of service to
various technical and economic parameters was examined. Figure 38 is a graphical
summary of the base-case costs of service calculated for both hydrogen and natural gas
storage. Our objective in preparing base cases for natural gas service was to test our
model against actual practice, and somewhat different base-gas costs were assumed for
each case. Therefore, the four natural gas base cases shown in Figure 38 are not directly
comparable. The hydrogen base cases can be compared, either with one another or with

their respective natural gas base cases.

The contribution of operation cost, cost of base gas, and installed physical plant
cost to the overall cost of service also is indicated in Figure 38. In all four types of
fields, the plant and annual operating costs are very similar for either natural gas or
hydrogen storage. However, because of the different volumetric heating values and
compressibilities of natural gas and hydrogen, the total Btu throughput for hydrogen
service is a factor of two to four lower than that for natural gas service. An implicit
assumption in this study is that the cost of service for hydrogen is calculated for a given
reservoir with a given pore space volume. No attempt was made to compare the cost of

hydrogen service based on an equivalent BTU basis to natural gas service. Therefore, the
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Table 25.

Conclusion

SUMMARY OF PROJECT FINDINGS

Technical Effect

Economic Effect

Safety —

No change in compressor station
design.

Compliance with Class 1, Group B
Staniirds of National Electrical
Code

Hydrogen-type leak detectors.

No change in safety relief

devices.

Gasket and seal materials for
hydrogen.

Environmental Fffects —

Free hydrogen not toxic.
Combustion product is water.
Noise from damaged wellhead

could be greater than for natural
gas.

Embrittlement —

Use of existing materials pre~
cludes pressures in excess of

1200 psi.

Weldments and tlaws most sensitive
even below 1200 psi.

Special compressor design and
materials.

Chemical Reactions —

No reactions have been identified
that will consume substartial
hydrogen or produce upwanted
by~products.

Purity Requirements —

For supplement to natural gas,
none.

For chemical feedstock, variable.

Mixing —

Difficult to control in low-
porosity, low-permeability
reservoirs.

Easy to control in high-permeability,

high-porosity reservoirs.

Mixing may be desirable.

Leakage —

Frequency and magnitude of loss
and/or leakage rates will not
exceed those for natural gas
storage.

None.

More stringent for natural gas;
applicability must be determined.

Different than those for natural
gas, but already exist.

None.

Already exist.

None.
None.

More remote location may be
requiyed.

High-pressure reservoirs are
restricted.

Complete inspection or replacement
of surface equipment.

Design exists, must be replaced.

lhe possible reactions for each
field must be determined in detail.

May use natural gas base gas.

Must use new reservolr or clean up
the delivered gas.

More sopnisticoted reservoir model
required.

Moderately careful injection and
withdrawal schemes; some cleanup
may be required.

Deliverable monitoring to determine
pricing.

None.
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None.

Slight to none.

Slight to nome.

None.

None.

None.
None.

None.

Maximum use sometimes
restricted.

Adds significantly to cost of
retrofitting field.
Hydrogen compressors cost only

slightly more than methane com-
pressor, but must be used.

Unknown.

Reduces cost of service to use
natural gas base gas significantly.

Variable.

Most economic mode; allows use of
inert base.

Requires complicated pricing
scheme.

None.
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plant and operating cost contributions to the cost of hydrogen service ($/100 Btu

throughput) are from two to four times greater than the corresponding contributions to

the cost of natural gas service.

The base-gas cost contributions for hydrogen service also are higher than those for
natural gas service. This is primarily a result of the large difference in the assumed
costs of hydrogen ($6/106 Btu) and natural gas (between $0.30 and $1.6O/106 Btu). Base-
gas costs constitute a smaller fraction of the total cost of service for the two cavern
cases than for the two porous-media cases because the economics of cavern storage are
dominated by the (plant) cost of creating the caverns themselves. The cost of service for
hydrogen (or any expensive fuel) storage is extremely sensitive to the capital investment
required for base gas relative to the amount of working gas, as shown by case IIl in
Figure 37 for depleted-field storage. In those three cases, the minimum field pressure
was varied. The lower the minimmum field pressure (Il O 1), the less base gas required
and the higher the working gas portion of total field capacity. The absclute installed
plant cost rises because of the need for more compression equipment and wells to provide
deliverability at lower pressures. However, the overall cost of service decreases because
a higher throughput of working gas from which to recover investment and a reduced

base-gas requirement more than compensate for the extra plant cost.

Note that this method of reducing base-gas requirements cannot be applied to all
storage operations. In aquifers, or other porous media with an active water drive, a large
reduction of field pressure in one season would result in water invasion, which would
reduce field capacity in subsequent seasons or cycles. Also, reducing the minimum
pressure in a washed salt cavern can result in salt creep and reduced cavern volume.
Although lowering the minimum field pressure is not applicable to all storage options, the
potential for lowering the cost of service is great enough that other methods of
increasing the working/base gas ratio (raising the maximum field pressure slightly or
operating caverns in a liquid-displacement mode, for example) should be investigated

thoroughly.

C. Future R&D Recommendations

This project identified several areas that are worth further study, but are beyond
the scope of this project. These areas are discussed below, and specific recommenda-

tions for further research are made.

1. Embrittlement

This study concludes that it would not be safe to operate existing gas storage

reservoirs at pressures in excess of 1000 psi because of hydrogen embrittlement in
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commonly used materials of construction. In addition, ongoing research in the
metallurgy of hydrogen embrittlement has not conclusively pinpointed those materials
that can be used in a hydrogen distribution network. Basic study must continue in this
area. The upper pressure limit for a natural gas storage reservoir at this time is

5000 psi; this value is determined primarily by the geology of the reservoir formation and
to a lesser degree by the costs of compression. Therefore, we encourage research in the

area of hydrogen environment embrittlement in the range of 1000 to 5000 psi.

2. Use of Existing Hydrogen Safety Codes

The legal implications of assuming the present voluntary hydrogen safety code
must be determined. If, for some reason, the present code is not applicable to

underground storage, alternatives should be suggested and approved.

3. Effects of Supply-Market Options on Underground Storage

One assumption made in this study was that the hydrogen from storage would be
used for fuel in a hydrogen-natural gas pipeline distribution system. An annual load cycle
of 5 months injection-5 months withdrawal was assumed. The type of load cycle the
reservoir might experience was not one of the parameters varied in this study. Each
reservoir type investigated here was originally designed for a particular type of service.
The integrated study of the source of hydrogen, storage reservoir, distribution system,
and end use was beyond the scope of this project. Therefore, we recommend an

investigation of the various possible hydrogen distribution schemes.

4, Economics of Supplying a Variable Hydrogen Natural Gas Mix from
Storage

Cne of the economic difficulties immediately recognized was the problem of
computing the cost of service when hydrogen might be stored in a reservoir that had
previously been used for natural gas and some of the natural gas was left in the reservoir
as the base gas. If the hydrogen were to be delivered to a natural gas-hydrogen
distribution system, mixing would be allowed in the reservoir. (This study considered
only the effect of delivering pure hydrogen; mixing was assumed not to occur.) Although
analytical techniques are available to determine the composition of the gas delivered
from the reservoir; the cost of service becomes exceedingly difficult to determine if
cheaper natural gas is delivered with the hydrogen, and the base gas eventually becomes
100% hydrogen. In addition, the time may come in the history of the field when natural
gas is reinjected. These complications were beyond the scope of this project and might

be worth further investigation.
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5. Economics of a Shallow Salt Cavern Operated in a Water-Compensated
Mode

No cavern in the United States stores natural gas in a brine-compensated mode.
The operation at Teeside in the United Kingdom does store hydrogen in a salt cavern by
using a water-compensated mode, but detailed information about that operation is not
available. There are several apparent advantages to this type of operation: 1) The
necessity of a base gas to provide the reservoir pressure is eliminated; 2) the reservoir
can be operated at a constant pressure, which simplifies the aboveground facilities; and
3) the problems of mixing with another gas in the reservoir are eliminated. The
additional costs of removing and injecting water into the cavern must be incorporated
into the costs of service, however. The details of operating in this manner were not
investigated, although it appeared, late in this study, as though this method might be the
most cost-effective, especially if shallow salt formations are used. This particular mode
of operation is especially worth further investigation.

6. Effect of Potential Odorants and Colorants on Hydrogen Chemical
Reactions

At this time, we are unaware of particular odorants or colorants that might be
added to hydrogen to make it more detectable in the same way as sulfides and sulfites
are added to natural gas. The possible effects of these additives on embrittlement or
reactions with reservoir minerology therefore are unknown. Future examinations into
possible additives must include a consideration of their effect in underground storage
.operations.

7. Allowable Methane Content in Hydrogen in the Design of Hydrogen
Burners

Although it has been established that existing methane burners can function safely
and efficiently with up to 20% hydrogen in the natural gas, it has not been established
how much natural gas can exist in a predominantly hydrogen system for hydrogen burners
to function safely and efficiently. This is another area that requires engineering

research.
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APPENDIX A. Program Plan

INTRODUCTION

Contract No. 453439-S has been awarded to the Institute of Gas Technology (IGT)
following a competitive evaluation of responses to Brookhaven's RFP No. HYD 77-1. The

research is to be performed by a team consisting of —

e IGT (prime contractor)

e Dames and Moore (subcontractor)

e Texas Gas Transmission Corp. (participant donating services and information)

e Northern Illinois Gas (participant donating services and information)

e Transco Energy Company (participant donating information)

® Southern California Gas (participant donating information).

Start date for the work is August 14, 1978, and the contracted duration is 13 months.

This plan is submitted as required under Task 1 — Program Plan. This plan outlines
details of work to be performed in the remaining four tasks under the contract. These

tasks are as follows:

e Task 2 — Feasibility Based on Current Practice

@ Task 3 — Current Cost of Underground Gas Storage
e Task 4 — Estimated Cost for Underground Storage
e¢ Task 5 — Research and Development Requirements.

Development of the plan has involved a series of three meetings. The first was an
in~house IGT meeting in which the availability of relevant data and the means for
accomplishing the work were examined in detail. The second meeting involved IGT and
Dames and Moore personnel. This meeting carefully reviewed phasing of detailed
portions of the research to ensure orderly progression to substantive conclusions. The
third meeting involved IGT, Dames and Moore, Northern Illinois Gas, and Texas Gas
Transmission Corp. Emphasis was upon developing a common understanding of current
natural gas industry storage practice and defining the means for maximizing the

relevance of the research to the natural gas industry.

This series of meetings resulted in substantial changes to the time phasing, but not
the content, of the research described in the statement of work for Contract

No. 453439-S.
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The task schedule in IGT's Proposal No. E2G1/78A, which constitutes the
statement of work under Contract No. 435439-5, places primary emphasis upon
engineering and scientific issues during the first half of the research and upon economic
analysis during the second half of the work. The three meetings described above
achieved consensus that this approach contained the risk of .expending excessive effort on
engineering and scientific issues with minimal economic significance. Conversely, there
was a risk that the level of effort prescribed in the contract would be expended before .

economic analysis revealed technical issues warranting heavy concentration of effort.

The plan presented herein removes that risk by providing a preliminary assessment
of the economics for each type of underground storage at the midpoint of the program.
Parameter variations in this economic assessment will identify the technical issues that

warrant emphasis during the second half of the program.

The details of conduct of each of the remaining tasks, a revised

manpower/resources allocation chart, and project milestones are discussed below.

TASK 2. FEASIBILITY BASED ON CURRENT PRACTICE

The objectives, scope, and technical aspects of the investigative approach for this
task and its six subtasks as described on pages 22 through 29 of IGT's Proposal E2G1/78A
remain unchanged and are incorporated herein by reference. However, the scheduling of
the work has been revised such that the specific subtasks descriptions are no longer an
appropriate breakdown for manpower/resource allocation. The planned conduct of Task 2
work consists of first establishing the basis for preliminary economic assessment and
then concentrating effort upon those technical issues revealed to be most significant in

parametric economic analyses. The manpower/resources allocation reflects this division

as substasks 2a and 2b.

Subtasks Za. Preliminary Assessment

Work under this subtask will involve both generic studies and preliminary
evaluations of the conversion of specific underground storage facilities to hydrogen

service,
The generic studies will consist of ~

# Describing existing underground natural gas storage facilities so that the range of
operating conditions can be considered in addressing economics of locations other

than those specifically evaluated in detail

e Summarizing existing data on leakage from natural gas storage facilities and

estimating the relevance of leakage to underground storage of hydrogen

A4
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® Determining the limitations on operating pressures due to hydrogen embrittlement of

metals.

Preliminary site-specific evaluations will be performed for conversion of a

representative aquifer, a depleted field and a salt cavern storage facility to hydrogen

service. The specific facilities selected are —

e Aquifer storage: The Northern Illinois Gas Media Field has been selected for

evaluation. Although this field has not yet been placed into natural gas storage

service, the availability of current and detailed geological data, engineering design,

and cost estimates make this a desirable candidate

@ Depleted field: The Texas Gas Transmission Hanson Field has been tentatively

selected for the preliminary study. This field has been in storage operation for

14 years

@ Salt cavern: The Transco Energy Co. Eminence Dome storage facility will be used.

A summary description of these facilities is presented in Table A-1.

Table A-1. DESCRIPTION OF PRESENT UNDERGROUND STORAGE FACILITIES

Item

Storage Formation

Year Activated
Average Depth to Reservoir, ft
Capacity Volume, 103 CF
Pressure at Capacity, psig WH
Base Volume, 103 CF
Pressure at Base, psig MH
Deliverability, 103 CF/day
Number of Wells
Injection and Withdrawl
Observation
Installed Horsepower

Acres in Storage Area

Galesville
Formation

Media
(Galesville)

2,000
20,600,000
925
16,000,000
925

100,000

2,500

2,510

Hanson Storage

Field

Tar Springs

1965
2,250
12,087,322
1,003
8,160,217
677

71,402

30

660

3,021

Eminence
Salt Dome

Eminence

1968
6,200
2,920,000
3,950
920,000
1,275

375,000
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The preliminary evaluation of the conversion of each facility to hydrogen service
will consider all factors discussed in Task 2 of IGT's Proposal E2G1/78A. However,
simplifying assumptions will be used to avoid excessive expenditure of effort on any of
the numerous detailed technical considerations. To the extent that simplifying
assumptions require bias, bias will be in the direction of higher cost for operation,

environmental protection, or safety of operation.

Results of these generic and site-specific studies will provide the basis for

preliminary economic assessment and parametric studies in Task 3.

Subtask 2b. Detailed Technical Evaluations

Work performed under this subtask will concentrate upon the technical issues with
the greatest economic and safety significance for underground storage of hydrogen.

Possible candidates for such emphasis are —
@ Impermeation techniques for mine storage

e Refinement of hydrogen embritilement considerations to take into account the

metallurgy of specific components of a storage facility
e Means for minimizing the costs of "cushion gas.”

TASK 3. CURRENT COST OF UNDERGROUND GAS STORAGE

The objective, scope, and investigative approach for this task remain consistent
with those described on the appended pages 30-32 of IGT's Proposal E2G1/78A. However,
interaction with participating companies during the Task 1 led to appropriate refinement
of the investigative approach and timing of manpower/resources allocation. These
changes are dictated by the necessity to develop and test the detailed methodology for
economic analysis as well as to provide the preliminary economic analyses which will be

used to define detailed technical work in Subtask 2b.

Currently, there are wide variations 1n the formats used for identifying the cost
components in gas storage operations. Similarly, there are wide ranges in the formats
used to describe and to analyze the system economics of storage operations. The reasons

for these ranges are one or more of the following —~

e Differing objectives in the storage operations (short-term peakshaving, annual load

balancing, or emergency service during major short-term losses of supply)

e Differing internal organization and reporting requirements of different companies
because of differences in the relationships of gas storage operations to other
corporate activities

A-6
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® Varying ground rules by the various Government agencies involved in regulating
natural gas company operations (the Internal Revenue Service for tax considerations,
state or local regulatory agencies for distribution companies, and the Federal Energy

Regulatory Commission for interstate transmission companies).

For work under this contract, IGT will adopt a format and methodology for
economic analysis that provides results reasonably consistent with the various formats of
participating and cooperating companies. IGT's current proposed format for identifying
and measuring the cost components for each of the storage options is shown on
Table A-4. This format will be revised as the methodology for system economics is

developed and tested against methane storage operations by participating companies.

This necessity for developing the format and methodology to be used in consistent
economic analyses makes it appropriate to divide Task 3 into two subtasks as described

below.

Subtask 3a. Develop and Test the Economics Format and Methodology

The IGT format and methodology for system economics will seek an acceptable
compromise of those reflected in applications to regulatory agencies by participating
companies. The adequacy of IGT's methodology and format will be established by
analyzing methane storage data provided by participating companies and by soliciting

company reviews of IGT's results.

Table A-4. STORAGE COST FORMAT

Cost Sector Cost Component Cost Subcomponent

I. Site Acquisition A, Locating Storage Field
B. Preliminary Field Testing
1. Size of Field
2. Permeability
3. Old Well Locations
4. Old Well Usability
C. Permits and Approvals
1. Federal
2. State
3. Local
4. Local Public Relations
5. Time To Accomplish
D. Site Acquisition
1. Options
2. Purchase
3. Leases
E. Right-Of-Way Acquisition
(to pipeline & customers)
1. Options
2. Purchase
3. Leases
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Cost Sector

II. Field Preparation

III. Operations

Table A-4, Cont., STORAGE COST FORMAT

Cost Component

A. Field Testing

B. Reservoir Engineering

C. Facility Design

D. Old Well Rehabilitation/Closing

E. New Well Construction & Drilling

F. Building Design & Construction

G. Equipment Purchasing & Installation

H. Landscaping
I. Base Gas Injection & Field Testing
J. Personnel

K. Financial Factors

A. Start-Up
B. Performance

C. Maintenance, Repair & Replacement

D. Utilities

Cost Subcomponent

. Size

. Permeability

. Old Well Locations
. New Well Locations
0Old Well Usability

G W=

°

. Well

. Pipefields

Compressors & Pumps

. Gas Preparation
Cleaning, etc.

. Control & Connectors

. Communications

B N e

o~ n

. Administration
. Engineering
Financial

. Miscellaneous

B BV
.

—
23

Financing Costs
. Insurance
Miscellaneous Fees & Costs

(SN o)

1. Capacity Base, Working,
Reserve

2. Annual Flow Through

3. Losses, Unaccounted for
Gas Leakage

4. Years of Operation: 10, 20,
30, etc.

1. Spares

2. Service

3. Materials

4. Replacement Equipment

1. Fuel
2. Electricity
3. Water

“A_
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Table A-4, Cont., STORAGE COST FORMAT

Cost Sector Cost Component Cost Subcomponent

E. Personnel
1. Management

2. Landscaping
3. Wells
4. Gas-Handling Compressors,
Injectors, Pipefields,
Valves, etc.
5. Gas-Cleaning Cleaning,
Dehydration, Desulfurization
F. Financial Factors, Other
1. Working Capital
2. Depreciation
3. Lease/Mortgage, etc. Costs
4. Taxes, etc.
5. Insurance
V. Close Down
A. Base Gas Recovery
B. Well Hole Cleaning (inert gas
injection, etc.)
C. Well Hole Closing
D. Landscaping
E. Equipment Sale
F. Leasehold & Property Sale
V. Ownership/Financing
A. Owner
B. Capitalization Structure
1. % Equity
2. % Debt, etc.
3. % Leasing
C. Equity Cost
1. Internal Rate of Return
Requirement
D. Debt Cost
1. Interest
2. Life of Debt

Subtask 3b. Perform Hydrogen Storage Economic Assessments

The format and methodology for economic analyses developed in Subtask 3a will
be used for preliminary economic assessment for the four potential types of underground
hydrogen storage (aquifer, depleted field, salt cavern, and mined cavern). These
assessments will be for the three locations subjected to site-specific technical
examination in Subtask 2a plus a hypothetical mined storage facility. The economic
analyses for aq:uifer, depleted field, and salt cavern storage will cover both 1) the
conversion from methane storage and 2) the hypothetical development of new hydrogen

storage facilities at the locations of the site-specific evaluations.

A~9
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These preliminary economic assessments, plus parametric variations on each, will
provide definitions of technical issues whose economic significance warrants more
detailed examination in Subtask 2b. For example, if the economics of mined storage
appear reasonably attractive, then it may be appropriate to examine impermeation

techniques in greater detail.

As the detailed technical investigations provide refinement of hydrogen storage
system design, the economic analyses will be redone. Subtasks 2b and 3b will conclude
with substantive, technical, safety, and economic assessments for all four potential types

of underground hydrogen storage.

Achieving this end result requires resolution of a problem in addition to the
"anticipated problem areas" identified on pages 31 and 32 of IGT's Proposal E2G1/78A.
The additional problem is that the economics of underground storage are strongly
dependent upon the relationship between the storage facility and the supply-market
system served by the storage facility. The wide range of variation is apparent when one
recognizes the substantial differences between the three facilities described on pages 4
to 6 and the extreme of the Helium storage facility near Amarillo, Texas. The three
storage facilities described on pages 4 to 6 are each operated in different market

environments as discussed below.

e Hanson Field (Depleted Gas Reservoir): This is one of several storage facilities

providing annual load balancing for an interstate pipeline system. Many of the
customers are distribution companies which have their own storage for peaking and a
portion of annual load balancing. In this market environment, single day

deliverability of only 1.8 percent of working gas volume is adequate.

e Media Field (Aquifer Storage): This will be one of several fields operating to meet

both peaking and annual load balancing requirements of a large distribution company.

We already know single day deliverability would be about 2.2 percent of working gas

capacity. This is a percentage somewhat higher than the Hanson Field, but still less

than may be required to meet peaking demands for a smaller distribution company .

serving predominantly residential comsumers.

] Eminence Facility (Washed Cavern Storage): When Transco placed this facility in -

operation in 1968, the primary objective was gas supply to a large interstate pipeline
during times when Gulf of Mexico production was curtailed by hurricanes. As such,

daily deliverability is 38 percent of working gas capacity.

A-10
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Because increasing deliverability requires increased cost for drilling, it is apparent that
economic analyses based upon the market conditions unique to each of the above storage
facilities will not be compatible with comparing economics for the different types of
storage. Further, such a comparison may well not be meaningful because geological
conditions appropriate to each storage type are generally in mutually exclusive

geographical areas. It is recommended that a concensus on supply and market

assumptions for economic analysis of storage be achieved during the quarterly meeting

with BNL at the end of Subtasks 2a and 3a.

TASK 4. ESTIMATED COSTS FOR UNDERGROUND HYDROGEN STORAGE

The objectives, scope, and technical aspects of the investigative approach for this
task as described in pages 32 through 35 of IGT's Proposal E2G1/78A remain unchanged
and are appended for reference. The scheduling of the work has been revised so that it
begins when Tasks 2 and 3 end. The economic format and methodology developed in
Task 3 will be used in the economic analysis for conversion of one specific gas reservoir

to storage of hydrogen.

It is anticipated that the primary criterion for selection of a specific type of
storage and location will be maximum confidence that successful, safe operation can be
achieved. Minimum uncertainty in economics will be a part of the primary criterion but,
to the extent costs are judged reasonable, minimal emphasis will be placed upon relative

economics for the different types of storage.

TASK 5. RESEARCH AND DEVELOPMENT REQUIREMENTS

The objective, scope, and investigative approach for this task will be consistent
with pages 35 through 37 of IGT's Proposal E2G1/78A, which are appended for reference.
However, additional information that IGT has obtained regarding underground storage of
hydrogen in Europe makes it highly probable that IGT will not reach conclusion 3
"underground storage of hydrogen is unsafe or not economic at this time". In Britain,
pure hydrogen has been stored for several years in a washed salt cavern. In this
operation, the hydrogen storage is an economically viable buffer between facilities that
create hydrogen and facilities that use hydrogen to produce petrochemicals. In France,
the Beynes aquifer storage facility was used for 6 years to store a manufactured gas that
consisted of 50% to 60% hydrogen. No safety problems were encountered and the losses,
if any, were well within acceptable bounds for underground storage operation. In 1973,
the Beynes field was converted to natural gas, leaving a portion of the manufactured gas
as "cushion". Minimal mixing of gases occurred during conversion, and operation has,
since 1973, been encouraging in relation to use of a below cost base gas for aquifer

t f .
storage of hydrogen A-11
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The European experience will be examined in detail during conduct of this
research program. However, present knowledge is sufficient to anticipate that Task 5
work will choose locations for possible use in a future underground hydrogen-storage
demonstration project. In addition, IGT may recommend specific future R&D objectives

to improve or reduce uncertainty in the economics of hydrogen storage.
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CONTRACT MANAGEMENT SUMMARY REPORT

The attached Contract Management Summary Report (Form ERDA 536) indicates

the project cost, manpower, and schedule of performance. Under the contract, the

milestone status indicates the completion date for each task and subtask.

It is recommended that the groupings of task completion dates be regarded as

major milestones to coincide with quarterly meetings with BNL. The timing and major

issues to be covered at each of these major milestones (quarterly meetings) would be as

follows ~

Early January 1979: Subtasks 2a and 3a will be complete. Major decisions to be
made at the meeting would concern details of the technical investigations to be
performed in Subtask 2b plus market assumptions for economic analyses to be

performed in Subtask 3b.

Early April 1979: At this time Task 2 will be complete and the economic
assessments for both conversions and construction of new hydrogen storage facilities
(Task 3b) will be nearing completion. This will be the appropriate time for BNL
participation in a decision as to which storage facility should be examined in detail in
Task 4. At the same time, sufficient progress will have been made in Task 5 for joint
deliberations with BNL to result in an agreement upon the general nature and format
for presenting the final conclusions on future R&D and sites for future demonstration

experiments.

Early August 1979: This third quarterly meeting will constitute the oral presentation
of final results as specified in Contract No. 453439-S.

A-13
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FORM ERDA 536
{10 ~ 761

US ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION
CONTRACT MANAGEMENT SUMMARY REPOR?

FORM APPHOVE
OMB NO 38R

1 Contract idenufication

Underground Storage of Hydrogen Gas

l

2 Reportng Period
L4 _Aug. through 8 Sept.

3 Contract Number
453439-5

4 Contractor {name and address)

Institute of Gas Technology
3424 South State Street
Chicago, Illinois 69616

6 Contract Start Nate
14 August 1978

6 Coniratt Completion Date
14 September 1979

F Mo 1ths

Tl o ls ol [+ lal ol 1

e Ia Y 78-79

9 Cost Status

e Actust Costs
? 14 Prior FYs
i3
12 -
1t
i N
o} t Planned Costs
9 Prior FYs
] e
units of 7
$10,000 6 -
5 - g Total Projected
4 ‘“T_ -+ | Accrued Costs
3 - tor Contract
2 $144,100
{ -
0 [ 1
263 .52 b Total Contract
b_FPlanned 1 336]1 4541 antl 1 4541 67811 421]1 838[1 717]c 790/0 3030 184[0 1oy Value
Accrued Costs ¢ Actuat ! $166,300
d Vanance r
10 Manpower Status
2 Actual Manpower
2050 - htnfn St S el St el Prior FYs
1950 Rl Bl et el S —t
1800 -4 o il 4 —
650
1500 T Planned M
anne anpower
1350 Prior FYs
1200 +
1050
units of ?,Og i‘
man~hours 75 ] Total Projected
800 Manpower for
450 Contract
300 et — 2118
150 -l 4
40 8n Total Contract
[ Planced 1203 ' 203 } 206) 203 25>] 216 | #8614 2031120 ) 28 } 26 } 16 Manpower
Manpower ’f__f_cﬂl_{lkf o ~ 5 AU I AR HU 4o 2115
d Vanance
11 Major Milestone Status
3 -
1 Program Plan " _ R
b
2 Feasibilitv Study
SO | | R .
c
2a. PrMeEm Avses i (T o o R
2b. Detailed Tech Eval 1
® Current Costs of - - 0 T - 1
3. Underground Storage 1
B — — — -
3a. Format & Meth Dev -1 J
3b. Hydrogen Econ. Asses r___,____‘,..,_..______]
4. Estimated Storage (osts ——
5. R&D Requirements r—"‘———"ﬁ

12 Remarks

Total Costs & Manpower Include Final Reporting & Review

13 Swgnature of Contractor s Project Manager and Date

14 Signsture of Govarnment Tachnical Representative and Date
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MANPOWER PLAN

The attached Manpower Plan (Form ERDA 534P) indicates the level of man-hours
of direct labor to be supplied by IGT for the various tasks. The units are man-hours and

the total is 2118 man-hours, as specified in Contract No. 453439-S.
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FORM ERDA 534FP

U S ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

FORM APPROVED

10 - 76} MANPOWER PLAN OME NO 38R
Page ot
1 Contract Idennficat on 2 Contract Number
UNDERGROUND STORAGE OF HYDROGEN GAS £53439~8
3 Contractor {name address} 4 Contract Start Date
institute of Gas Technolog 14 August 1978
3424 Soath State Street 5 Contracs Comp o
73 mpletion 1e
Chicage, Illinois 60616 14 September 1979
6 Idennf cation |7 Reporung Category (e g contract I ne jtem 18 Planaed 1 g Actuat 10 Planaed Current F scal Year 11 Planned Future Fiscal Years 112 Planned |13 Total
Number or work breakdown structure element) Preor Pror 1978 1979 1979 Subsequent | Planned
Fiscal Fisca . Fiscal Years | (Columns 9
Vears Years N q N o 1 ¥ M N W fJ 3 Yoa ls A Ib S |c d e to Completion] through 12}
1 Propram Plan :
iy Sub-Totsl R R ay 80
- Feasibilit st d i i
+
23 Preliminary Adsseasment W6 110 i1 1100 , 3 340 | 340
2b Detailled Tecrmical Cvaluzcr s ! ! | 100 001 60 ‘L_ 260 } 260
B Sub Total 3160 1o iioc 1300 130) | icy 60 . 53¢ 1 600
3 vndergroatd St rage  (urrer 51 i N T ; N
+ . +
31 Format & Meth Duvelopmen 10 Vi3 ) les i j i 310 310
- T
3t dydrogen L 1cmc Aosessmeit ; B L i 127 1103 yl”& ] 31e | 318
—— —t
5 “ub-Te a i b3 108 1403 | 103414 1 623 v 020
e 4 Eotimatad (o s for 5toripe I | - ,_h'_’ 20, 2
,L . Sub Tota ) ] | 205 208 | 104 20 520
o 5 RSD Recr  wmeni's | I 1 I
Sul, Tote 7‘ 7 1 521 52 53] 23 | 10 2.0
+ -+
& Rejorting and Review j !
‘ Sub Total t i i 1,1 28 4 <8 16 88
T
]
L
T
T
!
li
T
. + j
T
N
14 Jow 40 &0 4203 103 1200 1203 2> 1216 |261 261 1320 | 28 | 2074 28 | 16 2118
15 Remarks 16 Manpower Expressed in 17 Manpower Plan Date
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18 Signature of Contractor s Project Manager and Qate 18 S gnature of Government Techn cat Representative and Date
£ 3
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APPENDIX B. Properties of Hydrogen and Methane
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APPENDIX B.

Property

Limits of Flammability in Air, vol %
Limits of Detonability in Air, vol %

Stoichiometric Composition in Air,
vol %

Minimum Energy for Ignition in Air, mJ
Autoignition Temperature, °K¥

Hot Air-Jet Ignition Temperature, °K
Flame Temperature in Air, °K

Percentage of Thermal Energy Radiated
from Flame to Surroundings, %

Burning Velocity in NTP Air, cm/s
Detonation Velocity in NTP Air, km/s

Diffusion Coefficient in NTP Air,
cm?/s

Diffusion Veloecity in NTP Air, cm/s
Buoyant Velocity in NTP Air, m/s

Maximum Experimental Safe Gas in NTP
Air, cm

Quenching Gas in NTP Air, cm

Detonation Induction Distance in
NTP Air

Limiting Oxygen Index, vol %

Vaporization Rates (Steady State) of
Liquid Pools without Burning, cm/min

Burning Rates of Spilled Liquid Pools,
cm/min

Energy of Explosion, g TNT/g fuel

Energy of Explosion, g TNT/cm3 NTP
liquid fuel

Energy of Explosion, kg TNT/m3 NTP
gaseous fuel

Energy of Explosion, g TNT/kJ of
stored heating value

Flash Point, °K

Toxicity

Properties of Hydrogen and Methane

Hydrogen Methane
4,0 to 75.0 5.3 to 15.0
18.3 to 59.0 6.3 to 13.5
29.53 9.48
0.02 0.29
858 813
943 1493
2318 2148
17 to 25 23 to 33
265 to 325 37 to 45
1.48 to 2.15 1.39 to 1.64
0.61 0.16
£2.00 <0.51
1.2 to 9 0.8 to 6
0.008 0.12
0.064 0.023
L/D = 100 —
5.0 12.1
2.5 to 5.0 0.05 to 0.5
3.0 to 6.6 0.03 to 1.2
~24 ~11
1.71 4,56
2.02 7.03
0.17 0.19
Gaseous Gaseous
Nontoxic Nontoxic
(nsphyxiant) (asphyxiant)

*The Autoignition temperature of methane is usually higher than that of
hydrogen. The temperature of each varies at over a hundred centigrade

degrees depending on the air/oxygen mixture.
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APPENDIX C. Glossary

(American Geological Institute, Dictionary of Geological Terms. Garden City
New York: Anchor Press, 1976)
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APPENDIX C. Glossary

Anhydrite — a mineral, anhydrous calcium sulfate, CaSOy4. Orthorhombic,
commonly massive in evaporite beds.

Anticlinal — inclined toward each other, as, the ridge tiles of the roof of a house;
of, or pertaining to, an anticline.

Bedding planes — in sedimentary or stratified rocks, the division planes that
separate the individual layers, beds, or strata.

Capillarity — the attractive force between two unlike molecules, illustrated by the
rising of water in capillary tubes of hairlike diameters or the drawing up of water in
small interstices, as those between the grains of a rock.

Colloids — a substance in a state of fine subdivision with peculiar properties
because of its extremely high surface area. A common colloid in nature is clay with
unusual properties such as plasticity, thixotrophy, and swelling. A fine-grained material
that is held in suspension.

Compressibility — the change of specific volume and density under hydrostatic
pressure; reciprocal of bulk modulus.

Connate water — water entrapped in the interstices of a sedimentary rock at the
time the rock was deposited. Water adsorbed on mineral grains of reservoir rock and not
produced with oil or gas.

Diapirs — a dome or anticlinal fold, the overlying rocks of which have been
ruptured by the squeezing out of the plastic core material. Diapirs in sedimentary strata
usually contain cores of salt or shale. Igneous intrusions also may show diapiric
structure.

Dolomite — a mineral, CaMg-(CO3),, commonly with some iron replacing
magnesium (ankerite). Hexagonal rhombohedral. A common rock-forming mineral. A
term applied to those rocks that approximate the mineral dolomite in composition.
Synonym — magnesian limestone. It occurs in a great many crystalline and noncrystalline
forms the same as pure limestone, and among the rocks of all geological ages. When the
carbonate of magnesia is not present in the above proportion, the rock may still be called
a magnesian limestone, but not a dolomite, strictly speaking.

Erathem — the largest recognized time-stratigraphic unit, next in rank above
system; the rocks formed during an era of geologic time, such as the Mesozoic Erathem
composed of the Triassic System, the Jurassic System, and the Cretaceous System.

Evaporites — one of the sediments that are deposited from aqueous solution as a
result of extensive or total evaporation of the solvent.

Ferromagnetic — refers to those paramagnetic materials with a magnetic
permeability considerably greater than one. They are attracted by a magnet.

Gneiss — a coarse-grained rock in which bands rich in granular minerals alternate
with bands in which schistose minerals predominate.
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Halite — rock salt. A mineral, NaCl; isometric. A common mineral of evaporites.

Hydrophilic — having strong affinity for water; said of colloids that swell in water
and are not easily coagulated.

Igneous — formed by solidification from a molten or partially molten state. Said
of the rocks of one of the two great classes into which all rocks are divided, and
contrasted with sedimentary. Rocks formed in this manner also have been called
plutonic rocks and are often divided for convenience into plutonic rocks and volcanic
rocks, but there is no clear distinction between the two. »

Indurated — rendered hard; confined in geological use to masses hardened by heat,
baked, etc., as distinguished from hard or compact in natural structure. In modern usage
the term is applied to rocks hardened not only by heat, but also by pressure and
cementation.

Interstice — pore; void.

Isostatic — subject to equal pressure from every side; being in hydrostatic
equilibrium.

Lithology — the physical character of a rock, generally as determined
megascopically or with the aid of a low-power magnifier. The microscopic study and
description of rocks.

Mesozoic — one of the grand divisions or eras of geologic time, following the
Paleozoic and succeeded by the Cenozoic Era; comprises the Triassic, Jurassic, and
Cretaceous Systems. Also, the erathem of strata formed during that era.

Metamorphism — process by which consolidated rocks are altered in composition,
texture, or internal structure by conditions and forces not resulting simply from burial
and the weight of subsequently accumulated overburden. Pressure, heat, and the
introduction of new chemical substances are the principal causes, and the resulting
changes, which generally inciude the development of new minerals, are a thermodynamic
response to a greatly altered environment. Diagenesis has been considered to be incipent
metamorphism.

Metamorphic rock — includes all those rocks that have formed in the solid state in
response to pronounced changes of temperature, pressure, and chemical environment,
which take place, in general, below the shells of weathering and cementation.

Orthorhombic — refers to either symmetry of movement or symmetry of fabric.
Orthorhombic symmetry of movement is exemplified by the motion that occurs when a
sphere is subjected to a single compressive force acting along the vertical axis but is
constrained on two opposite sides. Orthorhombic symmetry of fabric is the symmetry of
an ellipsoid; there are three planes of symmetry.

Paleozoic — one of the eras of geologic time — that between the Precambrian and

Mesozoic — comprising the Cambrian, Ordovician, Silurian, Devonian, Carboniferous
(Mississippian and Pennsylvania), and the Permian Systems. Also, the erathem of rocks

deposited during the Paleozoic Era.
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Permeability — the permeability (or perviousness) of rock is its capacity for
transmitting a fluid. Degree of permeability depends upon the size and shape of the
pores, the size and shape of their interconnections, and the extent of the latter. It is
measured by the rate at which a fluid of standard viscosity can move a given distance
through a given interval of time. The unit of permeability is the darcy.

Porosity — the ratio of the aggregate volume of interstices in a rock or soil to its
total volume. It is usually stated as a percentage.

Rheological (rheology) — the study of the deformation and flow of matter.
Sand lens — a sand body having the general form of a convex lens.

Schistose — a medium- or coarse~grained metamorphic rock with subparallel
orientation of the micaceous minerals that dominate its composition.

Sediment ~ solid material settled from suspension in a liquid. Solid material, both
mineral and organic, that is in suspension, is being transported, or has been moved from
its site of origin by air, water, or ice, and has come to rest on the earth's surface either
above or below sea level.

Shale — a laminated sediment in which the constituent particles are predominantly
clay grade. Shale includes the indurated, laminated, or fissile claystones and siltstones.
The cleavage is that of bedding and such other secondary cleavage of fissility that is
approximately parallel to bedding. The secondary cleavage has been produced by the
pressure of overlying sediments and plastic flow.

Spalling (spall) — to break off in layers parallel to a surface. Relatively thin,
commonly curved and sharp-edged pieces of rock produced by exfoliation.

Stratigraphic (stratigraphy) — the branch of geology that treats the formation,
composition, sequence, and correlation of the stratified rocks as parts of the earth's

crust.

Tertiary — the older of the two geologic periods comprising the Cenozoic Era;
also, the system of strata deposited during that period.

Thisotrophy — the property exhibited by some gels of becoming fluid when shaken.
The change is reversible.

Viscosity — internal friction due to molecular cohesion in fluids. The internal
properties of a fluid that offer resistance to flow.

Vugular (vug) — a cavity, often with a mineral lining of different composition from
that of the surrounding rock.
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APPENDIX D. Computer Programs for Economic Analysis
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APPENDIX D. Computer Program for Economic Analysis

The facility economic analysis program is described in this Appendix; the program
was written in the basic language for use on a Textronics 4051 computer. This machine
allows interactive use of the program; both program and data changes can be made with

immediate CRT display or printout of the results.

The program is divided into six main sections. The first section is a self~
explanatory dictionary of variable names, as noted by line 130 of the program. The 38

variables that are defined are basic to managerial finance reference texts.

The second program section is titled "input information.” Two initial statements
are used for program and printer control. These are followed by two dimension
statements. Next, a series of statements print input requirements on the computer
screen. The operator types in the eleven demanded inputs as each is demanded
sequentially. The inputs, as shown in the listing, are: title, erected plant cost, operating
cost per year, extraordinary one-time expense, year of extraordinary expense, throughput

per year, cost of debt, cost of equity, fraction of debt financed, plant life, and tax rate.

The erected plant cost used is the total anticipated cost of the facility including
depreciable base gas, if applicable, in the case of gas storage fields. This plant cost does
not include an allowance for funds used during construction, as this term is calculated in

the program.

The operating cost per year is a constant in this program; for any facility
contemplated, there is no reason to assume these costs differ each year in constant
dollars, assuming full utilization and no extraordinary expenses. (However, a provision
was made in the program to allow for any extraordinary expense in any one project year.)
The representative cash flow can be either positive or negative. For example, a negative
expense, or positive cash flow, could accrue with the sale of base gas at the abandonment

of some storage facilities.

The yearly throughput of a facility is a very significant variable. The unit cost or
cost of service is directly proportional to throughput for any facility with relatively high
capital service costs and correspondingly low operating costs. As a result, input
information from engineers about duty cycle was most important in these or any

facilities studied.

The next three program input parameters are the cost of debt, cost of equity, and

fraction of debt financed. These parameters make up the utility's internal rate of return
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(IRR), which must be demanded of the public utility commission to ensure investment.
The IRR is subject to general financial market conditions, the specific financial position
of the utility seeking financing, the default risk due to facility failure, and the amount
requiring financing.

The plant life is another important input parameter. Large differences in facility
lives must be equalized in any economic analysis by either using multiple investments for
the shorter lived facilities or by investigating a multiple of those facilities to a
sufficiently distant future time to negate differences in individual plant life. These
issues did not arise in this analysis, as all parts of the facilities were considered to have a
depreciable plant life of 27 years and an equivalent plant and financing life. The
depreciable plant life has been set by FERC as 27-3/4 years for underground storage
facilities. With such a long depreciation period, a year of life in either direction has

limited impact on discounted cash flow calculations.

The last input required is the tax rate. To treat all facilities equally, only Federal

taxes were considered. The tax rate used through all calculations was 48%.

The third section of the computer program listing is instruction for printing out
important input information. All input information is always printed out, except
extraordinary expenses. The program was designed so that this item was printed out only

if it was not equal to zero to create a more concise printout,

The fourth section of the program listing contains the initial calculations of the
main program body along with one printed output, the total depreciable plant cost
including the erected plant cost and the allowance for funds used during construction.
Specifically, line 1120 of the program listing is a calculation of the weighted average
cost of capital based on the debt rate, equity rate, and reaction of debt financed. Lines
1130 through 1220 perform a calculation of the Allowance for Funds Used During
Construction (AFUDC]).

First, several variables are initialized by including "Y5," the construction period.
Next, the yearly construction cost is found by assuming equal construction costs during
each construction period. This simplified construction scheduling is in lieu of specific
scheduling dictated by particular projects and corporate constraints. It creates a
generally applicable program without a sacrifice in accuracy; some projects would have a
normal distribution for construction spending, whereas others would have skewed
distributions. In the calculation, line 1190 sums the construction costs. Line 1200
calculates the AFUDC, including the depreciable plant cost based on the construction

costs (B3), the fraction of debt financed (F1), and the weighted average cost of capital

D~4
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normal distribution for construction spending, whereas others would have skewed
distributions. In the calculation, line 1190 sums the construction costs. Line 1200
calculates the AFUDC, including the depreciable plant cost based on the construction
costs (B3), the fraction of debt financed (F1), and the weighted average cost of capital
(CA). The impact of zero debt financing can be seen easily; the F1 term becomes zero

and the AFUDC becomes zero. Line 1210 sums the yearly AFUDC.

After all construction year calculations, the initial plant cost is added to the
AFUDC to yield C5, the total depreciable Plant cost that can be considered as the
interest "rate base” for earnings. This dollar amount is not subject to present value
calculations, i.e. adjustment of the money spend over the construction period to its value
at the end of that period and at plant startup. This calculation would be done for a
project with a multitude of facilities with construction interposed over a long time or by
corporations with the construction monies in hand and with the ability to earn their IRR
over the construction period. These corporations, including many utilities, can find no
advantage in reducing the apparent plant cost due to its future value after construction,
when viewed in the present; they do not have those monies from which to earn monies to
effectively reduce the apparent plant cost. The second reason for not adjusting the total
erected plant cost to future amounts is that utility filings, which this program intends to
closely replicate in output, do not consider this adjustment. Line 1240 and 1250 print out

the total depreciable plant cost as calculated in the program.

Lines 1260 through 1300 are straightforward. Calculations are made for the
amount of debt financing (D1), the amount of equity financing (Y1), the straight-line
retirement of debt (D2) and equity (Y2), and straight-line depreciation {De). The
straight-line basis is used because it appears in utility filings. For tax purposes, an
accelerated depreciation method probably would be chosen to optimize depreciation

deductions.

In conventional business practice, debt is not necessarily retired in equal annual
amounts. One method of repayment is a mortage or annuity from a present amount for
relatively small, short-term loans or for commercial property. A second method
employed by industry is a sinking fund with retirement of equal percentages of the debt
starting a predetermined number of years in the future. Still another method involves a
sinking fund with a large debt repayment in the last year of the secured loan. The
specific approach is 2 matter of needs of both the financial community and the
corporation attempting to float a debt issue. A test case comparing mortgage repayment

to straight-line repayment resulted in a 1% greater cost of the service for the mortgage
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repayment approach. This difference is slight compared to those resulting from possible

variations in capital cost. Because utilities often do not know their debt repayment
structure for a new facility at the time of filing for construction, the straight-line

repayment schedule is used in filings as well as in this program.

The straight-line repayment of equity is a term introduced to consider
stockholders. If a facility was to be fully depreciated and of no practical value after its
service life and if reinvestment of monies did not occur over the facility life, the
shareholders would hold interest in a valueless facility of the corporation. The equity
repayment term therefore is used to pay back or buy back the stock such that no
investment remains at the end of the facility life. In actuality, the stock is seldom
bought back unless its market price suggests an excellent investment to the corporation.
Instead, monies noted as repurchase monies are retained earnings used to reinvest in
other facilities, so that at the end of the original facility life, the original stockholders

retain a vested interest in the corporation.

Line 1350 of the program listing presents the standard equation for the capital

recovery factor, or amortization factor. The general expression for this factor is:

(1+9n-1

where-—

1= the effective interest rate per period.

n = the number of periods.

This factor is the necessary fraction by which a present amount can be expressed as a
series of equal future payments including earned interest. The interest rate used in line

1350 is the weighted average cost of capital; the utilities forecast demanded internal

rate of return. This basis equation is used in "levelizing” costs from a present amount to

a series of future cash flows.

The fifth section of the program listing contains the detailed calculations of this
methodology incorporated into one program loop. For each year of plant life, .

calculations are made for the following —
® Remaining debt (line 1400) »
e Interest on debt due debtholders (line 1410)

@ Cumulative interest on debt {line 1420)
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e Equity still invested in the facility (line 1430)
e Earnings due to equity (line 1440)
e Total expenses (lines 1450 through 1480)

e Yearly revenue requirements, including the adjusted earnings on equity and expenses
(line 1490)

® Taxes actually due (line 1500)

® A present value factor, dependent on year and interest rate, to obtain the present
value of these revenue requirements (line 1510)

e The present value of revenue requirements (line 1520)

e The average annual cost of service, with the actual revenue requirements divided by
the throughput of that year (line 1530)

e An accumulator to sum the present value of revenue requirements for each year
(line 1540).

Of these program steps, the calculation of expenses (lines 1450 through 1480)
requires further explanation; the remainder are self-explanatory by using general
accounting principles, the program line, and the dictionary of variable names. For
expenses, a choice of two calculations is made by the program. If there is no
extraordinary one-time expense, program line 1460 calculates expenses. If an
extraordinary one-time expense, does exist, it is spotted in program line 1450 when J=T4,
J being the year counter and T4 being the year of the extraordinary expense. In this
case, the program control is transferred to line 1480 where the term El, the
extraordinary expense, is added to expenses of the year. As shown by line 1480, expenses
are the addition of depreciation (a noncash expense), interest on debt, yearly operating
cost, and the extraordinary expense. If taxes were not considered, depreciation would
not appear as an expense. Also note that taxes and equity earnings are treated in the

revenue requirements expression, line 1490.

The last computer program section formats and prints the output. A user option
in lines 1620 and 1630 can either bypass the extensive output and simply print the
levelized cost of service or print out for each year the following: depreciation, debt
payment, debt interest, equity payment, equity earnings, expenses, taxes, revenue
required, present value of revenue required, throughput, cost of service, and the
levelized cost of service. If line 1620 reads Y6=1 (or any non-zero number), the more

detailed printout results. With Y6 , only the levelized cost of service is printed.
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*TEST FOR DISCUSSION

1000.00 ERECTED FLANT COST »
100.00 OFERATING COST/YEAR
1000.00 THRUFUT/YEAR

0.10 COST OF DERT

0.13 COST OF EQUITY -
0.6000 FRACTION DERT FINANCED

10,00 FLANT LIFE - YEARS
0.4800 TAX RATE
1144.00 7T0TAL DEFRECIARLE FLANT

YEAR DEFRECIATION LERT DERT EQUITY EQUITY
FAYMENT INTEREST FAYMENT EARNINGS

1 114 &9 89 46 6%

2 114 69 62 44 62

3 114 69 55 46 55

4 114 69 48 46 48

5 114 67 41 46 41

6 114 69 34 44 34

7 114 69 27 46 27

8 114 69 21 46 21

? 114 69 14 46 14
10 114 69 7 46 7

YEAR EXFENSES TAXES REVENUE FRESENT THRUFUT SERVICE
RREQUIRED VALUE RR COSsT

1 283 63 41% 371 1000 $0.42
2 27¢& a7 395 315 1000 $0.39
3 269 1 275 267 1000 $0.37
4 J42 44 355 226 1000 $0.35
5 256 38 335 190 1000 $0,33
6 249 32 315 159 1000 $0.31
7 242 25 295 133 1000 $0.29
8 235 19 275 111 1000 $0.27
9 228 13 255 g2 1000 $0.25
10 221 6 234 78 1000 $0.23

$0.34 = LEVELIZED COST OF SERVICE




REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REMNM
REM
REM
REM
REM
REM
REM
f‘-ch

«1
ReM
REM
REM
REM
REM
REM
REM
REM
REM
FEM
REM
REM
REM
REM
REM
REM
REM
REM
N
FEM
REM
REM
REM
REM
FEM
FAG
Cal
DIM
DI
FRI
FRI
INF
FRI
INF
FRI
INF
FFT
INF
FRI
INF
FRI
INF

- ECON.1 UTILITY FINANCING FROG.W/AFUDC,ST,
———————————————————————————————————————— SECTI
DICTIONARY OF VARIABLE NAMES
A1l = AVERAGE ANNUAL COST OF SERVICE
E2 = ANNUAL CONSTRUCTION COST
B3 = CUMULATIVE CONSTRUCTION FUNDS
ES = ALLOWANCE FOR FUNDS USED DURING CONSTR
€1 = OPERATING PLANT COST/YEAR
C2 = COST OF DEET
C3 = COST OF EQUITY
C4 = AVERAGE COST OF CAFITAL
€S = TOTAL DEFRECIABLE FLANT COST
Il = DEET
02 = EQUITY
I3 = DEFRECIATION
DS = DEET REMAINING
Fi = FRACTION DEET FINANCED
E2 = EXTRAORDINARY ONE TIME EXFENSE
I1 = INTEREST DURRING CONSTRUCTION
IZ = INTEREST ON DEET
14 = CUMULATIVE INTEREST ON DEET
L1 = PLANT LIFE
F1 = ERECTED FLANT COST
Q1 = THRUFUT/YEAR
k1 = REVENUE REQUIRED EACH YEAR
R2 = ANNUAL PV REVENUE REQUIREMENT
R3 = SUM FRES VALUE REVENUE REQUIREMENT
R4 = LEVELIZED REVENUE REQUIKEMENT
'S = LEVELIZED COST OF SERVICE
Tt = TAX RATE
T2 = TAXES
TZ = CONSTRUCTION FERIOD
T4 = YEAR OF EXTRAORDINARY ONE TIME EXFENSE
Vi = FRESENT VALUE FACTOR
U2 = CAFITAL RECOVERY FACTOR FOR LEVELIZING
X1 = EXFENSES
Y1 = FQUITY
Y2 = EQUITY FAYMENT (FAYEACK)
Y3 = EQUITY STILL INVESTED
Y4 = EARNINGS ON EQUITY
S = YEARS OF CONST.(SET IN FROGRAM)
—————————————————————————————————————————— SECTI
INFUT INFORMATION
3
L *RATE'»1200,0,2

I2(50),YZ(S0)sY4(S50)sX1(50),R1(E0)»T2(50)

LINE DERT PAYs1REXP

ON 1

UCTIONs ANNUAL

ON 2

VI(S0)sR2(30),A1(S0),EE(10) .015(50)

NT *OCF/REV REQG/COST OF SERVICE ECONOMICS PROGRAMJ®
NT ®ENTER TITLE FOR RUN®

Ut zs

N™ *ERECTED FLANT COST = °;

uT Fi

HT °*OFERATING COST/YEAR = '3

Ut C1

NT "EXTRACRIDINARY ONE TIME EXFENSE= *3

uT E2

HT °"YEAR OF EXTRAORDINARY EXFENSE= *3%
Ut T4

NT °*THRUFUT/YEAR =%}

uUT a1

D-9
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50
740
750
76¢
770
780
790
800
810
8,0
830
840
850
860
870
88¢
89¢
200
?10
920
?30
940
230
960
970
?80
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
—1130
1140
1150
1160
f170
1180
1190
1200
1210
1220
123¢
1240
1250
1260
127
1280
12906
1300
1210
12726
133¢
1X40
1350
1360
1370

LR A kA ) v e A b & B - L4

INFUT €2
FRINT °COST OF EQUITY = °5
INFUT €3
FRINT °*FRACTION DEBRT FINANCED = °*%
INPUT FI
FPRINT *FPLANT LIFE -YEARS = *;
INFUT L1
FRINY *TaAX RATE = °3}
INPUT T1
REM
REM o o o o e e i SECTION
REM FRINT INPUT
FRINT @37,26:%1
FRINT @40: USING 870:Z%
IMAGE GXs60As° 4"
PRINT @403 USING 8%0:F1
IMAGE 10D.2Ds® ERECTED FLANT COST®
PRINT £40: USING 910:C1
IMAGE 10D,.2D0,° OPERATING COST/YEAR®
IF E2=0 THEN 970
FRINT B40: USING 940:ED
IMAGE 10D "Dy °® EXTRACRDINARY ONE TIME EXFENSE®
FRINT €40 1ISING 9460274
IMAGE 10D,.us° YEAR OF EXTRAORDINARY EXPENSE®
FRINT 240! USING 980:Q1
IMAGE 10D.2Ds " THRUPUT/YEAR®
FRINT 240: USING 1000:C2
IMAGE 10D,2D,° COST OF DERT®
FRINT @40: USING 1020:!C3
IMAGE 10D.2D»*° COST OF EQUITY®
FRINT P40: USING 1040:F1
IMAGE 8D.4I'y " FRACTION DERT FINANCED®
FRINT @40 USING 1040:L1
IMAGE 10DI.20,° PLANT LIFE - YEARS®
PRINT @40: USING 1080:T1
IMAGE 8D.4D,° TAX RATE®
REM
RE Mo e o o o e e e SECTION
REM FROGRAM BODY-INITIAL CALCULATIONS,1 QUTFUT
CA=FIXC24(1-F1)%C3
I1=0
B3=0
BS=0
Y5=3
B2=I"1/Y3
FOR K=1 TO Y5
B3=R3+ED
RO(K)=RB3%F1%C4
I1=I1+R3(K)
NEXT N
CaG=F1t11
FRINT 8407 USING 1250:C3
IMAGE 10D.2DIt»° TOTAL DEFRECIAELE FLANT®
i=Co%F1
Yi=C3%(1-F1)
p2-=nisLt
Y2=Y1/L1
p3=Ch/L14
14-0
15=0
I12=0
R3=0
U2=C4%(1+C4)"L1/7(C1+C4>"L1-1)
REM
REM = o et e e e e e e SECTION

3
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1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1540
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860

——————————————————————————————— SECTION 5

REM FROGRAM BOLDY-DETAILED' CALCULATIONS
FOR J=1 TO L1

DSCH=n1%1

=(J-1)/L1

I2(=D5CH%RC2

I4=T441I2(J>
Y3(J)=Y1%k(1

-¢(J-1O/L 10

Y4(J3)=Y3(JIRCI
IF J=T4 THEN 1480
X1(H=D3+I2(H+C1

GO 7O 1490

X1 (D =03+I2¢H+CL+ED
RICH=(YA(II+XI (DX (1-TL) )/ (1-T1)

T2( ) =T1k (K

1EH-X10d0

Vidhr=1/(14C42"J
R2¢CH=VI (D %RI D

Al Cdry=RI DD
R3=R3+R2(D)
NEXT J
R4=V2%i3
RO=R4/Q1
REm™

/@1

———————————————————————————— ~me~GSECTION &

REM MAIN OUTFUT
REM IF ONLY LEVELIZED COSY OF SERVICE DESIRED,SET Yé6=0

Yé6=0

IF Yé6=0 THEN 1830
FRINT @402"J°

FRINT @40:°
FRINY @40:°*
FRINT @40:"
FRINT @40:¢*
FOR N=1 TO
FRINY @40:
IMAGE &1ty U¢(
NEXT N
FRINT @40:1°
FRINT ®40¢°
FRINT @40:°*
FRINT @40:°
FRINT @40:°
IMAGE 611y 5¢(
FOR J=1 TO
FRINT @40:
NEXT J
FRINT @40:°
FRINT @403
IMAGE $1i0li.

FRINT @3752

ENL

YEAR DEFRECIATION DERT LERT *3
EQULTY EQUITY" .
FAYMENT INTEREST S
FAYMENT EARNINGS”®

L1

USING 1710INsT3sDI2sI2 (N Y25 YA(N)

121

J "
YEAR EXFENSES TAXES REVENUE® $

FRESENT THRUFUT SERVICE®
RREQUIRED®

ValLUE KR cosT:

1200 y$40. 2D

L1

USLING 17803 X1( )y T2C(U) sRICH yR2CI) »RLISAL(D)

e

USING 1840:!R5G

20y * = LEVELIZED COST OF SERVICE®
4630

D-11
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APPENDIX E. Computer Runs for Economic Analysis of Natural Gas Storage
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S RB.C. INV, BASE GAS $2 NAT. GAS

9500000.00 ERECTED FLANT COST
1075000.00 OFERATING COST/YEAR
3080000.,00 THRUFUT/YEAR
0.10 COST OF DERT
0.15 COST OF FQUIY
0.46000 FRACTION HFET | INANCLT .
27,00 FPLANT LIFE - YEARS
00,4800 TAX RAITE
10868000.00 TOTAL DUFRECIABLL FLANT
$0.%4 = LFVELTZED COBT OF SERVICE -

& R.U. INV. BASL OAD $3 NAT. BAS

?o00000.00 URFCTED PLANT UOST
1500000.00 OPFRAT NG COLT/YEAR
308000000 THRUFUT 7 YEAK
Q.10 COST O iy
010 Tus) OF FRUTTY
0.,6000 FRATTIME UMY FIMANCED
27.00 FLANT LI - YEARS
0, 48300 TAX RATIC
108&68000.00 TOVTAL DUFRCCTARLL 1 ANy
$1.08 LEVED [0 COSY Ul SFRVIL

7 BCe ToA%UWRELL (D6T

14660000.00 ERECTFU I ANT COUT
20000000 OPTRATTING COST/YLAR
3080000.00 THRU'UI /7 7FAR
0.10 COLY Ob 0 R
Q.15 COST OF iy
0.6000 FRACTION T I'T FINALITT
D7.00 PLANT UL YEAK®
04800 ThX Kknll
L6202400.00 TOTAL DWERIMCTABIE HEANT
$0,97 = TEVELISLR LOSY OF SERVIC

8 B.Ce 1.3%COMFRESITUN CULT

13300000.00 ERECTEL FLANT COST .
200000.00 OFPERATING COST/YLak
J080000,00 THRUFUT /YEAKR
0,10 COST OF Ukt
0,10 COST OF 1Quryy
0.6000 FRACTION UEXRT FINANCLN
27,00 FLANT L1FE YEARS
0.4800 Tax RATF
15218200.00 TOTAL DEFKCCIARLE T ANT
$0.89 = LEVELLIZED COS) OF SERVICL

E-4
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? RB.Ce 1.3%LINES
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200000,.00 OFERATING COST/YEAR
3080000,00 THRUFUT/YEAR
0,10 COST OF DERY
0.15 COST OF EQUTTY
0.6000 FRACTION DLRT INANCED
27.00 FLANT 1LIFF - YEAKS
0.4800 TAX RaTlt
15329400.00 TOTAL BEFPRECTABLE IMLANT
$0.90 - LEVELTZED COST O SERVIUE

PO R OO KLINED

1800000, 00 I RECTCD PLANT CusT
20000000 UPPFRATLING CTOST /YT AR
3GRQQ00 .00 THRUMNN “YENAR
G130 LY M ey
D0 TOGT OF FLUY
QH000 FEACTTUN OFRY 0 Tihedct b
200 1T ANT LITFE - L als
Q4800 TAY HATF
1446437200.,00 TOTAl DITFRIFCTARL T PLAN)
3080 LIPVELTZEL COST OF Shieklod

11 Kol 1.3%70T0

166G, 00 TRIECITO FLANT CusT
SO0V .00 UL RATING LONTZYEGR
3080000.00 THRUWUT YL AR
V10 CULT O BRI
O 10 Tuul vl futtn
06000 TRACTION ull iy | Inarl U
27,00 PLANT L IFF YEARS
G A0 ThRY ROTE .
1830400000 10TAL THEPROUTAELL T ANT
Plovéd = PEUHEIZID COBT O SERVICE

J2 B.Co DEET JoATE -UY%
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13 B.C. DEBT RATE =18%

13100000.00 ERECTEDR FLANT COST
200000.00 OFERATING COST/YEAR
3080000.00 THRUPUT/YEAR
0.15 COST OF DERI
0.15 COST OF EQUTTY
0.6000 FRACTION LRI FINANCED

27.00 FLANT 1 IFE - YLAKS *
0.,4800 TAX RATL
15458000.00 TOTAL DEFRICIABLID PLANT

$1,05 = LEVFLIZFD COST OF SCRVICE

14 B.C. DFRT RATE =00%

1310000000 ERICIED FLANT CUsT
200000.00 OMERATING COST/YEAR
3080000.00 THRUFUT /YL AR
0.20 COLY OF QLG
0,105 COLT OF EQULTY
06000 FRACUTION HLEBI FINaRCLD
27,00 PLANYT LI E YEARS
0.4800 Tax RalF
TU929000,00 T0IAL PRI CLakLE I ART
1.4 LI LTZFu COST OF ushihwid

T R.Cy BLEY RATL » LB FRACTION O

TA100000 00 TRICTI D PEANT CUsT
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080000, 00 THIRUPUT 7YEAK
0.00 COSY O uLwl
0.1 COSKT OF T Wity
0.0000 FRACYTUN DL 1 INAUTL T
L5200 BEANY T IFE YAKS
0.4800 TAY KATI
TA100000.00 1QTAL WKL TARLE FEANI
$1.18 LEVLEIZ00 CUST OF skvivd

ta R.Co MBY TRACIION <00

13100000.00 ERECTEL PLANT COST
200000.00 OFERATING CUST/YLAR .
3080000.00 THRUFUIT /YEAR
0.10 COST O pLer
0.15 COUT OF EQUIIy
0.2000 FRACTION DR FINanNGT U -
27,00 PLANT LIFL - ARy
0.4800 TaxX RATE
138334600.00 TOTAL HEFRLTCIABLE I ANT
$1.09 LEVELTIZED COST OF SERVILE

E-6
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17 B.Cs DEBRT FRACTION =.95
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Z080000.00 THRUPUT/YEAK
0.10 CO8ST OF DRI
0.13 COST OF EVUTIY
0.5000 FRACTION IIRYT FINANCED
27,00 FLANT | IFE YEARS
0.4800 Tax RATF
1473750000 TOTAl UEFRECIARIT PLANT
.94 - LFVELIZLY COST OF SiRrvidl

18 r.Ue BT FRATTION - o0

3100000.00 ERECTLD FLANT COS)
20000000 OPCRATTNG COST YREAR
3380009 .00 THRUPUT 7Y Ak
O. 10 COST O 1w
O 186 0OGT O rRyIyY
B.8000 FRACIIE U 1 INANUET
Y200 BLANT LIFE - vITARkY
04800 Ta¥ ATI
1L405LO0 .00 TOVAL DEIREETAFRLT 1 A
b LEVILEZRO Cust ol wh v

fury

19 KoL, LQUT 1y kol "%

LI310000G .0 FRICTED FLANT Ut
20000000 OFERATING COST7YEAR
308000000 THRUFUT “YFAR
03¢ CULY O (FRT
0.00 COST M Lwlf
GO0 TRACYION DFL 1 Midsera
2700 TTART LLILE TLles,
Q4800 TaAX KNI
1435760000 TOTAL OLEFRFLIARLD 11 and
HOC0HG - LLEVLE ESEI L st ol SERVITC

20 B.Co FRUITY RATIT= 10%

1310000000 ERECTEL FLANT LGUSH
200000.00 OFERATING CUST YL AR
3080000.00 THRUI'UT 77! Ak
Gl COST UF OFE:
010 TCOYT OF FQUBHY
06000 TRACTION T A1 T EHNANCED
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21 B.C. EQUITY RATE = 20%

13100000.00 ERECTED FLANT COST
200000.00 OFERATING COST/YEAR
3080000.00 THRUFPUT/YEAK
0.10 COST OF DERT
0.20 COST OF EQUITY
0.6000 FRACTION DERT [MINANCED .
27.00 PLANT LIFE - YEAKS
0.4800 TaX RATE
15300800.00 TOTAL DERPRECIABLE 'l ANT
$1.06 = LEVELIZLD CORT OF SERVICL -

22 BR.Co CONSTRUCTION TIME =1 YEAK

13100000.00 ERECTED PLANT CUST
200000.00 OFPERATING COST/YEAR
3080000,.00 THRUFUT/YLAR
0.10 COST OF DERT
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27,00 FPLANT LIFE - YELA&RY
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14043200.00 TOTFAL DFFRECIARBLE PLANT
$0.83 - LEVFLIZEW CasT OF SLRVIC
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4500000, 00 OP'ERATING COST/ZYFAR

YL INTIRN 414

vel0 COST UF
Uaihe OB T

THIRUFUT /YE AR
W HT

or FQULTY

CeenO0 P RECTION DERT FINANCE L

VO0G PLANT

(P A0

a0y Oy

F1 e

LIFE

Fax RATL

TOYAL IFPRITCTARLE FPLANT
PEVELTZED CUST UF SERVIU

= YEAKS

E-10




2/80

3 R.C. ARUIFERs INV, FXF. NAT. GAS

39500000.00 ERECTED FPLANT COST
5000000.00 OFERATING COST/YEAR
6600000.00 THRUFPUT/YEAR

0.10 COST OF DERT
0.15 COST OF EQuiy
0.6000 FRACTION DB FINANUED
27.00 PLANT L IFF - YFARS
0.4800 TAX KRATY

45188000,00 TOTAL DFFRFCIARIE LANT

$1.90 - LEVILIZED Cust OF OFRVIC

o B.Co ARUIFFERyINV. X ol e GALy LS GHY
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bule 1l LEVULLTZM COLT OF SFRVIT
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9 AQUIFE

71130000.00
1200000.00
6600000.00

0.10
0.15
0.6000
27.00
0.4800

81372720,00

$0.04

™
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0.4800
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6600000.00
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$1.6Y
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FRACTION DI
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TOTAL DLFICTARI L FLANT

- LEUILIZLU CUST OF S1KVIGE

FAINANCED
YEARS

Co7% INI Y

FPRECTHU FLANT LOST
OFFRAT NG DUSTSYFAR
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s kATt
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=3
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s
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FRELTE O B Adi
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LEVELIZT 0 COT O VT
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O SRVl
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13 AQUIFER v RB.C.s DERT RATE=15%

65100000,00 ERECTED PLANT COST
1200000.00 OFERATING COST/YEAR
6600000,00 THRUFUT/YEAR

0.15 COST OF DEBRT
0.15 COST OF FQUITY
0.6000 FRACTION UEBT FANANCED
27,00 PLANT LIFE TEANRS
0.4800 TAX RATE

76818000.00 TOTAL DEFRFCIARLL PLANT

$2.47 = LEVLLIZEDR COST OF SERVIUI

14 DERT RATE - 20%

65100000.00 LIKECTED FLANT COST
F200000.00 DITRATING COBY/YFaR
6600090.00 THRUFUTZYENAK

0,20 COST OF g
G 1D COLT U EQUITY
0.6000 FRATCTION M ET Firkddi Ll
SFLG0 M ANT 1LIHS AL
0.4800 Tha RATL
AP21E614600.00 TUTAL DEFRECTIARLE ' ANT
2,20 - LLUYFEIZE G COLY OF SERVECE

LS DERT WaTh e WEL ThAL YN <0
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GL00 TUOu OF IR
U1 CUSLT U FULHE T,
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$ 0, 8 - LEVLIITRG (S uf st

16 LFET A0 TuN e
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17 DERT FRACTION =0.5sAQUIFERNAT., GAS

65100000.00 ERECTLD FLANT COST
1200000.00 OFPERATING COST/YEAR

6600000.00 THRUFUT/YEAR -
0.10 COST OF LERT
0.15 COST OF EQULTY
0.5000 FRACTION DIRT FINANCED
27.00 FLANT LIFE - YEAKS ’
0.4800 TAX RATE
73237500,00 TOTAL DEFRFCIAERLE PPLANT
$2,20 = LEVCLIZID CUST OF 81 RVICE
18 DERT FRACTION =0.8

65100000.00 ERECTED FLANT COST
1200000,00 NIFR&)ING COST/YEAFR
H500000.90 THIUFUT./YEAR

0,10 COST OF DFERT
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21 EQUITY RATE
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EB.C.
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S

SALT DOMF NATURAL GAS SERVICEsBASE CASE
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9 ReCo
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9 R.C. 1
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13 R.C. DERT RATE=15X
17100000.00 ERICTED FLANT COST
J50000.00 OFERATING COST/YEAR
6200000.00 THRUFUT/YEAR
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17 EB.C.

17100000.00

350000.00

6200000.00

0.10

0.15

0.5000

27,00

0.4800

19237500.00
$0.67

18 RB.C.

17100000,00
350000.,00
6200000.00
010

0.1
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0. 00
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COsT oF bwnay
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FLANT LITL ARy
1AX RNATE
1OTAL DIPRLCTARLE RLANT
- LEVELLZI U TO8T 0F 81 RVICE
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21 EQUITY RATE =20%

ERECTEDR FLANT COST

OFERATING COST/YEAR

THRUFUT/YEAR -
cCasT OF DFEBT

COosT OF FQULTY

FRACTION DERT FINANCED

FLANT ) IFE - YEARS -
TAX RATF

TOTAL DEFRIPCTARLE
LOVED TZEDE COST OF

17100000.00
350000.00
6200000.00
0.10

0.20

046000
27,00
0.,4800
19972800,00
$0./70 =

PLANI
SERVICE

CONSTRUCTION 1M =L YEAK

22 K.C.
ERECTED ' ANt CosT
OFERATING COST, YL AK
PHILFU T 7 YEAR

1710000G.00
L0000, 00
6200000,00

0.10 COST Q" BERT
0.1% COLT OF 1 QULYY
0.,4000 FTRACTIUON IERT FLHANLED
27,00 PLANT L1HE - YLARS
04800 TAX RATE
18331200.00 TOTA DFPRICTAKLE FLANT
$O 00 - LEVELTZL0 COST OF OFRVICE

rEaky

CONSTIUCTION Tl - 2

23 RO

1/100000.00
3U0000, 00
6200000.00
0,10

0,15

G 6000
D700
0.4800
189446800.00

*(‘0 rl/“

LS4 RO

17100009.00
17L00G0. 00
6200000,00
Q.10

0135

0. 4000
27,00
0.,4800
19%62400,00

»
(4]
P00 = LEVHILIZED COST

P CTED FLANY COST
OFt RAET ING COST - YILAR
THRUFUT 7Y1LAR
Cosrt or vl
COosT ur rauln
FRACTIUN DX
PEANT LI - Y ARS
FAX KRATF

F 1N It

TOTAL UFFRECIARLY T LA

< PRV TZ200 COsT O

OFFRATING CUGT, 2

ERECTED FEANT LU
OFFRATING COS) YEAR
THRUFUT /YEAR

CasT ol b Ry

COsST aF rQuhyy
FRACTION DERY
FLANT LTIF -
TAX KATE
Tarsl rkLeT

YI'ARS

BLE
or

E-22

SHERVIE

FANANCTE b

FLANT

S RVICH
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25 SALVAGE VaALUF FOR RAST GAS IN YEAR 27

17100000.00 ERECTED FLANT COST
350000.00 OFERATING COST/YEAR
~672000.00 EXTRAORIINARY ONE TIME EXFENSE
27.00 YEAR OF EXTRAORDINARY EXFPENSE
4200000.00 THRUFUT/YEAR
0.10 COST OF OFRI
0.15 COST OF EQUITY
0.46000 FRACTION DIFET FINANCED
27,00 PLANT LIFE - YEARS
0.4800 TAX RATE
19L62400.00 TOTAL DEPRICIGRLE PFLANT
$0.598 <« LEVELIZFN COST OF SCRVUICE

26 A5 PLANNCIE OR RUT Ty ASSUMED FINANCINGy | OW OGN RATING COST

16255000.00 ERLCTFD FLANT COST
188000.00 ONLRATING COST/YLAR
HJ00000.00 THRUFUT/YEAR
Q.10 COKT OF uLwl
0. 15 CUST OF QUi
Q0.6000 FRAUTLON TERT T InANCT I
27200 P ANT L LEE TFALS
O4AR00 TNX hATL
18020L720.00 TOTAL I RICTakl L L ANy
E ORI PLURL LT 0 TO0LT U SRV

SOoRUE 0SS WITH HTGMHE B ubb ST LHG CusT

1oltNdud 00 PRELHTY T ANt CubT
34200000 OPRERATING COSY Y 4k
00000, 00 THRUUT, YEAK
010 LOGT O LRI
O 00 UOn b fautry
N OOu FRACTTON OF 8T FINATUFD
Q700 FLANT LT Yi.aks
O, 480y THL RATH '
THLRLZ20,00 1aral D Pd ¢ iatl B FLAN])
PO - LTYENTZED LULT OF SFRVILE

E~-23
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EXCAVATED

52000000,00

S00000,00

8000000.00

010

0.13

0.,6000

27.00

0.4800

59488000.00
$1.30

2 RASE CASE(R.Ce) s

S4000000,00

500000.00

8000000.00

010

()ojb

0.6000

27.00

0.4800

617746000.00
$14:'\J

3 B.Co &
6000000, O
S00000, 00
8000000 .00
Q.10

015

Q. H6000
2700
0.4800
64064000.00
$1.40

4 1INV,

500060000.00
750000.00
8000000.00
0.10

0.15

0,46000
27,00

0., 4800
97200000.00
$1.09

E

CAVERN NATURAL GAS SERVICE BASE

ERECTED PLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR
COST OF DEEIT
cast OF EQUITY
FRACTION DEBRT FINANCED
FPLANT LTFE ~ YEARS
TAX RATE
TOTAL DEPRECIARLE FLANT
= LEVELTZED COST OF SERVICF

$2 NAT. UAS

ERECTID FLANT Cust

OFERATING COST/YEAK
THARUFUT ZYEAR

COST OF DEERT

oSy O FQUITY

FIATCTION DERT FINANCID

FLANT LITE - YLARS

TaY RAT

TOVAL DFFPRELIARE FLAMT
= PP LTZED COST OF SERVIUE

S NaT. GAS

ERLOCTLID FLANT C0b)

OFLCRATING CUST/YEAR

THRUUT /YEAK

COsT OF DERT

Cosy or CQutry

FRACTION DIFRT

PLANY 3 E -

Tax RATE

TOTAlL DEFRECIARLE
= LEVELIZLD COsT

I"TNARCE T
VHARS

FLANT
OF SERVICE

XF. BALE 06ASy %1 (AN

CRECTED FPLANT COST

OFERATING COST/YEAR

THRUFUT/YEAR

COST OF LERT

COosT OF EQULTY

FRACTION DERT FINANCED

FLANT LIFE - YEARS

TAX RATE

TOTAL DEPRECIABLE FLANT
= LEVELIZFD COS8T OF SERVICE

E-24
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5 EX.

50000000.00
1000000.00
8000000.00

0.10

0.15

0.6000
2700
0.4800
U7200000.00

$1.32

6 INY,

G0000000.,00
1200000,00
8000000, 00

010

015

0. 4000

27,00

0.4800

LZVQQO0C A0
1.4

/‘ f\‘r k3

5300000 00

SO0, 00

Boo00V0 .00

O30

0.1l

GuHNOG

S0 00

0. 480y

&H&L204000.00
$1.31%

8 k.C. ©
S2400000.00
L00000.00
g00000%, 00
Q.10
0.18
05,6000
27,00
04800
G9P45600.00
P12

CAV.

Ex

INV.EXE,

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT /YEAR

cCOsrT OF nCwer

casr OoF LQuITY
FRACTION DERT FINANCED
FLANT | 1FE - YEARS

TAX RATE

roral WFFRECTABLE P AN
LLYFLLIZED COsT OF

Fo RASE GALy $3 GAY
ERECTLY FLANY COST
OrERATING COS) Z/YESR
FHRUBUT ZYEAR
Lust oF e
COsT 0OF taurry
FRACTTUN D-RT
oot 1 1RE
Max RATE
farnl BEFRFCTARI L
PRV FSLTE COS)

PFIMGNCE I
- LAk

INELI A
ur

1o BkGUREACE TUUTEmIrNT
ERFOTEW PLANY COGT
OFT RATTANG LUST AT AR
VHESURUT - rloak

COuT OF OF B

COUT UF bdU Ty

FRADT TN TF 1
FYANT L3R

Fax RKATE
Fural uFbR CTaRLE
LEVEDJN O CUsT OF

Finnieh v
rEARY

FLANT

o ZASURT AU T QU LEHME N

ERECTEX FLANT Cudt
OFERATINUG LUST/YEAR
THRUFUT 7 ¢t Ak

cosr of

casr ob FQuiny

FRACTION OF W1 FTdanti o

PLANT T IHE - YEARD
s Rkadlk
TUTAL OEFRICTIARLE FLANT

LFULE LZru COsST O

BASE 0ABs$2 GAS

SCRVICE

SRV

SEReL

SERYfECE
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i1 R.U.

6/000000.,00

30000000

8000000.00

0.10

Q.15

0.,6000

27,00

0.4800

76548000.00
$1.66

12 BoCe

52000000,00
H00000 .00
g000000.00
0,00

0.15%

0, 6000
27,00
0.4800
5746160600, 00
$1 40()

1.3%T7071AL

ERECTLD FEHANT COST
OPERATING COST. YEAKR
THRUFUT/YEAR

COsT OF DE®RT

cosTt OF EQUITY
FRACTION DEET | INANCED
FLANTY LIFI - YEARS

TAX RATE

FOTAL DEFRITCHABLE ' ANT

= LEVELIZFD COUT OF SFRVICE

WRT RATH =52

LRECTLI FLANT COST
OFITRATING COUSTAYEAN
THRUDUT <YE Al

CUST OF DE®R)

COsST OF FQUITY
FRACTIUN TERD FINANCE
FLANT LIFED - YEARY

TAX RATF

FOTAL GEPRECTARLE FLANT

= LEVELIZEU CO8T O sMRVICL

E-26
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13 B.C,

52000000.00
500000.00
8000000.00
0.15

0,15

0.6000
27.00
0.4800
613460000.00

DEBT RATE = 13%

ERECTED PLANT COST
OFERATING COST/YEAR
THRUFPUT/YEAR

COsT OF DERT

cosT OF EQUITY

FRACTION DERT FINAGNCED
FLANT LIFE -~ YEARYG

TAX RATF

TOTAL DEPRECLARLE FLANT

$1.57 = LEVFLIZID COSYT OF SERVICE

14 DERT

52000000.00
G300000.00
8000000.00
020

0.15%

0.6000
27.00
0.4800
LAD232000.00

RATIC = 20 %

ERECTED P'LANT CO81Y
OFERAGTING COST/YEAR
THRUFUT 7YTAR

cosT ar put

COsT OF FQUITY
FRACTIUN DERY FINANCID
FPLANT LIFE - Yialky

TAaxX kAT

TOTAL NEFRECIABLE LANT

$1.00 < LEVELLIZED CuUS) ub SkRVUICKE

19 DERT

52000000.00
S500000.00
8000000, 00
0. 00

Oojf:.l

Q0000
27.00

(. 4800
G2000000.00

$1.74

1o OFRT

B2000000.00
S00000.00
8000000.00
0.10

0.15

0. 2000
27,00
0.4800
54912000.00

$1.63

e TE e B R FRACTIUN =

LRFUTED FLANT CUst
DEEZRAT ING COST/YEAR
FHRUFUT/YEAR
cosy or aFgpid
COsSy ar LQUITy
FRATIION I RV 1 INANCED
FLANT LI - YEAKS
Tax ATl
YOTAL DHRECTARLF T ANT
= PEVHE 2N 0 COST OF S RVICE

FRACTION=0,2

ERECTED FIANT COST

OFERATING COSTSYREAR
THRUFUT AYEAR

cosy OF DLET

COST OF FQULYy

FRACTTUN UITRT FINANCT U

FLANT LLIFF - 1P ARG

TAX RATYE

TOTAL DEFRECIARLF FLANT
- LLVFLIZIED COST OF SERVIUE

E-27
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17 DERT

S52000000,00
S00000.00
7000000.00
0.10

0.15

05000
27.00
0.4800
O8500000.00

$1.,3%9

18 nRY

S2000000.00
00000, 00
800000000
Q.10

Qe t’

QL8000
2700

(1. 4800

R I REIRLVLEIVIND I

$1.14

1w k.U
NI TITC IR IV 1€
LIS TSI TS PRSIV
QOGO Ol
(0. 1

O3.00

O em OO0
D700

O 4R00
Ley?2000.00

$0 00

PRI COVE N

7000000 .90
LQOU0G . Q0
BAOINDG 00
0,10

G 10

Lo NN 41474
D700

0 A80G

UL G0N0 L 00

+1.04

FRACTION = 0.5

ERECTED FLANT COST

OFERATING COST/YEAR

THRUFUT/YEAR

COST OF DERT

COST OF LOULTY

FRACTTON UEKT FINANCET

FLANT LIFE - YEARS

TAX RATE

TOTAL DEFRFCLARI E
+ LRV TZED CO8)

FLANT
OF SCRVICE

FIGCTION =0.8

ERECTLD FLANT COS8T

QFERATING COSTA/YEAR

THRUPUT 7 YEAR

CusT OF OREGT

COsT OF EQUTTY

FRACTION DITRT FINANUET

Fhant LIFE - YEAKRS

THX RATE

1O0TALL DEFRECTARIE
- PFVED [ZEW COST OF

FEANT
SERVICF

EQUITyY RATE -G

PRECTED PLANT COST

O RATING CO8Y /YFAR

THRUFUT/YLAK

COLY OF DERT

ChsT OF FQUITY

FRACYION LI &)

PUANT LIFE -

Tax Ralt

TOTAL DEFRMCTIABLE LANT
FPIVELIZED CusT OF SERVICH

FIMNANCE O
YEARS

ERUlny kall. 10%

ERFCTED FLANT COS)

OFERATING COSTAYEAR

THRUTUT 7 YEAR

COST OF LERT

COST OF LQUTTY

FRACYION DIRT 1 INANCLT

FPLANT TR - fTaRs

Tax RATE

roral DEFRECIARE
- LEVEL LZED COST OF

FLANT
SERVICE
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21 R.C. EQUITY RATE=20%

52000000.00 ERECTED FLANT COST
S500000.00 OFERATING COSI/YEAR
8000000,00 THRUFUIT/YEAR
0.10 COST OF DERT
0.20 COST OF FRUITY
0.6000 FRACTION DERT FINANCED
27.00 FLANT LTIFLD - YEARS
0.4800 TAX RATE
60736000.00 TOTAL DEFRECIARLE FLANT
$1.09 = LLVELIZED COST OF SERVICH

D2 RBLOCOCONSTRUCTION TTHEL -1 Y1 AR

S52000000.00 ERFCTED FLANT CO8)
500000.00 OMCRATING COST/YEAR
8000000 . 00 THRUI'UT ZYE AR
V.10 COLT OF DLET
0.1%5 COST OF EQULTY
Q46000 FRACTIUN DERT FIHANCED
2700 FLANY D 1FE - YEREARS
O0.4800 THX RATF
5744000.00 TOVAL OFFRICIARLE FLAMNI
$1.7% PRV TZED COST of SFRVICE

2F R0, CONSTRUUCIION TIML o LARE

52000000.00 LKECH U FIANT LUST
500000, 00 OPFRATING 1POST/ZYF AR
8000000,00 THRUMUIT ‘YEAR
0.10 COS1 UF [CRT
0,15 LOST OF FOUITY
0,&000 FRATTIOW T BT FINANUL I
27,00 PLANT | I VI AKS
0.4800 Thx RAITE ’
761600000 TOTAL OFFRECIARI L ['LANI
$1..00 LLVLLIZID Cus) OF SFRVICE

24 BH.U 2500 11, EXCAMNTTUN DEHIH

GR000000.00 ERECTIEL FLANY CUBT
S00000.00 OFERATING CUST/YEAR
8000000.00 THRUFUT/ YL AR
Q.10 COST O DL
0,135 COST OF FQULITY
06000 FRACTION DURT FINANCTD
27,00 FLANT 1 IFE - YEARS
0.4800 TaX RATE
H2920000.00 TOTAL UVEFRECTARIE HLANT
$1.38 = LEVELIZED COST OF SERVICE

E-29
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25 B.C.

30000000.00
500000.00
8000000.00
0.10

0,13

0,6000
27.00
0.4800
57200000.00

$1.26

26 R.C.

49000000.00
S500000.00
8000000.00
0.10

030

Qe HO00
Q700
0.4300
96056000.00

$1.23

A7 RBLGCLAL00F T,

4400000000

S00000,00

8000000.00

0.10

0.15

0.6000

27,00

0.4800

50336000.00
+1.11

28 B.C.

47000000.00

F500000.00

8000000.Q00

010

O 15}

0.6000

27.00

0.4800

53768000.00
$1.18

2500 FT. ROCK AND MINER
ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

COST OF DERT

COST OF EQULTY

FRACTION DERT FINANCEN

FLANT LIFE - YEARS

TAX RATE

TOTAL DEFRECIARI E FLANT
= LEVFLIZED COST OF SE

4500 1 T, EXCAVATION DEP
ERECTEDN 'LANT COSIT
OFMERNATING COST/YEAR
FHRUBUT/YF AR

COsT OF DUERT

cost OF FQULYY

FRACTIUN DRBT T INANCLD

FlaMt L1FE - {EARS

X RATE

Taral DEFRFCIARLE L ANT
FEVELIZED COST OF SE

OGN AND

FRECTED PLANT CUST
UFFRATING TOSY /YRR
THRUTUT /Y EAR
cosr O DEW)

COs Uk sdi
FRACTION OLEYT FINANCED
FMLANT LI tEARs

Tax Katt
Taral orERPFOTINRLED PLANT
= LRUILIZLIY Lu&sY OF 8r

3400 Fl. WITH ROCK ANI

ERFCTED FLANT COST

DIMERATING COST/YFAR

THRUFUT/YE AR

COsSY OF DLEI

casr or Laulry

FRACTIUON Tih17

FLANT LIFT
TAX RATE
TOTALL OFPRECIARLE FLANT
S TVELTZLD COST OF Sk

FINANCI T
YEARS

CREDITS

RVICE

TH

RV Ik

Minkie CHETETE

IO N

XRERIEEN

YT

CRILUI TS
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29 EX. CaV, B.C.» OPERATING COST/2

L2000000.00 ERECTED FLANT COST
250000,00 OFERATING COST/YEAR
8000000.00 THRUFUT/YEAR
0.10 COST OF DRERT
0.13 COST OF EQUITY
0.46000 FRACTION DERT FINANCED
2700 PLANT LIFIL ~ YEARS
0.4800 TAX RATE
U9488000.00 TOTAL DEFRECIABLE PLANT
$1..27 = LEVELL1ZID COST OF SFRVICE

30 R.Ce OFERATING COSTX2

52000000.00 ERECTED FLANT COST
100000000 OFFRATING COST/YEAR
S0000w0 .00 THRUFUT/YEAR
010 BOST OF DERT
010 COST OF EQUITY
0.AH000 FRACTTIUN DERT FINANCED
SN0 PLANT LIFE - YEARS
0.4800¢ TAX RATE
LY488000.00 TOTAL BEFRFUTARLL PLANT
#1047 = LEVELIZED COST Ul SCRVICE

A1 KU o SALVAGE VALUE | OR RASE GAS TN YEAR 2/

5200000000 LRICTUL PLANT COT
GO00VQ 00 UF AT ING CUSTAYE &k
=2000000,00 FXIRAURIINARY ONE TIME EXM NSF
27,00 YLAR OF FXTRAORUINARY EXPFRNSE
000000, 00 THRUIMUL/YE Ak
G 0 CUSYT OF BRI
.15 LOST OF FQUTTY
0.6000 FRACTION W KT FINANCED
3200 PLANT LIFE - YEARS
D.4800 TAX RNTE
UNAREO00 .00 TOIALL DEPRECLARIE FLANT
%130 FEVEL 12N CUST OF SCRVICET

E~31
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APPENDIX F. Computer Runs for Economic Analysis of Hydrogen Storage
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DEFLETED FIELD H2 BASE CASEs TYPE 2 OPERATION

18300000.00 LRECTED FLANT COST
26L000.00 OPERATING COST/YEAR
L/700000,00 THRUMUT/YEAR
Q.10 COST OF DRERT
0.15 COST O EQUITY
0.46000 FRACTION DERT FINANCED
"7.00 FLANT LIFE - YEARS
G aB00 TaX RATE
S0030 0000 TOTAL DEPRECIARLE FPLANT
$2.21 = TDVELTZED COST OF SERVICE

"B %4 HD

1450000  ud) LRECTED PLANT COST
L26L000.00 OFERATING COST/YEAR
170000000 THRUFUT /YEAR
G 1o LUS e DBERT
O lL LOTT QF FQuUITY
AL ad00 TRAUTION BERBRT FINANCED
Yo PLANT LTFE - YEARS
Yo daen) IAX RATE
G Y000 00 TUTAL TEPRECTABRLE FLANT
4131 FPUVELLIZED COST O SERVICE

bt L1 e

RO o0 TRECTLY PLANT COST
setrn 0 DR IFATING COST/ZYEAR
Towudne B0 THREUFUT /YEAR
o 1O CasY U DERT
oo Cun T U FQRUITY
Coenuy fRACTLION TTRT FINANCED
SUeni o LAY LIFE - YEFARS
Dad =70 10D RAT
ACaN T e TATal BWRPRECTARLE T'LANT
1100 PLVELIZED COST OF SERVICE

bR oL, INVENTORY LXPINST BASE H2 GAS

Vo000 00 ERECTUD FLANT COST
V0w 00 UFERATING COST/YEAR
I 'wnoun GO THRUFUT Z/YEAR
G.10 COLT OF DERT
1% COSTY OF EQUITTY
Das0) | RACTIUN DFRT FINANCED
G0 PEANT T THE - YEARS
O 3o 1AX RABTE
Beoae N0 1Al MIFRECTARLE FLANT
e, - LPVELIZEDR COST OF SERVICE

F-3
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5

7600000.00
11258000.00
1700000.00
0.10

0.15

0. 6000
27.00
0.4800
8494400,00
$1.52

* Fan

& INVENTO

7&00000.00
348000000
1700000.0¢
0.10
Q.10
00000
2700
Qo400
3494400, 00
$0, 70

PAND LIPS PR
1920000000
265000 00

[ 7EN0O00 00
010

(s ] il

06000
27,00
0.4800
21764800,00

$2.31

8 BOCQ 1O

18950000.00
265000.,00
1700000,00
0.10

0.15

0.6000

27 .00
0.4800
21621600,60

§

+ uy

INVENTORY EXFENSE BASE H2 GAS»

$4 H2

ERECTED FPLANT COST

OFERATING COST/YEAR
THRUFUT/YEAR

COST OF DERT

COST OF FQUITY

FRACTION DERT FINANCET

FLANT LIFE - YEARS

TAX RATE

TOTAL DEFRCCIABLE PLANT
LEVELIZED COST OF SERVICE

hyY EXPENGE BASE 12 GASs

ERCCTED PLANT COST

OFFRATTING COST/YEAR

THRUPUT 7YEAR

ranst OF DERT

Losty OF EQUITY

FRACTIUN IHTRT FLINANCED

PLANT 1 IFE YHFARS

TAX RaTE

10TAL DR RECTARLE FLANT
= LEVELLIZED COST OF SERVICE

IRUED LS

ERECCTED FLaNt COsT
O RATING COSTZYFAR
THIRUIUT YT AL
CUST UF LERT
CUsT OF LQULTY
FisaUTION DEET
FLANT 1 1D
TAX h&TE
107AaL W RLCTAREL 'LANY

= PEVELIZLY LOST OF SERVICE

ITINANCED
YLARS

SkCOMPRESSION COST

ERECTED PLANT COST

OFERATING COST/YEAR
THRUFUT/YEAR

CO8T OF DERT

COST OF EQUITY

FRACTION DERT FINANCED

PLANT LIFE - YEARS

Tax RATE

TOTAL DEFRECIABLE FLANT
LEVELIZED COST OF SERVICE

F-4
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? B.C.

18600000,00
265000.00
1700000.00
0,10

0.15

0.6000
27,00
0.4800
21278400.00

1.

$2.20

10 R.Ce D

18000000.00

LEG000.00

1/700000.00

Q.10

() * ] f.‘

0., 6000

2700

Q. 4800

2OLYI00H .00
$2.18

i mr.Ce 1

20700000.00
20000000
1/00000.00
010

0. 10

0.6000
2700
0.4300
234680300,00
$2.48

DEF. FLEL
18300000.00
265000,00
1/83000 00
.00

015

06000
2700
04800

2OV 76400.00
$1.72

JkILINES

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT /YEAR

COST OF DERT

cosrt oOF FQuUITY
FRACTION DERT FINANCED

FLANT LIFE - YEARS
TaX RATE
TOTAL DEFRFCIABLE FPLANT

= LEVELIZED COST OF SERVICE

+ FRLINES

ERECTED FPLANT COST
OPLIKATTING COST/YEAR
THRUBUT/YEAR
Cusr OF DERT
cusy OF EQUITY
FRACTION DERT FINANCED
FLANT LIFE - YEARS
1AX RATE
TOVAL DEPRECIABLE PLANT

- LEVELIZED COST OF SERVICE

+3XTOTAI

ERCCTFD FLANT COST

OFFRATING COST/YEAR
THIRUFUT 7 YE AR

COGT OF DWRT

cosT OF EQUITY

FRACTTUN DEET FINANCED

FLANT LIFE YEARS

FAX RarlF

TOTAL DEPRECTARLE FLANT
LEVILIZEUD COST OF SERVICY

DHS BeCosEUT RATE =LY
CRECTED FLANT COST
OFERATING COST/YEAR
THRUBUTZYE AR

CosT OF DEBRT

CostT O kQUITY
FRACTION DEoT 1 TRANCLD

FLANT L THE - YFARS
FAX KATE
TOTAL DFFRECTARLE L AN]
= PEVENTZED COST OF SERVICE

F-5



2/80

13 nEP FTELDs R.Ce NERT RATE=15%Z

18300000.00 ERECTED FLANT COST
26G000.00 OFPERATING COST/YEAR .
178G000.,00 THRUFUT/ZYLAR
0.13 COST OF DERT
0.15 COST OF kQUITY
G.6000 FRACTTION BERT FINANCED »
27.00 PLANT LIFE - YFAKS
0.4800 TnX KATE
2109400000 TOTAL BEPRTCCTABLE FLANT
$2. 04 FTVRLIZED CUST OF SERVICE

14 DFRT kalk Q%

1B300000.00 FHEOCILU FANT CUYT
2H5000,00 UF Mol ENG CUY S YEAR
1735000 ol THEU D YRAR
G0 V0L T U L
O M5 Lun)y ey
O a000 T RACTTENE BE BT L IENANCT B
D200 PLAMNT T IFL - YLnaky
Oeddon Thaa RaTt
QR202300 00 FOIAL T PRIPCTAT L B ab)
bale 7 Py L7 ngul abf gFrVICI

P4 v, U BERY BAth o TR TR TTUR

L0000 LREUTE U T olT Losh
Labudd ou gl RN LHGL TUSY Sk nlke
1 28L000 . du THERURUT Y nlk
D00 Lav T O wey
G 10 CDw OF FRutb
00N FEAarThud 1R JHANULE B
Q00 PLANT T th iRy
Ve AR00 1N il
1830000000 10 AL VLI'RECTAUEE PLONT
$Oet? PEVFLIZED CULE UF SERVICE

Lo ReCs MMRY FRATTIUN O

18300000.00 LEFCTIDN PLANT U
265000.00 OFERATING CusT/YLAR
178L000 .00 THRUILIT/YEAR
.

0,10 COLY Al uLtd
0,15 COST o FQUI T
O 2000 FRACTTION W R L IHENCE T
27,00 PEANY 1O VE e
0. 4800 TAY RATE
1932480000 TOTAL UL RECTIAWF 'L AN
$12eH0 - LLATLI D CUST OF SERVICK

F-6



2/80

17 DEF F

18300000.00
265000.00
1785000.00
0.10

0.135

0.,3000
27.00
0.4800
2058/000.00

$2.00L = LEVELIZED CUST OF SCRVICE

18 B.C

18300000.00
265000 .00
1785000,00
G 10

OoJFJ

0.8000
27.00
Q.4300
215.20800.00

$1.230 PIPVLT T2 COST OF SERVICE

IELD R.C.s DEBRT FRACTTON=0.5

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

COST OF DFRT

COST OF FaQulTy
FRACTION DHERT FINANCED
FLANT LIFE - YLARS

TAX RATE

TOTAL DEFRFCIABLF FIANT

DERT FRAUTION =0 .8

ERIECTED FLANT CO8ST
UFERAT LG COUBT /YL AR
VHECUE U 2 YE AR

cOsT oF nmw

CUust ur EQuUiTy

FRACTION UFET P IMANUTD
PEaNYy LTEE - YFARD

YA hitk

TOTAlL DEFRFUTABLF FLAN)

E.C. bQUT Y Ratft =000

18300000, 00
26500000
17805000, 00
010

0,05

0,000
2700

0, 4800
200L4800.00
1.3

SO HLGe

18300000,00
26LOOD 00
1785000.00
Q.10

0.10

0.6000
27,00

0. 48040
JOARE000.00

$1 .09 - PEVFLIZFD COST OF SERVIGT

ERECTEL FEANT LOST
OFERATTHG CO»1. YRk
THRUEUT 2 YT Ak

COST OF W kT

COsST OF LUl

FRACTTON UFHT T INANCT D
Flanty LIPE Vi NRE

Fax Ra Il

TOTAL T FIECTAREF FEAMT

J PRFUELIZED CusT OF SLRVILE

FQUITY RaTT %,

ERECTEY FLANY TUST
OFCRATING COST S YEAR
THRU'UT/ZYEAK

COST OF MwRY

COST OF tQUITY
FRACTION UFET 1 INANCED
FLANT L ITFE - YEARS

TAX HATT

TOTAL MMTTRICTIABET P AN



2/80

21 k.G,

18300000.00
265000.00
1785000.00
0.10

0.20

0.6000
27.00
0.4800
21374400.00

$2.55

L.C.

18300000.00
2465000.00
1780000.00
010

de 10

0.5000
27,00

0. 4800

760000

174

$1.58

23 Babe

8A00000 00
2ELR00 00
L78U00w. 00
O30

.15
Q6000
2700
04800

27040000

H.le 04

o4 kR.C.

18300000.00
130000.00
1785000.00
0.30

0.15

0. H000
27.00

0. 4800

SO IG000, 00

52,038

CONSTRUCTION

EQUITY RATE =20%

ERECTED FLANT COST

OFERATING COST/YEAR

THRUFUT/YEAR

COST OF DERT

cosr OF EQUITY

FRACTION DERT FI1NANCID

FPLANT LIFU YHARS

TAX RATE

TOTAL DERFRICIABLE
S LEVFLIZED COST

FILANT
Or SERVICE

PTHME YAk
ERECTLIE L ANT Lo
OFERATING COSTAYEAR
THRUI'U L ZYE sl

cosy or M ul

(OsT ar rauisy
FRACTION 0E BT FINANCED

FLAakTy Lirh -yt AaRg

ax Ratl

TOTAL DEFRLCIABTF FEANT
LEVEDNFZE O CO8Y OF SERVIUF

ik ok éako

CONSTRUUTTUN

FRECTLL RLANT Cunld

OFLRATING CO8T/ 1 Ak

FTHRUERLT . YA

cOost 0F oul

COsT OF Uy y

PRACTTUN T FT FiINanNGTD

FLANT 11T viales

Tédx Ratk

Taral IR0 TANN
PHPVELTZED €08

it
Lt SRV

UPERATING CUBY 2

ERFCOTED PANT L0
OFERATENG COO) AYEAR
THRUEUT (E Ale

CosT Or w.pi

cast Or tauin

FRACTION W BT INANCL D

FEANT TR - YEAKRS

rax KRAVF

TOTAL OFFRECEARE AN
SHREVLLESED TOSY OF SPRVICE

F-8




2/80

25 H.C SALVAGE VALUE FOR BASE GAS 1IN YEAR 27

18300000.00 ERECTED FLANT COSY
265000.00 OFERATING COST/YEAR
~-10700000.00 EXTRAORIINARY ONE TIME EXPENSE
27.00 YEAR OF EXTRAORDTINARY EXFENSE
1785000.00 THRUFUI/YEAR
0.10 COST OF DEERT
0.15 COST OF EQUTITY
0. 6000 FRACTION DFHI FINANCED

27,00 FPLANT | T1F THARS
0,4800 TAX RATE
209IL200,.00 TOTAL DRI CIABLL FLANT
$2.07 = LIPVEL IJER COST OF SERVICE

F-9



2/80

1 DEFLETE

17300000.00

285000,00

2380000.00

0.10

0,13

0.46000

27.00

0.4800

197291200.00
$1.951

J O R.Cordd

151L00000.00
285000.00
2E80000 .00
LA )

Dl D

0. 6000
VRN

U 45300

1 JA400) .00
1 4»3.."

3 HWaf . v
2730000000
28L000 v
S380000,00
s d

Del's

[VIRrCY el L]

Y00
04800
SR 200,00

041

4 I“é(é’ }

LG700000,00
1080000.00
2380000.00

010
DY
0L 4000
2700
0. 4800

12240800, 00

$1.31

It FIELD H2 OFERATION TYPE 3 RASE
ERECTED PLANT COST

OFERATING COSI/YEAR

THRUHUT/ZYLAR

CaOsT O DERT

COsT OF EQUITY

FRACTION DERT FINANCED

PLANT L1FE - YFARS
TaxX RATL
TOTAL DEFRECIABLE FLANT

= LEVLLLZED COST OF SERVICE

H2

FRLOTED FilLanNT CO0ST

OHRPRATING CUST/YEAK

THEUGFUT Z7YT AR

cusT OF DERY

LUST OF EQULTY

FIRALTION HERT FINANCED

PlaNt LITE - fLARS

brax RATE

FrOral WIFRFRECLABLE
PEVEDL TZED QUST OF

FLANT
SERVICK

oMY

PP CIRED ANt CO8T

-1 RAT NG COST/ZYEAR

THRUE L Sy knie

Lasy OF ul ki

LUSY W EQULTY

Flarriuie UL 'y

PLANT L HEE -

PEY P

Tural O PREC FARLE
FPEVLLTZED COST OF

FINANUED
YEAahd

FLANT
SFRVIGH

NUTNTORY FXELNGE HE BABE GAD

ERICTH O 1 ANl COw

OFFRATING (OST/YEAR

THRUEUT 7YEAR

cosy OoF Rl

CusT Or EQULTY

FRACTIUN DEBT FINANCLD

FLANT |1 E YFARS

TAX RATIE

TOUAL O PRECTABLE PLANT
LEVELTZED COST OF SERVICE

F-10
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2/80

O INVENTORY EXPENSE H2 RASE GASy$4 H2

10700000.00
815000.00
2380000.00
0.30

0.1%5

05,6000
27.00
0.4800
12240800.00

$1.2¢0

({) INUO

1G6/700000.00
2274000.00
D23BVOOD OO
De 10

D15

(L, 0000
L7000

. 4800
1024080000

*Ll.81

! l"E‘O’

18600000.G0
28500000
2380000,.00
Q.10

0.10

0. 8000
27400

0. 4890
21278400.,00

$1.51

8 BeCoys

18106000.00
28L000.00
2380000.00
Q.1

015

046000
2700
0.,4800
2070640004,

$Ll.57

FEXE.

ERECTED PLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR
CusT OF DERT
cosy OF EQUITY
FRACTLION DERT FINANCED
FLANT LIFE - YEAKS
TaX RaATE
Taral DEFRECIARLE PLANT
= LEVELTZED COST OF SERVICE

H2 BASE GASs$15 HD2

URECTED FLANT COST

Ukt KAV ENG COST/YEAR

THRUFUT/YEAR

cosy ur DERT

LOsT OF EQUITY

P RACTIOUN BEBT FINANCED

PLANT LIFE YEARS

TaxX KATE

TOTAL DEFRECTABLE FLANT
= LFVELIZED COST OF SERVICE

1. 3XWELLS

ERIFCTED PLANT COST
DHFERATING COST/YLAR
THRUFUT Z/YEAR

CUST ur By

cosy OF EQULTY
PFRACTION DLET FINANCED

PLAGNT LIFE - YEAKRS
TAX KATE
Toral DLPRECIABLE PLANT

= LEVELIZEL CO8T OF SERVICE

1. 3XCOMPRESSION COST

CRECTCU FLANT €OST
OFERATING LOST/YEAKR
THRUMUT /YEAR
Cusy OF DUERT
Costy OF tQULTY
FRACITON DERT FINANCED
FLANT 1 IFE - YEAKRS
TAX RATE
TOTAE BEFRECTARBLE FLANT
- LEVELIZER COST OF SERVICE

F-11



2/80

9 B.Coo 1

174600000.00
285000.,00
23BO00O. 00
G 10

.15

(3. 6000
27,00
0.4800
30L344900,00
$1.53

I H.CevQ

FAGO0WQ0
LELONNL. 00
LA80000. 00
010
Jelu
[N ALY
AT
¢ A800
12448000 .00
11.4Y

I T T TR |

SICANTVIVINIRTR N 0
Cehiunin, o0
SO g
[ R
[
YRINIS]
YL 00

O Y aa0
RCE RTINS IR o IR

1!‘[@‘

&

3

{

i S

¢ ¥

ooanunyo 00
OO0, 0D
RICHHSIFTRIY PR ¢ 1 ¢)
D0l

[ ]
RO
2400
410
LT TR SALARNNLY

1023

[

;
N

« 3RLINES

ERECTED FLANT COST

OFERATING COST/YEAR

THRURPUT /YEAR

COsYT OF DERT

COST OF EQUITY

FRACTION DERT FINANCED

FLANT LIFE - YEAKS

TAX RAITE

TOTAL DEFRECLABLE PLANT
LFVELIZED COST OF SERVICE

« JRKLINDS

ERLOCTED FLANY COST

UFl KATING COST/YEAR

THEUPU T/ YE AR

COSY Uk RERT

Lirst OF EGUITY

FLAOVIUN DERT FINANCED

FHANY LIFE YEARS

vd RvTk

Futal DLPRLCTABLE PLANT
PEVELTZEDR COST OF SERVICE

CAETOTAL

PRECTLD FPLANT COST
OFLERATING COST/YEAR
FHIRUPUHT 2 YRAR
Cust Ut nERT
Uil ab DQUITY
PRACTION DFRT
PraNt LIFE
1AL ATE
VAL WFPRECTARLE FLANT

- PP VLLTZED CUST OF SFRVICL

FINANCLED
YEAKS

HERY Kafk =UX

ERECTED FLANT COST

OFFRATING COST/YEAR

THRUFUT /YL AK

cosy of

COST OF EQUILTY

FRACTIOUN DBERT FINANCED

FlLANT LIFE YEARS

TaxX RATF

Tarni GRCRLCLARLE PLANT
S PFVELTZEDR COST OF SERVICE




2/80

13 LEFPLET

17300000.00

285000.00

2380000.00

0.15

0.15

0.6000

27.00

0.4800

20414000.00
$1.83

14 IERT K

17300000 ,00
285000.00
2380000¢.,00
0.0

001:)

0. 6000
LS00
0.4500
210346800, 040
$2.1.

19 et R

172300000 .00
285000 .00
2580700 .00
)

Dol

00000
D700
044800
17300000,.n0
2002

lo IIFRT F

17300000 .00

285000.00
228005%0,00
0.10

018
02000

:)' (-O()

0.A80L0
182670700 O

$1 08

ED FIELD H2 TYFE 3,DEBT RATE

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR
COs8T OF DERT
COS8T OF EQUITY
FRACTION DEBT FINANCED
FLANT LTFID - YEAKS
TAaX RATE
ToTAl. DEFRECIABLE I'LANT
= LEVELIZED COST OF SERVICE

ATE=20%

CRECTED FLANT COST
OF RATING COST/YEAR
THRWUT /7 YEAR
CusT OF olwv
Cosr o EQULTY
FRATTIUN DEERT FINGNCED
PLANT L1IE - YEARS
Tax RATE
oAl O FRECTABLE PLANT
- LLVELLZER COST OF SERVICE

ATE -0y HERT FRACTION-O

ERECTLD FLANT TOST
DITRAGTING CUST/YEAKR
THRUPUTZYE AR
CusT OF RERT
COsT OF FQUITY
FRACTION OFRT FINARNCED
PLANT LLIFE TEARS
TAX HATE
TOTAL DEMRECLAELT PLANT
- PFVELTZED COLT OF SERVICK

RACTION =0,2

ERECTED FLANT COST
OFPERATING COST/YEAR
THRUPUT /YEAR
cOsr OF nEmr
COSY OF FQULTY
FRACTION DEBRT FINANCED
FEANT LIFE - YEARS
1A% RATE
TOTAlL DITRREZCIARLE FLANT
- L PVURLIZED COST OF SERVIULK

F-13



2/80

17 UERT FRACTION=0.95

173000600,00
285000.00
2380000.00
0.10

015

0, 5000
SO0

). 4800
1944050000
$1.41

(o DEBRY

P 3000600900

QUN0 L G0
P31 ¢ 1) TIPS V)
(R N
N A
HAITH)
RS H1V)
Ay

D IR ¥ SR I TN IR T

e

(R}
\

NI

I

BIY]
1%
g
fe)

‘b
1 DO

[T TRINIVIN
RERINTVINE
YA

P

a

1 AN
s o)y

(S ARITY}
&Y e )

Tare L

be s

IR P

17300000 .00
20000000
238 000,00
Y10

ST

N0
2000

e 4o

ARV EIVIVINSIY
1hel

f~

i

Y- LFVILIZED

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR
CUST OF DERT
COST OF EQUITY
FRACTION DERT FINANCED
FLANT LIFE - YEARS
TAX RATE
T07AL BEPRECLABLE PLANT
- LEVELIZLT COST OF SERVICE

RACTION 0.8

VRECTED FLANT COST

UPTTRATING COST/YEAR

THEBTUT Y YEAR

Cuut O DERT

t ) FQUITY

FROGTION DERT FINANCED

FEondt L IFE - YEARS

INX RATE

Fartl OFFRLCTARBLE FPLANT
PHOUELIZED COST OF SERVICE

QUT Y RATE =0%

PRREECIIY FLANT COST

LI TTHG COST/YEAR

THIUL LT /YE AR

Dusl b BERT

Clol O EQUILTY

sl T O BERT O FINANCED

At LIk - YEAKS

Tia st

FOHAL UWFPRECTARLE FLANT
- P FVELIZED COST OF SERVICE

ERUITY RATE-10%

ERECTED FLANT COST

OFERATING COST/YEAR
FHRUCUT /YL AR

cosrT OF DERT

cosy o EQUITY

P RACTTION DRET FINANCED

FLANT | 1FE - YEAKS

TAX RATF

TOTAL BIFREUCLARLE PLANT

COST OF SERVICE




2/80

21 B.Co E

17300000.00
285000.,00
2380000.00
0.10

0.20

0.6000
27.00
0.4800
20206400.00

$1.82

22 CONSTR

17300000,00
285000,00
2380000 .00
.10

[V I

U600
27,00

U 4800
18LALL00,. 00
$1.4

L3 CONSTIR

17300000.00

DBL0MY L O0D

2380000.00

.10

Q1h

V) HIIN

RFFEVIS

0.4800

1918840G.,00
140

LS4 H.Ce O

17300000,.00
140000 .00
2580000.00
0.10

':)o]t)

(e HIVG
2700
V4800
1979120000
$1.45

QUITY RATE =20%

ERECTED PLANT COST
OFCRATING COST/YEAR
THRUFUT /YEAR
COST OF DERT
COs7 OF EQUITY
FRACTION UERT FINANCED
FLANT L1FE - YEARS
TAaX RATE
ToTal DEFRECIARLE FLANT
= LEVELIZED COSYT OF SERVICE

UCTION TIME =} YEAI

FRECTED FLANT COST

Ol RATING COST/YEAR
THRUFUT/YEAR

Casr Or DERT

LOsT OF FRUITY

FRACUTION DN BT FINANCED

PLANT L LFE - YEARS

TAax At

TuTnl DEFRECIARLE FLANT
SRTVRLTZED COST OF SERVICE

UCTION TIMF =2YEARY

LRECIED FPLANT COST
Ukl RATING COST/YEAR
THIRUFUT ZYE &l
cusy M DERT
co.r oF ERUITY
FRALTLION DLERT | INANCED
PLANT LIFE - YEARS
TAX RATE
TOTAL UEFRECIARLE FLANT
= LEVELTIZED COST OF SERVICH

FERATING COST/2y DEP. FIZLL H2y IYIE

ERECTED I'LANT COS1
OFCZRATING COSY/YEAR
THRUFUT /7YE AR
cosr OF LERT
cosr o FQUITY
P RACTION DERT FINANCLD
PLANT HIFE - YLARS
fax kATL
TOTAL DEFRECLABLE PLANT
- LIPVELIZED COST OF SERVICE

F-15
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2/80

25 B.C.
17300000.00
2835000¢.00
~6630000.00
27,00
2380000.00
0.10
0.15
0.6000
27.00
¢ 4800
1972921200.00

$1.49

SALVAGE VALUE FOR H2 BASE GAS 1IN YR,

ERECTED PLANT COST
OPERATING COST/YEAR
EXTRAORIINARY ONE TIME EXFENSE
YEAR OF EXTRAORDINARY EXFENSE
THRUFUT 7 YEAR
COST OF DERT
COsST OF EQULTY
FRACTLON DERT FINANCED
FLANT LIFE -~ YEARS
TAX RATE
TaTal DEFRECIABLE FLANT
= LEVFLIZED COST OF SERVICE

27




2/80

AQUIFER H

53300000.00
1025000.00
1700000.00

0.10

V.15

0,6000
2/7.00

0. 4800
QPG00 00
POy

JOBAGE LA

44200000, 00
1o, LGV .00
(R VIN 191610 INTVTV]

Qoldn
(‘ 23 1 51
The aaJuy
SO0
1Y e ARG
BB B0, O

Pl ™7

\Kl el +“2fli

B4500000, 0N
RV ST TRV IV
IR CIVIIP NI Y]

s 143

\‘¢ |'J

Qe n00¢

RPN T3]

':I 0'}“‘('("

POGOEQ0N
N KRR

4 Fewor 1

A0y
440000y 9h
by O

0.350

('0 1Y)

{1, 6200

VIS 1¢]

W 400

Aoy pooa Yy O

fon 1

2 BASE CASE %6 H2 COST

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR
CUST OF DEBRT
COST OF EQUITY
FRACTION DEET FINANCED
FLANT LIFE - YEAKRS
TAX KATE
TOTAl DEFRECIABLE FLANT
- LEVELLIZED COST OF SERVICE

S y$4H.2

ERECTED PLANT COST

UMM RATING COST/YEAR

THRUPUT/YEAR

Lougty OF DEevy

cony OF EQULITY

FRACTLON DERT FLNANCED

FLANT L1FE - YEARS

1As RATE

Turnl OEFREUCTARLE FLANT
PLVELIZEDR CAST OF SERVICE

o2

LRFOCTIU MLANT COS8T
IM-FRATING COBT/YEAK
THRUPUT 7 YEaR
LUst OF DERT
LOST OF EQULTY
FRACTION DERT FINANCETD
FraNl IHE - YEARS
14 RATE
YOI AL BEFRECIARLE FPLANT
S LEVELIZELD COST OF SERVICL

NWYENTORY EXFENSE H.D BASL GAS

ERFOTED PLANT COST

ERATING COST/YEAR

THRUE T /YE AR

LOST Of DERT

COLT OF EQUITY

I RAGTION DEERT FINANCED

FLAMT [ 1FE - YEAKS

THxX ROTLE

Total GEFRECTARLE PLANT
PYOLLIZED COST OF SERVICE

F-17



2/80

O INV,

31900000.00
2810000,00
1700000.00

0.10

0.13

0.6000
27.00
0.4800
36493600.00

$5.24

6 TNV TXE.

I1200000.00
7451000.,00
1/700000.00

0410

el

0. 6000
27000
04800

S4H4 Ra00 s u

b7

"HaL e e IKWET L

SAGI000G, 0
1025000, 090
100000, 00

D10

Gealb

(3ea000
27.00

0. 4800

&1 /786000, O‘}

B0’

EXFo.

RASE H2 GASs,$4 H2

ERECTED PLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR
COSY OF DERT
CO8T OF EQUTITY
FRACTION DERT FINANCED
FLANT LIFE - YEARS
TAX RATF
TOTAL DEFRECILABLE FLANT
= LEVELLZED COST OF SERVICE

BABL (GASs $15 WY
ERECTLD HLANT COST
OFERATING COST/YEAK
FHIRUMUT Z (EAR

LUsYy OF nERT

COST OF EQUITY
FRACTION DERY FINANCED
PLANT L IFE - YEARS
Tax Ratl

10Yal LLFRECLARLE
- LLVEEIZEn COsT

FI.ANT
OF SERVICE

LU

ERECITDD PLANT LunT
UbERATENG tunT/rkalk
THRUE UL YE A

LOST Uk Of 8/

COSY or LauiYs
FRACTION UERI
FILANT LI -

FINAGNCE L
vl ARE

PAax Tl
10THL EPRECIARLE FLANT
LIVELTZE D LOwY OF SERVICE

& Lol o IXCUMPRESSION COWT

530u0000.00
LOLHQO0 0
1/00000,00
Q.40

D18

0.6000

S 00
00,4800
alol8d400,00

$6.862

PRECYELD FEANT COST
UFERATING CUST 7 YEasK
FHRUI'UTZYE AR

CusT oOr Orui

COST O EQULTY

FRACTION BERT FINASNCFD

FLANT T IFL YEARS
TAX RaTE
TOVAL DEFRLOIABLE FLANT

LEVELTZLIE COSY OF SERVICE

F-18




2/80

9 B.C.

59200000.00
1025000.00
1700000.00

0.10

0.159

0.6000
37.00
0.,4800
67724800.00

$/7.05

10 B.C.0O.

47400000.00
10.286000.00
179000000

0.10

Qell

0., 6000
272,00
0.4800

D420 G600 00

$.73

L1 B.C,

2900000 .00
102U000 .00
120000000
0,10

Oo}:)

0. H000
D700

0. 4800
7195760000

$7 .67 =

12 RO

SA300000,00

1025H000,00

1700000.00
Q.00

0.15

0.6000
27,00
0.4800
LYTLEAN0 .00

$5. 41

1.

3%I.INE COST

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT /YEAR
CO8T OF DERT
COST OF EQULTY
FRACTION DEBT FINANCED
FLANT LIFE -~ YEARS
Tax RATE
TOTAL DEFRECTARLE FLANT
= LEVEL1IZED COST OF SERVICE

7RLINL COSY

ERECTLI FLANT COST

OFERATING COST/YEAR

THRUMUT /YEAR

COsSYT OF DERT

COsYT OF EQUTITY

FRACTIUN DEBT FINANCED

FLANT LIFE - YEAKS

TAaX RATE

TOTAL DEFRECIARLE
= LEVELLZED COSY

FLANT
OF SERVICE

1.34TOTAL

FRECTLY FPLANT COST

OFERATING COST/YEAK

THRUI'UT /YEAR

COsT Of DERT

LUST OF EQULTY

FRACTLION DERT FINANCED

PLANT LIFE - YEARS

TAY RATE

TOTAL DEFRECIABLE FLANT
LIZVELIZED COST OF SERVICE

DERT RATE-Gx

FRECTED PLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

COSY OF DERT

cosT OF EQUITY
FRACTION DERT FINANCED

FLANT LIME YEARS
TaxX RATE
TOTAL DEPRECIABLE PFLANT

= LOVELIZED CO8T OF SERVICE

F-19
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13 EB.C.

53300000.00
1025000.00
1 700006.00

0.10

Q.15

0.6000
D27.00
04800
L2894 0N0 00

‘:l l'e”/

RS 1
33400000 .00
1o a9 G0
(VI IRIN IS BN STV
L IR
Osdh
A ():(\:\\
S )
e 4300

R L IS PR

Ly

e b

¢, SR IEN R
IS RIS TRTR INTRLY)
] [T N B W
vy Q)

NN BV

TR D)

S end

IR

RIS IR I IV I VI

"t\ < 'I ?

le DRY

UAZ00000, 00
1O2T0N0. 00
1700000,00

0.10

0,15

0.7000
27000

0. 4800

e B4300,00

b2 17

LERT RATE =

R

Ve

15%

ERECTED FLANT COST

OFERATING COST/YEAR
THRUFUT/YEAK

Casr OF DERT

COST O EQULITY

FRACTION LEERT FINANCED

FLANT LIFE - YEARS

TAX RATE

TOTal DLFRECIARLE FLANT

=~ LEVELIZED COST OF SERVICE

hATE =20%

FRECTHL PLANT COST
UP'LRGTING COST/YEAR
THRUI'UT /YEAR

LOsT UF DEBT

JOLT OF BEQULTY
FRACTION DEHRT FINANCED

FLANY LIFE - YIZARS
1AX RATE
Pohinl DEFRECIABLE 'LANT

LEVLLTZED COST O SERVICE

fembloe THWET L RACTION -0
PRl @ FLANT COST
UPERATING LUST/YL AR
VHIRUF UT/ YEAR

cUnt Ot DUERT

oS OF EQULITY

Pleal TTON DERT + INANCED

(=T R I A YEAKRS

tax Lt

TTed UkP'RECIARLE I AN)
PLVLLTIET CO8T OF SERVICH

FRACTION -, 2

ERCCTFL FLANT LOST
OPFTRATING COST/YEAR
THRUT UT/YEAR

LasT OF DERTY

coosr or FrQuilTy

FRAUTION DI RT | INANCED

FLANT LTFE - YEARDS

TAX RATT

TO7TAL DEFRFUCIARBLE L ANT
FEVEL LZLE COST OF sCrvIer

F-20
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17 B.C.

53300000,00
LODG000 .00
1700000.00

0.10

0.15

0.5000
27.00
0.4800
U99s2500.00

®7.03

18 k.C.

53300000.00
LO2G000.,00
1700000, 00

0,10

l¢] 4 1 :'

0.8000
27,00
0.4800
&2680800.00

36,66

4 Bo[\»

53300000.00
LOD2T000..20
1700000 .20

G.10

0.00

0.,4000
27.00
0.4800
5841680000

$4.18

20 B.C,

293300000, 00
LO2GO0D .00
1 700000.00
010

0.10

0. 6000
27.00
0,4800
G7696000.00

$L A8 = VEVFLTZED i

urky

DEBRT FRACTION

ERFCTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

cosr OF DERT

COSY OF EQUITY
FRACTIOMN UFREY FINANUED
FLANT L1FE - YEARS

TaxX RATE

TOTAL DIEPRECIARLE M ANT
= LEVELTIZLD cusy o

=,5

P RACTION -0.8
FPRECTED PLANT CUST
QFERATING COSTAYEAR
THRUI'UT YL AR
cusT oW HLsT
COsT ot EQUTTY
FRACTION ukEuit
LAty IR
TaX KROTL
TaTal Wi RMCHARH
S LEVEL PTL U g

FINALLFT
i Ak,

Foap
1

QUITY RATE = L%

FREUCTED FLANT Cund

OFERATING COST/YLAR

THRUPUT 2 YF Al

COST O OLwi

COSBT OF TQUITY

P RALTTURE T RT

FLANT L1IL

TAX Rall

Taral LDEPRPCTARLID PLANT
FREVEE L2100 D) Wl

inNARLT U
YiAkes

LAQUTEY KAt =] 0%

ERFOCTEG ANt CusT
OFERATING COST 7Y Nl
THRUTUT /v FaR

cosr o prad
cosT aOF LQuty

FRACTION Uhey
FLANT LITL
TAX 1aTF
rarai. DFPRLCTARLE Tonn
Ui

PohidaneL i
I

F-21
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B.C. EQUT

2
53300000.00
1025000.00
1700000.,00
0,10
0.20
00,6000
27.00
0.4800
H2254400.00
$7.95

2% R.C. CONS

S3300000.00
1025000.00
1700000.00

0.10

001:'

0.46000
27.00

0. 4800
S7137600.00
.01

> I

53300000.00
LODEO00.00
1700000.00

0.3¢

015

0. 6000
27.00
0.4800
59056400.00

b

b6 .40

24 R.C.

33300000.00

50000000

L700000.00

0.10

0.15

0.46000

27,00

0.4800

H0975200,00
$6.28

0

TY RATE =20%

ERECTED PLANT COST
OFERATING COST/YEAR
THRUFUT /Y AR

CcOsT OF DERT

COST OF EQUILTY
FRAGCTIUN DLRBT FINANCED
FLANT L1FF MEBRS
TaxX RaTE

TATral LEFRFCIABLE
FPEVLLIZILD COST OF

PEANT
SERVICE

TRUCTION TIME =1 YIAK

CRECTLO PLANT COsT
QFURATING COSY/YL AR
THRUFUT 2 17AR

nLOST ur DRy

CoOsY uF DRUITY

FRACTION OIZB1 FINANCED

PLANT L THD - YEake

Tax kall

Taral DRIRFCTAM E FL&ID

S LUV ISRED CONT ub S5 RVIECE

)

e

CUNSTRUCTIOUN TIHF -2 v Nk
ERECTED PLANT COwi
OFFRATING (03T, YCAR
THRUFU T, YEAR

LOST OF OERY

COST uF FRULTY

FRACHION T UT FINAGUFRT
FEANT LI Tioal,

TAaX katl

roral N FEErE FARLE, T Al

LIVEE T2 0 708 OF SFERVICE

FERATING COSTAL

ERECTED MLANT COST
OFERATING COSTAYEAR
THRURFUT /YL &R

casT oOF IRy

COosy OF @iy

FRACTTUN NFRT P InAaNCEY

PLANT T IFL YLARS
TAX RATE
TOTal DEFRFCIABLE FLART

= LEVELLZFD COST OF SERVICE

F-22
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2{ E.C. SALVAGE RASE BGAS IN YEAR 27

S3300000,00 ERECTED PLANT COS1T
1025000,00 OFERATING COST/YEAR
~21420000.00 EXTRAORDINARY ONE TIMF EXPENSE
27.00 YEAR OF EXTRAORDINARY EXFENGT
1700000.00 THRUFUT/YEAR
0.10 COST OF DERT
0.15 COST OF EQUITY
0.6000 FRACTIUON I BT FINANCED
27,00 FLANT LIFF - YEARS
00,4800 TAX RATE
GOP75200.00 TOTAL DFFRECLARIE P ANT
$6.52 = LEVFLIZED €OST UF SFRVIC

F-23
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SaLT DOME

21000000.00

350000,00

1438000.00

0.10

0.15

0.6000

27.00

0.4800

24024000.00
$3.03

B.Cov$d H

19500000 .00
3u0000.00
1436000.00
0.10

()o ‘:J

Qend0
27.00
0.4800
2230800000
283

3 H.O. %1

28000000.00

35000000

1438000,00

Go10

0.10

0, 6000

2700

0.4890

J2032000.00
$\5 «9h

H2 STORAGE BASE CASE (B.C.)

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

COosT OF DEBT

cosT OF EQUITY

FRACTION DERT FINANCED
FLANT LI1FE - YEARS

Tax RATE

TOTAL DEFRECIARBLE PLANT

= LEVEL TZED COST OF SERVICE

oCOsT

ERt CTCD PLaANT CO8T
OPERATING COST/YEAK
THRUPUTZYEAR

cost OF DERT

vOs O EQuULTY

FRACTIUN DERT FINANCED
P'FANT LIFE - YEAKS

TaxX RATE

TOVAL OFP'RI CIARLE FLANT

- LEVELIZED COSYT OF SERVICE

S HI COuT

ERLCTED FLANT COST
OPFRATING COST/YEAR
THRUFUT 7YEAR

COOT OF DERY

COLT OF EFQUTTY

FRACTLIUN ULET FINANCED
FLANT LIFIEZ - YEARS

TAX RATE

TOTAL UFPFRECIABLE PLANT

= LEVECLIZEDR COST OF SERVICK

4 B.0. INVENTORY EXFENSE BASE 0AS

16400000.00
PLO0OD. 00
1438000.,00
0.30

(O

0. AH000
2700
D.4300
187614600.00
.81

CRECTED FLANT COST
OFERATING COST/YEAR
FHRUFUT /YEAR

cosy OF nitwi

CosT oF RQUTTY

PFRACTION IFET FINANCED
FLANT LLIFE -~ YEARS

1AX RATE

TOTAL DBEFRI CIABLE 'LANT

= LEVELIZED COSY OF SERVICE

F-24
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S

B.C. IN
16400000.00
720000.00
1438000,00
0.10
0135
0.6000
27.00
0.4800
18/761600.00
$I

8

& INVENTD

16400000 .00
1750000.00
1438000.,00
0,10
D10
Dem(00
2700
0.4800
18/61600.00
$3. 19

/A BLey 1
235006000 .00
SLGOUN N
1438000 G0
10

Vel

U« HON0

JA. 00

0. 4800
26334000.00
%3, 36

8 ReCo 1

232900000.00
320000.00
1438000,00
0.10

Q.15

Q. 6000
27.00
0,4300
J6197600.,00
$31..8

VENTORY EXFENSE BASE GAS»

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

COST OF DERT

COST OF eEQU1TY
FRACTION DEERT F1NANCED

FLANT L1FE - YEAKS
TAX RATF
TOTal DEFRECLARLE PLANT

LEVELIZED CO8T QF SERVICE

RY EXFENSE BASE GAS 410 H2

FRECTED PLANT COST

OFERATING COST/YEREAR

THRUMUT /YEAR

COosr oF DBt

coshl OF LQUITY

FRACTION DIFRT FINANCED

FLANMY [ IFE YEAKS

TAaX KATL

roral. DEFRCCIARLE
= LEVELIZEN COST

FLANT
OF SERVILI

 SAWLLLS

LRLOCTED PLANT COST

UFERATING COSY/YEAR
THRUSUT 7/ YF AR

Cost OF DERT

067 OF EQULTY

FRACTION LWRT FINANCED
PLANT LTHID - YEARS

ThX RATE

TOTAL UFPRECIARLE PLANT
LEVELTZED COST OF SERVICE

IXCOMMRESS LUN COST

ERECTED FLANT COST

OFERATING COST/YEAR
THRUFUT/YEAR

COST OF DEBRI]

Cosy OF EQUTTY

FRACTION DERT FINANCED

FLANT | IFE - YEARS

TAX RATE

TOTAL DEFRECIARLE PLANT
LEVELIZED COST OF SERVICE

F-25
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9 B.C. 1.
21900000.,00
J3H0000, 00
14.38000.00
0.10
0,13
0.6000
27,00
0.4800
DUOLARD0,.00
$X.15

G Bel v

DOB00000 00

FLONQG L 00

LA 30000 00

D10

D10

ERALIS]

S0 00

N IR00

RISTAPAE SRTATE IR TR
£7,94

[

Jorae

v

IREIVI IO el e1s NS TA)

KITTeIsTAIS IRV IS)

14380006 un

Nyt

LU

(e m D00

": o\)(‘

O ARG

FAL0 00
[T

2

10 Boboow

2H3G0000.00

ALOGOY. 00

143300000

0.00

L

D 000

Ty 00

€. 1000

D2H2630N0 00
€. Ad

SKLINESs SALT DOME H2

ERECTED PLANT COST

OFERATING COST/YEAR

THRUFUT /YEAR

cosr OF DERT

cost OF EQUITY

FRACTION DERT FINANCED
FLANTY LIFE - YEARS

TAX RATE

TOTAL DEPRECIABLE FLANT
LEVELIZED COST OF SERVICE

O ARLINES

FRIFCTED FLANT COST

OFERATING COST/YEAR

VHILIFUT, YEAR

LOSYT - TFRT

CUSE OF EQULTY

FRACTION UERT FINANCEDN

FILANT | 1FE ~ YEARS

THX RATE

TuTAL NEFRFCIARLE
-V EVEN TZED COST

FLLANT
OF SERVIUE

1. 34T0TAL

ERECTFD FLANT COST

U s TNG COSTZYE AR

THRUPUT/YE AR

Cagy OF DERT

CosT Ok EQULTY

FREACTION XHIOT FINANCED

PtANT | IFE YEARS

lax KATF

TOTAL UDLIFRFCIABLE FPLANT
FEVELIZID COST OF SERVICE

P
=U%

BT RA&TKF
ERECTED PLANT COST
OFERATING COST/YEAR
FTHRUFUT 7 YIZIAR
COLT NF uCer
COsT OF EQUITY
FRACTION TERT FINANCED
PPANT LIFE ~ YEARS
TV KATER
TATAL BEFRECTABLE FBLANT
= LUVELTZED COST OF SERVICE
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13 BOC¢9

21000000.00
350000.00
1438000.00
0.15

0,15

0.46000
27.00
0.4800
24780000.00

$3.63

14 Heflow

DERT RATE=15%Z

ERECTED FLANT COST

OFFRATING COST/YEAR

THRUFUT/YEAR

COsST OF DEEBT

cosr oF EQULITY

FRACTTION DERT FINANCED

FLANT LIFE - YEARS

TAX RATE

TOTAL DNEFRCCIABLE PLANT
LEVELIZED COST OF SERVICE

HERY RATF =207

23000000.00 T RFUTFD PLANT COST
5000000 ITRATING COST/YEAR
FA3ROOGO .00 THRUFUT/YEAR
020 Cun)y O DERT
0. 10 08T of EQUITY
Ve HNND P RATUTION OFRYT TINANCED
2700 FLANT 1T IFE - (TARS
04800 TAX RATT
DUGUIH000L. 00 TOYAL DLFRECIARLE FPLANT
4.0 PEVET TZED COST OF SFRVICF

189 Bel oo DEFERT BAY -0 VLET FRACTION =0

2L000000.,00 FTRECTFD H ANY COST
ALO0H0.. 00 T RATING COST/YEAR
1438000 O THRUI'UT /YEF AR

D OD

LI B

0, 0000

S 00

Q. 4800
J1H00000, 00

$4,05

o RHeCow

21000000.00
3L0000.00
14349000,00
0,30

010

0,000
2700

{4+ 4800
Q237600000

$3.77

Cusl Uk OERY
COGY UF EQUITY
FRAUTIUN DRHT FINANCED
FYANT LIFE - YEAKS
TAX RATE
TOTAL UIMPRECIABLE HLANT
= LEVELIZED COSY OF SERVIUK

HERT FRACTION:=0..2

LRKECTED FLANT COST
OFERATING COST/YEAK
THRUFUI /YEAR
CosT OF DLEY
COST OF EQUITY
FRACTION DEBT FINANCLD
FPLANT 1 IFE - YLAKRS
TAX RATE
TOTAL DEFRECIARLE FLANT
- LEVELIZED COST OF SERVICE
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17 B.Cov

21000000.00
350000.00
1438000.00
0.10
Q.15
0.,5000
2700
0.4800
000.00
$3.224

25

2346

18 B««Ct’

231000000,00
35000000
1438000.00
Q.10

010

0.8000
27,00

0. 4800
244894000.00
$2.60

LY EQuiTy

21000000,.00
JLGONN D0
1438000.,00
Q10

O 00

V6000
27,00
0.4800
23010000.00
$1.91

20 LOUITY

2106v000,00
300000, 00
1438000.00
0.10

D10

0.6000
27,00
(4800
23520000.00
$.0.44

DERT FRACTION=0.5

ERECTED PLANT COST

OFERATING COST/YEAR

THRUFUT/YEAR

CUst1 OF DERT

COST OF EQUITY

FRACTION DEET FINANCED

FLANT LLIFE - YEARS

TAX RATE

TOTAL DEFRECTARLE FLANT
= LEVELIZED COST OF

DEET FRACTIUN-.4

FRECTED PLANT COST

OFERATING CUOST/YEAR

THRUI'UTZYFAR

COsST OF DERT

COsT OF EQUITY

FRACTION DERT FINANCED

FLANT T IFE - YLARS

FAX kATl

TaTal, GEFRECUCTARLE FILANT
LEVELIZED CUSYT OF

RATE L%y0.C.

ERCUTED PLANT LOST
HEPRATING CUST/YRAR
FHRUMUT 2 YE AR

COLT OF DERT

COST OF EQUITY
FRACTION DEBT FINANCED
FEanNT LIFE YEAKS

Fax RATE

TOtal LEFRECCTARLL PLANT
LLVELIZED COST OF

RA&ETE 19%y k.0,
ERFUTED FLANT COST
OPMRATING COS1/YEAR
THRUFUTZ YEAR

CosT OF DERT

cCosy OF EQUITY
FRACTION DLET FINANCED
FLANT | IFE - YEAKRS
TAX R&TF

Toral DEFRECIABLE
LEVFLIZED

PLANT

F-28
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21 B.Cos EQUITY RATE=20XZ,SALT DOME H2

21000000.00 ERECTED PLANT

casT

350000.00 OMERATING COST/YEAR

1438000.,00 THRUFUT/YEAR
0.10 COST OF DERT
0.20 COST OF EQUIT

Y

0.6000 FRACTION DERY F1IRANCED

27,00 PLANT LIFE -
0.4800 TAX RATE

YEARS

24528000.00 TOTAL BEFRECIABLE FPLANT

$X.67 = LEVELTZFD

D2 Hel oo CONSTRUCTION TTME=1

21000000.00 ERFOTED PLANT

cosr

L0000, 00 OFERATING COBT/YEAKR

1438000, 00 THRUPUT/YEAR

G110 LOST Uk uLuT

10 0L OF EQUITY

06000 FRACTION RERT

27000 P ANT FIFE -
04800 TAX IATE

Y

COST OF SERVICL

YEAR

FINANCFL

YEARS

DL012090L. 00 TUTAL DFPRECTARLE FLANY

F2 06 PV LIZED

23 HeUoo CONGTRULTION
210000070,00 LRI GTED FLANT

1438000 .00 THRU-FUT/YEAR
Y. 10 COS1 O NERT
D30 LCUsST o EQUIT

st

TIME -

or

“y
Py

LOsT
AUNNN0 Q0 UHERATING CUOST/YEAR

Y

SERVICE

TFARS

WD HO00 FRACTION DLET FINANCLDH
D700 PLANY LIFE - YEARY

04800 Tax hAalE
D3268000.,00 TOTAlL VEMRECT
$2.74 = LEVFLIZED

YOSALT DOME OFERAGTING COBT/ e H

21000000.,00 ERFCTED FLAN)

1438000,00 THRUFUT/YI Al
0.10 COST QF IRy
Q15 COST OF FRutT

ALLE
cosy

FLANT

aF

9 Cost
170000.00 OFERATING COST Y AR

Y

SERVIUE

046000 FRACTTON DERT FINANCL

27.00 FLANT 1 IFE -
0.4800 TAX KATK

TFARS

240.24000.00 TOTAL DECRECIARLE PLANT
$2.91 = LFUFITZED COSI

F-29
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e SALT DhumMe
21000000.00
350000.00
=4650000.00
2700
1438000.00
0.10

0.10

0.6000
27.00
0.4800
24024000,00
$3.01

H2 BAGE GAS SaALVAGE IN yrak
ERFCTED PMLANT COST

QFERATING COST/YRAR
EXTRAOQRIINARY ONT TIME FXFENCE
YEAR OF EXTRAORMINAKRY EXP NS
THRUFUT/YE AR

cosr OF DERT

Cosrt oF eQUITY

FRACTION DEBRT FINANCED

FLANT LIFE YEARS
TAX RATE

TOTalL DEFRECIABIE
LEVELIZED CO8T

HEANT
O 6l kKVICF

F-30
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EXCAVATED CAVERN BASE CASE H2

53750000.00 ERECTEN FPLANT COST
425000.00 OFERATING COST/YEAR
2030000.00 THRUFUT/YEAK
G.10 COST OF OERT
0.15 COST OF EQUITY
0.46000 FRACTION IHRT 1 INANCED
27,00 PLANT 1 IFL - YEAKS
0.4800 TAX RATL
61490000.00 TOTAlL DIFPRECIARLE 'LANI
$5.27 = LIVELLZED COST OF SERVIUL

2 R.C. %4 HY

52500000.00 ERIOCTI U PLANT CUST
425000, 00 OFFRATING COST/YFAR
2030000,00 THRUMUIT Z/YFAR
0,10 LDaT Ok DRy
O.15% COBT UF EQUITY
0.6000 FRALTION T BT FINANCLD
27,00 PLANT | 1FE - (Eaks
074800 TAX RATF
H006000V. 00 TUTAL UIRECTIAGRLL FLAaN)
$5.1% = PPV TOLT COST OF SLRVILE

3 Rl $i0 HU

5940000000 ERECTLI I ANT COST
420000 00 UPTRAYING GUH T2 YR
203000000 THRUFUTZYE AR
0.30 COST OF O Wi
Q.10 COST OF EQUTTY
0.6000 FRATTTUN W XT 1 HaNgL O
D700 THANT | L YAk
0.4800 TaX KAIT
G79T3600.00 TOTn VLFRITUIAREL FT ANY
$L.80 - LEVFLLZFU LOST OF sttt

$ RO INVINTORY xIERNSL HY o F U668

S50000000.00 ERECTED FLANY COST
87L000.00 OFERATING CUST, YEFAR
2030000,00 THRUMUT ZYIAR
0,30 COST OF DERT
0.15 COST OF EQUIy
0.46000 FRACTION TR TINANCE D
27.00 PLANT LIFT - YEARS
0.4800 TaX RATLC
G/200000.00 TOTAL VEPRICYARIY FlLédd
40613 LEVELIZED LOST OF SERVICE
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FARY

S B.C. E

50000000.00

725000.00

2030000.00

0.10

0.15

0.6000

27.00

0.4800

87200000.00
3506

é6 B.C. 1IN

30000000.00
1550000,00
2030000.00

:10
0»]';'

0.6000 FRACTION Wi

27.00

0. 4800
H7200000.00
$L .47

7 R.C. 1.

GHlD0000 . 00

X+ CAVERN INV EXFENSE H2 »%4

ERECTED FLANT COST
OFERATING COST/YEAR

THRUFPUT/YEAR
CosT OF DERT

COST OF EQUITY
FRACTION DIERT FINANCED

PLANT | TFL -
TAX RATE

YEARS

TOTAL DEFRECLARLE FLANT

= LEVELLZED

VX, Rasl

CoOu) OF SERVILE

GAS s HD 10

ERFUTLE FLANT COST
OFERATING CORT 7YFAR

THRUFUT Y YLAR
CO068T OF Degy

CAsT ok tuiyy

PEANT 1 TV -
Tax kalk

Toral DFFbky 3ABH

= LEVLL TZE0

QEGURTAT

FRLETETE PLANT

PINANCET
Yi aR3

AT R
cOosT o sreviIct

Fulibmiriv

LosT

42000000 OFLRATLNG CDST /YIAR

203000070
G, 10

0.1%

06000
2700
Q.4800
3206000, 00
$0rs 4]

8 k.Cs 0.

H2050000,00

425000.00

2030000,00

0,10

04]5)

0.46000

D700

04800

ue/74000.,00
e"t}&l»’

FHRUBUT 7 riZAlk
cosT OF N-RT
COost ol

FLANT | 3R
X KATE

T Al OFTRECT AR

= VLT IFU

FRGURF ACH

ERICCTFI PLANY

LAutTy
FRACTTON {1 1)

PTHANCTD

Y ais

L LANT
COuT OF GLRMECT

FaUTIMENT

casr

OFERATING COST/YESNR

THRUFUTZYL &R
COST OF LFERl
cosr o

P ant LIFC
FaxX Ralk

EQULTY
FRACTTON I K}

PINARLED

YEARS

TOIAL DEFRECTABLE P AN

SO LLVET TZFD

F-32

CosT O SERVICE

bl
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RUNS ¢ pnp 10 OMITTED FROM ANALYSIS S0 THAT SUBSEQUENT NUMEBERED
RUNS CORRESFOND TO THOSE OF OTHER FIELD TYFES.

11 R.C. 1.3% TOTAL

68750000.,00 ERECTFD FLANT COST
425000.00 OFERATING COST/YEAR
2030000,00 THRUFUT/YEAK
0,10 COST OF 0
0.1 COST OF EQUITY
0:.46000 FRACTTUN DIFRT  INANCED
27.00 PP ANT T TIE YIFARS
0.4800 TAX RAIL
78650000.00 TOTAL DECKRECIARIE FLANT
$6.,468 = LEVELLZFD CUST OF SIRVIvE

12 B0y DNERT KATC=UN

9537250000.00 LRECTED PLANT COST
425000.00 OPI'FRATING CUST/vLAR
203000000 THRUMUT/YENK
000 TOBT OF BLEHY
0.15 CUST OF QUL TY
06000 FRALTTUN W AT | IetaNL D
20000 B ANT H L - YEARS
0. 4800 TaX KAt
HRLLLO00.00 TOTAL UIHFREC AR L Lan
$4.07 « LHULLIZED COST OF SrRVIUCE

F-33
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13 B.C, DEBT RATE =10X

33750000,00
425000.00
2030000.00
0.15

0.15

0.6000
27.00
0.4800
63425000.00

$o .30

14 LERT

S375L0000.00
425000.00
2030000.00
0. 20

09]5

0. 6000
2700
0.4800
4535000000

b7l

15 UERYT

53/50000.00
425L000.00
2030000G.00
000

D10

(30000
2700
0.4800
S5X750000.0¢

7 .10

ERECTED FLANT COST
OFERATING COST/YEAR
THRUPUT/YE AR

COsr OF DERIT

COST OF EQuiTY
FRACTION VERT | INANCED
PLANT L1FID ~ YLARS

FAX Ratk

TOoTal DEFRCCIARIE D'LANT
= LEVELIZED Cubt OF BERVIUL

RaTr = 20%

FRECITT PLANT CUST
OFFRATING COST/AYEAR
THRUMU T/ YE AR

CuuTr OF DERT

Cusy Ok EQUy

FRACITON W RT FINaNCID
FLANT L i E - YEARD

X kATl

FOTAL BEFRFUCESBLE PLAM)

- LEVLTLZET a8t O HFivIvl

RaTle TRADTION T B O

ERECTHL M ANT OB

O RéaTING COT YFAR
THICF UTYEAR

COu o g

Coatr Ul rQulay

FRAGTTUN O w) | FoaNckn
Moaildy i Y oako

s ROk

FOIAL OFERECTAEREE T AN

= PPVELLIND CusT OF SRRV

16 FRACTION T gl - d.0

LD37L00D0.00
425000,00
2030000.00
0.10

0.15

0. 2000
27,00
0.4800
D&6740000.00
qh""-o\f)j

ERECTED FLANT COST
OFFRATING CUST/YLAR
THRUFUT Z YLAR

CasT uF ki

Cosyr Ok 1RUy
FRAUTION GEEBT FINaNCLD
PLANT TITE -~ YaRS

Tax RATE

FOTAL DIFRICIARLE FI AN

= LEVILTZEN COoST OF SERVICE

F~34
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17 FRACTION

S53750000.00
425000.00
2030000.00
0.10

0.15

0.5000
27.00
0.4800
60468750.00

$5.43

DEBT = 0.5

ERECTED FLANT COST

OFERATING COST/YEAR

THRUFUT/YEAR

COST OF DERTY

CO8ST OF EQUITY

FRACTTON DFRT | INANCED

FLANT LIFE - YEARS

TAX RATE

TOral. DEFRECLIARIE
= LEVELIZED

FLANT
CostT oF

18 FRACTION DERY-0.U

§53750000.00
425000.00
2030000.00
.30

0.1%

0.8000
27,00

0. 4800
63210000.00

$4.49 - LLVITIZLD

ERECTED FLANT CO8T
UFERATING LOST/YEAR
THRUFUT 7 YE AR

CusT OF OFRT

Cosr o taully

FRAUTTUN Il RT TINANGED

HLANT | THE YEARS
TAx feAll
FOTALL WPRECTAREE PLAN)

cOsr ul

19 EQUITY Kall™-nx

S53750000.00
25000.00
2030000,00
0,10

0.0%5

06000
27,00
0.4300
58%210000.09

$3X..03

20 EQUITY RAYL -

53750000.00
425000.00
2030000.00
0.10

0.10

. 6000
27.00
0.4800
60200000.00

$4.20

FRLOCTED FLANT COST

OFFRATING CUSY /R ak

THRUFUT »YLAR

COst ab ulRI

LOsST OF LauITY

FRAUTION OERT | INANCLU

FLANT FIFE - YEARS

PAX RATT

TOTYAL UFPRIZCIAREE FLANT
LVVLETZED COsT W

R)4

ERECTID FLANT COST
OFERATTING COST/YFAR
THRUFUT LA

CosT OF LERT

cCosT OF LAUTTY

FRAUTION DERY | INGNCHD

PEANT LIFE - YFARS
TAX RATE
TOTAL QUPRECIADLY FLAN)Y

= LEVELIZEDR COST Ol

F-35

SERVITE

SERYEE

SERVTUL

SkkVICH
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21 EQUITY RATE =

53750000.00
425000.00
2030000.00
0.10

0.20

0.56000
27.00
0.4800
62780000.00

%6, 470

22 k.G

53750000.00
A424000,00
2030000.00
0.10

010

0. 0000
27,00
00,4800
S74620000.00

$4.90

23 Bt

53/750000.00
42500000
208000000
0.10

Ok

Q. 6000
2700

0. 4800

W STITNTO I IV O TS

.11

24

56750000.00
425000.00
2100000,00
0.10

0.18

0.6000
27.00
0.4200
64923000.00

$5.204

CONSTRUCTION TIME =1

2500 I'T.

20 %

ERECTED PLANT COST
OFERATING COST/YEAR
THRUPUT/YEAR
CO8T OF DERT
COsT OF EQUITY
FRAGCTLION DERT I'INANCED
FLANT LLIFF - YEARS
TAX RATE
TOTAlLL DEFRECIARLE I'LANT

= LEVELIZED COsST OF SECRVICE

YFaR

ERECCTED PLANT LOST

OFERATING COST/YEAR

THRUFUT 7 YE AR

COST OF DEET

COSY OF EQUIETY

FRACTION L RY FINaNGED

VANt LIFF - YLARY

THX RATE

TOtalL DFPFRLCTARL L
LEVELIZED 06T

LANT
U SERVILE

CONSTRUCYION TIME -2 vLARG

FRECTLI PLANT CUST

O RATING COST/YEAR

THRUBUT 7 YE Al

CosY OF LUERY

COsST o5 FeuITy

Fi&GCTTON DFEEY FINANCED

FLANY LLIFT - YEARS

Fax Rall

rorni. LEFRECIAYGLE
FCVED JZED LOS)

PLANY
ar SFRVIGL

TEd TH L XUAVATIUN RASE

FRECTED FLANT COST

OFERATING COBT/YFAR

THRUFUT/ZYEAR

COsST Of BERT

cast i LUy

FRACTION DERT 1T INANLED

FLANT LLIFF - YEAKS

TAaX Rall

fural LDEFRECLABLE
= LEVELIZED CO8T

FlL.AMY
Oor 8FRVICH

F-36

CAasE




v
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R.C. 2800 FT,

91750000.00
425000.00
21506000.00
0.10

0.15

0.6000
27.00
0.4800
S592202000.00

$4.79 = LEVFLIZFD COST OF SERVILE

26 BASE ©

S0730000.00
425000.00
1240000.00
0.10

015

0.,6000
27.00
0.4800
58058000.00

L. 21

27 RO 4500 T WITH ROCH AND MINLEK CREILTL

45730000.00

425000.00

1940000.00

0.10

0.10

0.6000

27.00

0.4800

32338000.00
$4.72

28 RASE C©

48750000.00

425000.00

2030000.00

0.10

0.15

0,6000

27.00

00,4800

G8770000.00
$4.80

ERECTED FLANT COST
OFERATING COST/YEAR
THRUFUT/YEAR

COST OF DERY

casT OF EQuTTY
FRACTION DERT FINANCED
FLANT LIFE - YEARY

TAX RaTE

TOTAl DEFRECTABLE FPLANT

ASE 4LO0 FT. DEFRTH

ERECTED FIANT COST
OFERATING CUST/YEAR
THRUP'UTZ/YE AR

COST OF X ur

COUBY OF RQUITY
FRECTION DIERT FINANULD
FLANT LIFE YEaké

TAX RAT

TOTALL BEFRECTARILEL FLANI

- LEVELLALD COUT UM SHRVICL

ERECTFD FLANT Q04T
OFERAY ENG O3 T/ YN
THRUFULZ YL Ak

caOsy o uFR}

CosT ur EQuiy
FRACTIUN BERY FINANLED
FLANT LIFF T Ak

Tax RAatl

TOTAl BEFRITCTARLL FL Aardd

- LEVIHEZE 0 eahT OF SERVICE

ASE 3000 FT. WITH TR Ty

ERECTED FLANT €081
OFERATING COST/YEAR
THRUFUT /YENAR

cosy Of o'

cOsY OF QUL

FRACTION DIPRY FINANCED
FLANT LI1FT TF AR

TaX RAITT

FOTal HEFRFCTARLL ol

= LEVET [ZEn COst o SI'RVICE

WITH ROCN AND MINER CREDITS
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E.C.

53750000.00
200000.00
2030000.00
0.10

0.135

Q.46000
27.00
0.4800
61490000,00

+5.15

k.C.

53750000.,00
8L0000.00
2030000.00
0.10

Oojfl

0.46000
27,00
0.4800
614900060,.00

$5 .47

}“[:0

53750060, 00
425000, 00

3500 FT OPERNATING

3500 1)

3500 FT OPERATING COST/2

ERECTED PLANT COST
OFERATING COST/YEAR
THRUFUT/YEAK
COsT OF DERT
CosT OF LRUlITY
FRACYION DERT FINANCED
FLANT LIFE - YFA&RS
rax RAaTk
TOTAL DEPRECIABLE FLANT
= LFVELTZED ©0ST OF SCRVICE

cosrxa

FRICCTFL FLANT CUST
OFLRATING COS1 /YL AR
THRUFUT 7Y AR
COHY OF oFud
cosr OF FQUIy
FRATTTON Oirner
FEANT LI
TAX RATE
ToTal UEFRFCTARIE FLANT

- ANVLL LT cOat O siivIlh

PInntiern

7 Ak

VALLIE FOR AL GAy

Sal Vask

ERCCTID PlanTt c0ud
OFFRATING COST/YEAR

-3750000,00 EXTRAORNIINAKRY ONI TIME | XPHNSI
27,00 YEAR OF IXTRAQRDTHARY FXEFHNLE
203000000 THRUMUIL Z7Y] Al
0.10 COS0 Ok pb b7
Q1% COST OF 1QUT Y
0.8000 FRACTION WHBT | InANCL I
D700 FLANT L1FF Y ARG
0.4800 TAX RATE
4H1490000.00 TOTAL DEFRECIARI) 1) aNd
$5.20 - LIPUFLLZE 0 00 oF Skt



