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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 l imitation is hydrogen 

embr i t t l ement , which at present , r es t r i c t s reservoir pressures to L^UO psi or less, jxn 

economic methodology was developed to predict the cost of service for hydrogen s torage . 

This methodology was verified and tes ted on natural gas s torage. Costs ot service tor 

hydrogen ranged from Z6% to 150% of the cost of the gas stored. 

Background 

The first successful underground s torage ot natural gas was accomplished in 

Ontario, Canada, in 1915 in a part ial ly depleted gas field. As of 1977, there were i 8 b 

natural gas s torage resevoirs in the United Sta tes with a to ta l s torage capaci ty of 7.Z x 

10^'-' CF. Of these 385 reservoirs , about biL are aquifers, about 15 are salt caverns, 1 is 

an excavated mine, and the remainder aire depleted gas or oil fields. ti,ach ot these field 

types has a different geological distribution througnout the United Sta tes . Aquifers exist 

mostly in the Midwest, salt caverns are in the Great Lakes region and along tlie Gulf 

Coast , and depleted fields are sca t t e red among Z6 s t a t e s . 

In addition to natural gas, other fluids have been successfully s tored in 

underground reservoirs . Liquified gases tiave been stored in excavatea and solution-

mined caverns since 1951, Hydrogen gas has been successfully s tored in solution-mmed 

salt caverns in England by Imperial Chemical Industries at Teeside. This facility uti l izes 

three brine-compensated caverns to store hydrogen a t 75U psi at a deptn of LcUU feet . In 

a reservoir near Beynes, France , Gaz de France operated a s torage aquifer for hyorogen-

rich (50% to DO%), low-btu manufactured gas from 1950 to 1972, The field was 

successfully converted to natural gas s torage m 1973. Helium has been stored by the 

U.S. Geological Survey in bush Dome near Amarillo, Tex., since i9bU. 

Modes of Storage 

Faci l i t ies tor the underground storage ot gases fail into two categories^ i) porous 

media s torage, in which tne gas occupies the natural ly occurring pore space between 

mineral grains or crystals in sandstones or porous caroonates , and Z) cavern s torage, in 

which the gas is contained in excavated or solution-mined cavit ies m dense rocK. Porous-

media s torage , ei ther in part ial ly depletea oil or gas fields or in aqui iers , accounts for 

most underground s torage facil i t ies for natural gas. Natural gas is stored m solution-
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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 hydrocairbons 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 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 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 

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

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 

reservoirss loss through caprock, loss through solution 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 gats within a storage 

reservoir is the wells themselves. Gas losses from this source are normally 

comparatively easy to detect and remedy and 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. 

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."^'^ 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 gais 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 (H^) 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 (CH^) 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. If 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^O). 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 environmentfl^ 

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 ail welded sections subjected to pressures 

above several hundred psig. 

Reactions of Hydrogen V/ith 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, Fe203, 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 reservoir, 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 gcis 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 peirameters varied were base-gas cost, physical plant cost, plant construction cost, 

operating cost, cost of debt, cost of equity, and the fraction of debt finsmced. 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 naturad 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 parametricaliy varied as they were for natural gas storage. 

From am economic viewpoint, it appears that there will be little difference 

between the conversion of am 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, amd 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 amd mamy 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 10^^ 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 

$3.03/10^ 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 

10" SCF at a temperature of 77°F. The high cost of service derives from the high 

development cost of the field. By using $6.00/10 Btu as the base-gas cost, the cost of 

service becomes $5.27/10" 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 anailysis for hydrogen storage similar to 

that for natural gas storage. The cost of service is $6.59/10" Btu. The base-case cost of 

service is higher for hydrogen tham 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. 
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Table ES-1 . BASE-CASE ECONOMICS OF STORING HYDROGEN IN 
FOUR TYPES OF RESERVOIRS 

Item 

Erec ted Plant 
Cost , $103 

Annual Throughput, 
10^^ Btu 

Cost of Base Gas 
$/106 Btu 

Annuail Operat ing 
Cost, $103 

Construction Time, 
yr 

Cost of Debt, % 

Cost of Equity, % 

Fraction Debt 
Financed 

Lifetime for 
Economics, yr 

Cost of Service, 
$/10^ Btu 

Variation in Cost of 
Service, $/10^ Btu 

Salt Cavern 

1 6 , 4 0 0 

1 . 4 4 

6 .00 

350 

10 

15 

0 . 6 

27 

3 .03 

Excavated 
Cavern 

5 0 , 0 0 0 

2 .03 

6 .00 

425 

10 

15 

0 .6 

27 

5 .27 

Aquifer 

3 1 , 9 0 0 

1 .7 

6 , 0 0 

1 0 2 5 

( 2 . 4 4 - 4 . 2 7 ) ( 3 . 2 3 - 7 . 5 1 ) 

10 

15 

0 .6 

27 

6 , 5 9 

( 4 . 1 8 - 1 0 , 0 3 ) 

Depleted 
Field 

6,660 

0.976 

6.00 

230 

10 

15 

0.6 

27 

4.47 

(2.76-8.89: 

xi 
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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 10^^ Btu/yr and give a cost of service of $4.46/10" Btu. 

Two other values for throughput also were examined to determine the effect of 

additionad compressors amd wells to produce additionad throughput by reducing the 

amount of base gas. For a throughput of 1.7 x lO-'^ Btu/yr, the cost of service drops to 

$2.21/10^ Btu and for a throughput of 2.4 x 10^^ Btu/yr, the cost of service further drops 

to $1.51/10" 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 10^ gives a levelized cost of service of $3.34/10^ 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 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 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 yeairs 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 scade is more economical tham aboveground alternatives, for which storage costs of 

about $50/10^ Btu have been estimated (1972 dollars)^^. 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 t37pe 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 

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 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 ($/10 Btu) for the storage of both hydrogen and natural gas were 

calculated for four specific reservoirs that are examples of four different t3rpes 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 plaint 

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

Conclusion 

Safety -

No change in compressor station 
design 

Compliance with Class 1, Group B 
Standards of National Electrical 

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 d.imaged wellhead 
could be greater than for natural 
gas 

Embrittlement — 

Use of existing materials pre­
cludes pressures in excess of 
1200 psi 

Weldments and flawb most, sensitive 
even below 1200 psi 

Special compressor design and 
materials 

Chemical Reactions 

Technical Effect 

More stringent for natural gas; 
applicability must be determined 

Different than those for natural 
gas, but already exist 

Already exist 

None 

None 

More remote location may be 
required 

High-pressure reservoirs are 
restricted 

Complete inspection or replacement 
of surface equipment 

Design exists, must be replaced 

Economic Effect 

Slight to none 

Slight to 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 

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

Purity Requirements -

For supplement to natural gas, 
none 

For chemiraJ feedstock, variable 

Mixing -

Difficult to control in low-
porosity, low-permeabi]H v 
reservoirs 

Ihe possible reactions f(;r each 
field must be determined in detail 

Mav use uatural gas base gas 

Must use new reservoir or clean up 
the delivered gas 

More sophist irated reservoir model 
requi red 

Unknown 

Reduces cost of service to use 
natural gas base gas significantly 

Easy to control in high-P" t̂''leabi I i t y, Moderatelv (.ireful iniortion and 
withdrawal schemes: some cleanup 
may be required 

high-porosity reservoir 

Mixing mav be desirable 

Leakage "• 

Frequency and magnitude of loss 
and/or leakage rates will not 
exceed those for natural ^as 
storage 

Deliverable monitoring to determine 
pric ing 

Most economic mode; allows use of 
inert base 

Requires coiiiplicated pricing 
scheme 
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DEPLETED 
GAS FIELD 

SALT CAVERN 

Figure ES-1. BASE-CASE COSTS OF SERVICE FOR STORING NATURAL GAS 
AND HYDROGEN IN FOUR TYPES OF RESERVOIRS 
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fields, the plant and annusd operating costs are very similar for either natural gas or 

hydrogen storage. However, because of the different volumetric heating Vedues 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 ($6/10° Btu) and natural gas (between $0,30 and $1.60/10" 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. 
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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 researcti m 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. Iherefore, we encourage reseeircn in tue 

area of hydrogen environment embrittlement in the range ot 1000 to 5U00 psi. 

Use of Existing Hydrogen Safety Codes 

The legal implications 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 recommend an 

investigation of the various possible hydrogen distribution schemes. 

Economics of Supplying a Vciriable Hydrogen Natural uas Mix 
From Storage 

One of the economic difficulties immediately recognized was tne problem of 

computing the cost of service when hydrogen might be stored in a reservoir tnat 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 delivered to a natural gas-hydrogen 

distribution system, mixing would be allowed in the resevoir. (This study considered only 
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the effect of delivering pure hydrogen; mixing was assumed not to occur.) Although 

analytical techniques sire 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 eliminated; I) 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 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. Ihis particular 

mode of operation is especially worth further investigation. 

Effect of Potential Odoraiits 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 £ind 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 

naturad 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 embrittiement 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 naturad 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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I. 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 ($50/10" 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 n) 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 

embrittiement. (See Section n-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." 

3 
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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 oil 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 withdrav/al 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. 

V/e 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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n. 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 pools 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 l)."* 

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 Iowa, 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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Seference: American Gas Association, 2978, The underground storage of gas In the United States and Canada: 
Twenty-Seventh Annual Report on Statistics, Cosmiittee on Underground Storage. 
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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 

compainies operated underground storage facilities that have a total capital investment 

worth $23 billion.4 

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-2-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 aiong 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 countries. 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. 

10 
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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. 

13 
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Figure 5. PRINCIPAL TYPES OF UNDERGROUND GAS STORAGE 
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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 absolutely 

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 Ib/ft'^, or 1 g/ml) by the area of a square foot (144 in. ) as follows: 

62.4 lb 
l^4j^ - 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/ml) 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 

15 
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volume. This relationship is expressed by the following equation (Boyle's Law), assuming 

an ideal gas — 

where — 

Vg = volume of stored gas 

V^ = volume of cavern 

P]̂  = initial pressure 

PT = 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 

active water drive is present. Such reservoirs draw their displacement energy entirely 

from the volumetric expansion of the gas. 

17 
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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 embrittiement. 
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Figure 7. ELEMENTS OF STORAGE: POROUS-MEDIA STRUCTURE, POROUS 
AND PERMEABLE ROCK, CAPROCK, DEPTH, AND WATER SEAL 
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Figure 8. VARIOUS TYPES OF RESERVOIR TRAPS THAT CAN SERVE AS 
UNDERGROUND GAS STORAGE RESERVOIRS 
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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 hydrogen 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 —MGO-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 ft^ X acre-ft) x cj) x (1 ~ S^)(p) (3) 

where ~ 

V = total gas content, million SCF 

acre-ft = J (^1 + ̂ 2^ 
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h = contour interval, ft 

Aj 2 = area within successive contours 

4' = porosity of reservoir rock, % 

S^ = connate water, % 

F = 106 X - ^ x t X Z (4) 

where — 

Pjjj = pressure base (14.73 psia) 

P = reservoir pressure 

T = reservoir temperature, ^R 

Tjj = temperature base, °R 

Z = 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 represents a very 

large investment under the current natural gas pricing structure and would presumably 

represent an even greater investment in the storage of hydrogen. 

Proposcds to use various less expensive gases as base gas have been made on 

several occasions and are discussed in Sections H-A-Z-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 
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have been identified. T3rpically, 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 inter crystalline 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: 

P = 2 o cos 6 /g) 
^ r 

where — 

P == capillary pressure (threshold pressure), dynes/cm'' 

a = surface tension, dynes/cm 

6 = contact angle, deg 

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 tham 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 t3rpical 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 advemce 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 

29 



2/80 

gas withdrawal cycle while the sa tura ted water is displaced during the injection cycle. 

Even when the field is inact ive, water movement within the s torage reservoir can result 

in the continual flow of water at the gas-water in ter face with a consequent increase in 

the r a t e of gas loss through solution. Velocities of water movement in s torage reservoirs 

sufficient to make this l a t t e r mechanism of gas loss truly significant a re r a r e . 

4) Other Fac to r s Affecting the Containment or Loss of Gas from Porous-

Media Storage. In t e rms of frequency of occurrence but not necessarily in te rms of 

volumes of gas lost, the grea tes t single factor affecting the containment of gas within a 

porous-media s torage reservoir is the wells themselves. Gas losses from this source 

normally are comparat ively easy to de tec t 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 de tec t and remedy such defec ts . 

The consequences of seismic act ivi ty upon the integri ty of underground s torage 

reservoirs appear to be minimal. A gas loss directly a t t r ibutable to seismicity, even 

among the several depleted-field s torages in seismically act ive 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 s ta t ions. Areas 

susceptible to seismic act ivi ty are shown in Figure 13. 

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

te rm gas "loss" requires definition, part icularly as distinguished from "leakage." There 

probably is some finite gas loss from virtually all porous s torage reservoirs: loss through 

caprock, loss through solution in water , and/or loss through defects in the wells 

themselves. Not only axe many of these losses ver^' minor in quanti ty, but cdso they are a 

predictable consequence of the environment of gas s torage and the technology for i ts 

development. They do not necessarily have"an impact upon life or property in the 

surface or near-surface environment. Even very substantial quant i t ies of gas can be lost 

from the primary reservoir without harmful effects , except upon the cost of s torage. A 

case in point is the Hersher Storage Field operated by Natural Gas Pipeline Corporat ion 

of America in Kankakee County, 111., in which gas escaping from the pr imary reservoir is 

collected in an overlying reservoir and reinjected. The term "leakage" is reserved for 

those relat ively ra re instances of uncontrollable gas loss of such magnitude as to be a 

significant factor in s torage economics or in environmental safety. Leakage is discussed 

in a l a te r sect ion of this repor t . 

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

losses because these questions ul t imately depend upon the l imits of de tec tabi l i ty 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 porova 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 

quantities 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 in which 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 ±3%. 

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 vSells 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 aire 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 convincingi 

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. 

Notwithstamding 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 amalysis, 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 abamdonment 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 secondary 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 advamtage of hindsight, many 

instamces 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 advamtage 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, amd water is returned to the 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 

34 



r^ 
00 

o 

SOURCE: BUSH, e t a ! , , 1976 

Figure 14. AREAS UNDERLAIN BY MORE THAN 500 FEET OF SHALE IN 
IN UNITED STATES 



00 

o 

SOURCE: BUSH, et al., 
BEDDED ROCK SALT 

SALT DOME 

Figure 15. BEDDED ROCK SALT DEPOSITS IN THE UNITED STATED 



00 

o 

UNFAVORABLE FOR MINED 
CAVERN STORAGE 
(VOtCWIC) 

Figure 16. OUTCROPS OF IGNEOUS AND METAMORPHIC ROCK 
IN THE UNITED STATES 



2/80 

volume of base gas, because the fluctuating water volume serves to pressure the cavern 

and to displace the working gas. 

The vairiable-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 cam 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 pressure 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 constamt 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 regionad 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 

tham sadt, 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 ausd 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, 

pairticulairly anhydrite, are occasionally carried along by the upwelling salt, but these are 

normally small and only occasionally cause difficulty. The majority of sadt 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 sadt 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 sadt 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 

cavern. 

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 storage, 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 noi unimportant. It 

is simply assumed that they would be very caiefully 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 Janelid,^° 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. 

Aberg,-'- among others, has shown that within fractures of significant width (in 

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 granite."'^'^^'^^ 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 Scdt. 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 impurit ies tha t , in ex t r eme cases, might permit gas loss, 

although no such losses have been repor ted . 

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 sal t . 

None of the sa l t -cavern gas s torage facil i t ies tha t we have studied have repor ted 

significant gas loss, nor have the solution-mined caverns used for the storage of liquid 

hydrocarbons repor ted any loss of the supernatant vapor phase. Hence, we would 

ant ic ipate no loss of hydrogen if these caverns were operated under the same conditions 

for hydrogen. 

A number of excavated caverns have been constructed, primarily ei ther in grani te 

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 da ta to present quant i ta t ive conclusions 

on the frequency or magnitude of gas loss. As in the case of many porous-media s torage 

facilit ies, the detectabi l i ty of gas loss from caverns appears to vary great ly, and few, if 

any, caverns have incorporated a loss detect ion system in their initial design. Such 

instances of propane vapor escape as are known have first been de tec ted a t ground 

surface. 

One case of vapor loss seems clearly a t t r ibutable to the loss through drainage of 

the hydrostat ic head in a fracture system. Another case may be due to the seepage of 

propane, e i ther 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 g rea te r l i thostat ic pressure of the 

depths appropriate to natural gas or hydrogen s torage. 

c) Impermeat ion Techniques. Methods necessary to limit the leakage of 

stored gas from an underground reservoir depend on the mode of s torage and on the 

mechanism and quanti ty of escaping gas. In porous-media storage, in which a large 

volume of gas is s tored under several hundred acres of land, the migration of gas from 

the reservoir through the overlying caprock or by la tera l leakage beyond the limits of the 

s t ructural closure may not be readily de tec ted and is rarely correct ib le . The large 

volume and areal extent of such a field inhibit the application of remedial impermeat ion 

techniques to contain the leaking gas. 

Cavern s torage operations axe more conducive to impermeation techniques. The 

considerably smaller volume of gas s tored in an underground cavern and the res t r i c ted 

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.^" 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."^ 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).^ In this manner, the hydrostatic pressure of the 
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groimdwater 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 virtuedly no potential for leakage by fractures 

or by the intrinsic permeability of the salt surrounding the cavern. The viscous flow of 

salt imder 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 amd 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 primairily 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 nezir-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 advcmce. 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 wais a 

carbonate reef rock containing both vugular and intercrystalline porosity. Field capacity 

was Cedculated 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, carr3dng 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. Severed 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 

shediow formations can be expected to be lower than those arising from mechanical 

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

^̂  faciden-ce. 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 mechcinisms 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 cire 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 geological 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 quedity 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 emd 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. 

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

® 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 emd the 

56 



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 amd when such has occurred. 

Radioactive Tracer Survey. Conduct a base log to record existing radioactivity in 
the formation, and then inject a radioactive 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. 

Casing Inspection Log. An electrical survey is conducted 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. 

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 ctny point indicates fluid movement. 

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 
vziluable in locating the top of the cement behind the casing. 

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. 

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 

genereil, 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 Emd 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 rairely 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, ' '- ' '^ ' which 

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

Survey,^^'^° which operates Bush Dome near Amarillo, Tex., for the storage of helium. 
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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.l9 

Depending on the particular reservoir, the carbon dioxide makes up 20% to 63% of 

the cushion gas and permits withdrawcd 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 catsdyst 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 nezirby. The gas was produced from 

the Brown dolomite formation at about 3300 ft. This formation is rather heterogeneous, 

containing anhydrite, shale, and samdstone 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 I960, 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 distamces 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: 

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

® Porosity anisotropies 

9 Dif fusivity of the helium at the leading edge 

» 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 

required. 

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

the following conclusions with respect to mixing of gases in a porous storage reservoir. 

If mixing is undesirable, it Ccm 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 II-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. 

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,^^ 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 facility.'* 

Hord^7 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 cire 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 
27 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,"* 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 stamdards. 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 methame. 

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 floors 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 

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

required to wear amtistatic 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 expamds 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 methanol 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 naturad gas include rupture discs 

(generally used only on compressor equipment) and vairious t-jrpes of relief vadues. 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 naturad 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 arresters. Mechamical 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 aire 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 n-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 organisms^ ^; 

consequently, the likelihood of significant adverse impacts arising from the release of 

hydrogen into the surface environments is very small. 

The preparation of am 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 II-A-2-d, is rare. In one reported case, 
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the leakage of detectable quantities of methame from underground storage facilities 

caused localized minor crop amd vegetation damage.^"^ It is not clear whether this 

vegetation damage resulted directly from the presence of methane or indirectly from 

associated constituents, odoramts, 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 raire 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 aire 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 

pipeline 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'*'^ 

Hydrogen 

Location 

Texas 

Texas 

Germany 

Florida 

Los 
Alamos 

Pipeline Steel 

Converted 
natural gas 
line 

New Schedule 
40 steel 

Seamless 1015 
steel 

316 stainless 
steel 

5 Cr-Mo 
steel 

Age, yr 

6 

3 

Up to 35 

10 

8 

Length, 
km 

8 

19 

2 1 0 

1 . 6 

6 

Purity,% 

9 9 . 5 

9 9 . 5 

Dirty^ 

Ultrapure^ 

Ultrapuj-e^ 

Pressure 
MN/m-^ 

6 

1 . 4 

1 .8 

4 2 

14 

psi 

8 0 0 

2 0 0 

2 6 0 

6000 

2000 

Comments 

No problems 

No problems 

No problems 

No problems 

Leaked in 3 yr | 
cracked in 4 yr; 
abandoned 

^ Purity unknown, 12 materials transported interchangeably through pipeline. 

° Liquid boiloff. 

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: 

« 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 

® 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 

Storage Type 

Depleted Gas Field 

Aquifer 

Washed Salt Cavern 

Mined Cavern 
Depth = 2500 ft 

3500 ft 
4500 ft 

Maximum Wellhead 
Pressure, psig 

1050 

9 0 0 

3500 

1000 
1400 
1800 

Maximum Underground 
Temperature, °F 

87 

82 

1 6 0 

80 
90 

106 

The depleted gas field, aquifer, and shallowest (2500 feet) mined cavern all have 

maximum pressures below about 1000 psig amd maximum underground temperatures 

below 90°F. The washed sadt cavern has the most extreme temperature and pressure 

(160°F amd 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 aire 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 

internad hydrogen concentration, externail 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 embr i t t l ement often is not well understood, 

most studies of hydrogen embr i t t l ement describe effects r a the r than causes. 

Embr i t t l ement effects can be divided into a number of different categories ; different 

studies often describe the same embr i t t lement effects in different t e rms . We have 

chosen to follow the nomencla ture se t forth by a study performed by Bat te l le 
21 Laboratories and will describe seven types of hydrogen embr i t t lement effects , 

including -

« Opening of the la t t i ce 

« Shat ter cracks, flakes, and fisheyes 

® Hydrogen chemical a t t ack 

® Blistering 

« Loss of duct i l i ty 

» Hydrogen s t ress cracking 

« Hydrogen environment embr i t t l ement . 

The first six types of hydrogen embr i t t l ement effects involve internal (dissolved) 

hydrogen. The seventh type of embr i t t l ement effect (hydrogen environment 

embri t t lement) is the result of hydrogen adsorbed on the surface of meta l . A detai led 

description of the seven embr i t t l ement effects follows. 

1) Opening of the La t t i ce . Metal exposed to very high-pressure hydrogen can 

become filled with small cracks and fissures. In ex t reme cases, the metal may become 

permeable to both liquids and gases. The mechanism for this embr i t t l ement effect is not 

well understood,'"^ However, this type of embr i t t l ement has not been observed at 

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

2) Shat ter Cracks , Flakes, and Fisheyes. Shat ter cracks, flakes, and fisheyes 

can occur during the manufacture of meta ls . The mechanism for this hydrogen effect 

involves the trapping of molecular hydrogen in the meta l l a t t i ce during cooling.^•'- This 

problem therefore should not affect hydrogen s torage operat ions. 

3) Hydrogen Chemical A t t ack . The effect of hydrogen chemical a t t ack on 

metads is the development of fissures, result ing in a loss of both s t rength and ducti l i ty. 

The mechanism for this embr i t t l ement effect is understood. Hydrogen r eac t s with 

carbon in the meta l to form methane gas. The methame molecule is too large to diffuse 

through the meta l s t ruc ture and therefore becomes trapped in voids. Sufficient pressure 

can be genera ted by trapped methane gas to cause fissures.36 -phe following conditions 
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amd physical properties are known to affect the rate and/or severity of hydrogen 

chemical attack: 

® High hydrogen partial pressures favor hydrogen chemical attack. * 

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

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

m The effect of hydro^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 general, 
cold-working of metals increases their susceptibility to hydrogen chemical attack. 

m The presence of some impurities in hydrogen enhances hydrogen chemical 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, 

® Various alloying elements in steels reduce chemical attack of hydrogen on carbon by 
forming very stable carbides, ' ' ' The elements commonly used to decrease 
hydrogen chemical attack are thorium, zirconium, tantalum, neodymium, titanium, 
chromium, vanadium, tungsten, and molybdenum. 

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

temperature versus hydrogen partial pressures. ' ' 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). ' 

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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® Internal imperfections in the metal (laminations, slag inclusions, inclusion stringers) 
provide sites for the recombination of atomic to molecular hydrogen and increase 
blistering in metals.^°'*^ 

® 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 g-vA 
therefore increase the internal concentration of atomic hydrogen in metal. ' 

® Reducing metal temperatures quickly favoKS^the formation of molecular hydrogen 
and results in incresed blistering effects. ' ' 

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

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

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

cycling. 

^̂  I^oss 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 occur. ' ' In 
general, the higher the yield strength of the material used, the higher its loss of 
ductility in hydrogen environments. 

® Losses of ductility are especially severe in areas that include imperfections and 
inclusions. ' The presence of notches also leads to increased ductility losses. 

® High internal concentrations of atomic hydrogen, (spd therefore high external 
hydrogen pressure) increase ductility losses. ' ' ' ' 

® The hairdness of the material of construction also is a factor. ' Hard spots, 
especially near welds, are especially susceptible to ductility losses. 

® Losses of ductility are most severe at intermediate temperatures (approximately 
room temperature) and are less severe above and below room temperature. ' ' 

® The rate of strain exterted on a metal also affects the severity of ductility Iftgses in 
hydrogen service. Ductility losses are most severe at low rates of strain. ' ' 

® Cold working of wetal increases its susceptibility to loss of ductility in hydrogen 
service. ' ' ' 

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 
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compressor apparatus are possible exceptions to this general conclusion. In addition, 

welds and notches can provide sites for severe losses in ducti l i ty. The design of hydrogen 

s torage facil i t ies should include use of low-tensi le-s t rength s teels wherever possible, 

proper annealing and welding procedures, and the avoidance of notches, rapid 

t empera tu re changes, and t empera tu re excursions above or below ambient t empera tu re 

wherever possible. 

6) Hydrogen Stress-Cracking. Hydrogen s tress-cracking is an embr i t t l ement 

effect in which cracks ini t ia te and grow in high-strength s teel subjected to s t ress in the 

presence of diffusing atomic hydrogen. The mechanism for this embr i t t lement is not 

well understood, but the following experimentally determined conditions are necessary 

for hydrogen stress-cracking^-*-; 

1) The meta l must have a tensile yield s t rength above approximately 110,000 psi. 

2) The s teel must be subjected to a minimum sustained tensile s t ress . That minimum 
value of s t ress depends upon the s t rength of the steel and its hydrogen content . 

3) The s teel must contain atomic hydrogen moving through the la t t i ce as a result of 
concentrat ion of s tress gradients . 

Fac tors tha t increase hydrogen stress-cracking include the following: 

m Hydrogen stress-cracking is most severe in s teels with high yield strengths.^^ 

® Hydrogen stress-cracking is most severe at welds and hard spots.^^ 

® The level and r a t e of s tress applied to s teel affect hydrogen stress-cracking. ' In 
general , a high r a t e of s tress decreases the t ransport r a t e of a tomic hydrogen 
through the metal l a t t i ce . 

® Cyclic s t ress loadings make a meta l more susceptible to hydrogen stress-cracking."*' 

® The presence of hydrogen sulfide and carbon dioxide appears to increases hydrogen 
s t ress-cracking of m e t a l s . ^ ' 

Hydrogen stress-cracking can be made less severe by adding small amounts of 

carbon monoxide, water vapor, or oxygen to hydrogen; oxygen, in part icular , in very 

small concentra t ions has shown the ability to almost completely el iminate hydrogen 

stress-cracking,"*' Some researchers have determined tha t alloying s teels with some 

metals can reduce hydrogen stress-cracking, but this observed phenomenon is not well 

defined a t this t ime . We conclude tha t 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 Embr i t t l ement . Hydrogen environment embr i t t l ement 

is a surface phenomenon in which severe cracks in i t ia te a t the meta l surface. The 

mechanism for this embr i t t l ement is not well understood, but two conditions have been 

experimental ly determined to be necessary for this type of hydrogen embr i t t l ement ; 

1) The meta l must be exposed to an external hydrogen environment. Hydrogen 
environment embr i t t l ement is not affected by internal , a tomic hydrogen. 

2) The meta l exposed to an external hydrogen environment also must be plast ical ly 
deformed. 

The effects of hydrogen environment embr i t t l ement a re reversible and do not 

depend on internal hydrogen concentrat ion. Hydrogen environment embr i t t l ement 

depends on hydrogen pressure to a l imited extent.*^" However, increasing hydrogen 

pressure by small amounts does not severely increase the r a t e of hydrogen environment 

embr i t t l ement . Hydrogen environment embr i t t l ement is much worse in the presence of 

notches, defects , or changes in section size.^^'""* There are l i t t le da ta available in the 

l i te ra ture on the t empera tu re dependence of this hydrogen embr i t t l ement effect . 

The presence of small amounts of oxygen almost completely el iminates hydrogen 

environment embr i t t lement , even in meta ls tha t have been severely deformed.*^" Oxygen 

in concentrat ions as low as 1 ppm causes a small reduction in the hydrogen environment 

embr i t t l ement . Oxygen in concentrat ions of 1% by volume completely el iminates 

hydrogen environment embr i t t l ement in deformed meta ls . If facili t ies to be used for 

underground hydrogen s torage are carefully designed and inspected, hydrogen 

environment embr i t t l ement should not be a problem except where metal defects or soil 

s t ress cause plast ic deformation. 

c. Conclusions 

Because of a lack of understanding of the basic mechanisms of hydrogen 

embr i t t lement , we found tha t present designs are based on a var ie ty of empirically 

determined formulas and tha t no generally accepted method prevails . Fac to r s upon 

which present designs of hydrogen equipment are based include — 

® Nelson char t s . These char ts a re appropria te only for determining the abili ty of a 
par t icular mater ia l to withstand hydrogen chemical a t t a ck and are not generally 
applicable to the other hydrogen embr i t t l ement effects noted above. 

» A 110-psi yield s trength "rule of thumb." The use of low-yield-strength s teels 
reduces the effects listed above as hydrogen environment embr i t t l ement and 
hydrogen s tress-cracking. This rule of thumb generally does not apply to the o ther 
forms of hydrogen embr i t t l ement . 

9 The use of expensive alloys. 
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® 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. 

® 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 

CO 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 

natured 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 

t3TJe may not be cost-effect ive at existing s torage facil i t ies. In tha t case, we would 

recommend replacement of all welded sections subjected to pressures above several 

hundred psig. In order to avoid hydrogen embr i t t l ement , we suggest tha t the following 

c r i te r ia be applied to the design of facili t ies for underground hydrogen s torage systems: 

® Use low-yield-strength steel whenever possible. 

m Use hea t - t r ea t ed and fully annealed mater ia ls . 

m Use Ccireful welding procedures to avoid hard spots and flaws. 

m Maintain a careful inspection of all mater ia ls for flaws, including voids, inclusions, 
and hard spots. 

« Design for minimum stress levels in all components (particularly cyclic stress). 

» Avoid plast ic deformation of all mater ia ls at all costs . 

® Possibly, use an oxygen impurity at low concentrat ion levels to control hydrogen 
s t ress-cracking and hydrogen environment embr i t t l ement . 

4. React ions of Hydrogen with Chemical Species Fotmd in Underground 
Reservoirs 

The four major s torage reservoirs types — 1) sandstone, 2) depleted field, 3) salt 

dome, and 4) mined cavern — are composed of, or in contac t with, rock s t r a t a of the 

following general types: 1) sandstone, 2) shale, 3) l imestone, 4) dolomite, 5) anhydri te , 

6) gypsum, 7) silt s tone, 8) reef, 9) salt , and 10) granite.-^^ Each of these s t r a t a may be 

chciracterized by both lithology and, more importantly, mineralogy. 

Sandstone, depleted field, and mined cavern reservoirs are composed primarily of 

s table, nonreact ive si l icate minerals consisting of quar tz , feldspars, and lesser amounts 

of garnets , spinels, and micas. However, minor sulfide, sulfate, carbonate , and oxide 

minerals often occur ei ther as cementing mater ia l s or as small crystals coating the 

surfaces of larger grains. In l imestone, dolomite, and salt caverns, these minerals may 

become major in quant i ty . Because of the large amount of exposed surface area of these 

minerals in sandstone-type reservoirs , in excess of the quar tz itself, and the large 

quanti ty of these minerals in l imestone and salt reservoirs , possible reac t ions with 

hydrogen could proceed to the complete consumption of the reac t ing mineral . This might 

involve measurable quant i t ies of hydrogen and the generat ion of toxic gases. Primari ly 

these minerals are the 1) sulfides S, FeS, FeS2, PbS, HgS, ZnS, CU2S, CuFeS2, CS2J 2) 

sulfates CuSO^, CuS04-2H20; 3) carbonates C a C O j , MgCOg, (Ca, Mg)C03; 4) oxides 

•^^2^3 ' "^^3^4' ^ ^ ^ ' MgOj ^uid minor chemical species in the gases in the reservoir , CO, 
LP 

CO2 and hydrocarbons. Walters s ta ted 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.^' 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)4 was 

postulated to involve reaction between carbon monoxide 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 Be3mes 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 minerads themselves. 

For reactions with hydrogen, a reaction equation can take the form: 

aH2 + bB î  cC + dD (6) 

where — 

a, b, c, 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 = cG^ + dGj) - bGfo - aRTUn Pjj (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 react ions considered and the free energies of the 

react ions , assuming a reservoir t empera tu re of 298°K (77°F) and pressure of 2000 psi . 

An increase in t empera tu re of as much as 50°F would not chainge reac t ion directions nor 

would reac t ion directions be changed by decreases in pressure. Only reac t ions 1, 2, and 

11 indicate possible reac t ion with hydrogen. However, these three react ions require 

either t empera tures above those in reservoirs or catalysis . 

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

(1 

(2 

(3 

(4 

(s: 

(6 

(7 

(8 

(9) 

10 

11 

12 

13 

14 

15' 

Free Energy, kcal 

H2 + O2 = H^O - 5 4 . 6 4 

H ,̂ + S = H2S - 7 . 8 9 2 

H2 + F e S = H2S + Fe 1 2 . 5 2 0 

H 2 + F e S 2 = H^S + FeS 5 . 7 2 0 

H2 + PbS = H2S + Pb 1 1 . 3 50 

H2 + Cu^S = H2S + 2Cu 1 5 . 6 1 6 

H2 + CaS04 = H2SO3 + CaO 4 5 . 7 6 7 

H2 + CaS04-2H20 = H2SO4 + Ca(OH)2 4 2 . 5 1 9 

2H2 + 2CaC03 = 2H2O-t 2CO2+2Ca^'^(aq) 3 8 5 . 9 6 2 

H2 + FeO = Fe + H2O 6 . 6 6 8 

H 2 + 3 F e 2 0 3 = 2 F e 3 0 4 + H2O - 1 1 . 2 4 1 

H2 + F e 3 0 = 3Fe + H2O 1 2 . 7 3 2 

H2 + CaF2 = 2HF + Ca^"*"(aq) 2 1 . 8 1 1 

2H2 + Si02 = Si + 2H2O 3 7 9 . 4 0 

3H2 + AI2O3 = 2A1 + 3H2O 2 0 6 . 7 

Similar to inorganic react ions , most hydrogenation and cracking reac t ions require 

t empera tures in excess of normal reservoirs . Some anaerobic bac te r ia are capable during 

fermentat ion processes of reducing hydrogen and sulfates to hydrogen sulfide and water , 

but this act ivi ty is r a re in reservoirs for short t imes . In past geologic t ime , all the 

hydrogen reac ted to hydrogen sulfide or escaped. 

For the Beynes Field, a t the t ime of conversion, all gas analyses of injected and 

withdrawn natura l 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 tne 

withdrawn gas followed this change exact ly . 

Further evidence of the absence of significant hydrogen reac t iv i ty 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 trimsmission 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 cdlowable 

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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m. 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 emalyses is "discounted cash flow (DCF) analysis" because the 

future earnings and expenses making up the cash flow axe discounted back to a particular 

82 



2/80 

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 — 

NPV 
CFl ^ CF2 ^ CF, 

(1 +i)^ (1 + i)^ (1 + i)" 
- P I (8) 

where — 

CF represents cash flow 

PI represents initial project costs 

1 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. 

Pl= I - ^ I t _ (9) 
t = 1 (1 + i)* 

Then, both the NPV and IRR approach are the same except that, in the former, the i is 

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 vadue. 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 vadue factor 1/(1 + i)n 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 cadculated 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 vadue 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 
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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 amy 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 generad 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 amd 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 

capitad 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,1^ 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 

Item 

Land and Land Rights 

Structures and 
Improvements 

Storage Wells and 
Reservoirs 

Storage Lines 

Compressor Station 
Equipment 

Storage Measurement 
and Regulation 

Storage Dehydration 

Nonrecoverable/Noncurrent 
Gas 

Other Capital ized Equipment 
and Expenses during 
Construction 

Labor and Supervision 

Allowance for Funds Used 
during Construct ion 

Total Capital ized 

Aquifer, 
1975 

dollars X 10^ 

1 , 2 4 7 

6 5 5 

5 , 5 0 0 

1 6 , 5 6 5 

3 , 2 7 0 

Salt Cavern, 
1977 

dollars X 10^ 

4 0 8 . 6 

7 1 8 . 1 

8 , 1 1 4 . 7 

1 , 8 8 3 . 1 

3 , 2 6 9 . 6 

Depleted Field, 
1965 

dollars X 10^ 

2 2 . 4 

9 5 . 6 

2 , 1 5 1 . 8 

9 6 6 . 3 

NA 

NA 

NA 

25,630 

2,826 

2,831 

4,232 

62,764 

72.4 

279.4 

671.6 

56.6 

781.0 

1 ,382.2 

17,637.3 

NA 

NA 

681.3 

361.0 

NA 

NA 

3,598.2' 

Not including original nonrecoverable gas. 

aquifer and sa l t -cavern fields are $39.5 million and $16.4 million, respect ively, 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 capi tal cost of approximately 

$8.2 million. A 7% escalat ion adjustment per year resul ts in a $9.3-million capi ta l cost , 

which is comparable to the company e s t ima te . 
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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 sadaried construction workers for the excavation work. Partial 

credits for each were considered for cases in this analysis. 

Detailed operating and maintenance costs tor 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 filing 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 naturad 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 4 2 8 , 0 0 0 9 1 3 , 0 0 0 7 9 2 , 0 0 0 8 5 5 , 0 0 0 
Expenses 

Total Maintenance 157 ,000 2 7 0 , 0 0 0 3 0 1 , 0 0 0 3 1 1 , 0 0 0 
Expenses 

Leases and - - 8 , 0 0 0 8 ,000 8 , 0 0 0 
Royalties 

GrandTotal 5 8 5 , 0 0 0 1 , 1 9 1 , 0 0 0 1 , 1 0 1 , 0 0 0 1 , 1 7 4 , 0 0 0 
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Table 7. OPERATING AND MAINTENANCE EXPENSES 
FOR DEPLETED-FIELD RESERVOIR 

1977 

Expense I tem 

Operat ing Expenses 
Structures 
Wells 
Lines 
Compressor Stat ion 

Fuel 
Lubrication 

Measurement 
Purification 

Subtotal 

Supervision 

Total 

Maintenance Expenses 
Structures 
Wells 
Lines 
Compressor Stat ion 
Measurement 
Purification 

Subtotal 

Supervision 

Total 

Leases and Royal t ies 

Grand Total 

1976 
Cost, $ 

1 1 1 , 

5 2 , 

5 , 

1 6 9 , 

, 6 4 3 

, 5 0 6 

, 1 7 2 

, 2 7 6 

Cost, $ 

6 , 1 5 7 . 2 9 

1 7 , 1 3 1 . 4 7 
5 5 , 9 1 2 . 2 9 

5 , 2 0 8 . 8 1 
4 2 4 , 0 5 
4 6 0 . 9 1 

1 , 0 3 1 . 6 3 

8 6 , 3 3 0 . 5 3 

2 4 , 5 5 2 . 0 0 

1 1 0 , 8 5 3 . 0 0 

3 , 4 2 1 . 8 5 
1 , 9 5 6 . 5 9 
1 , 3 8 8 . 0 4 
9 , 1 6 5 . 5 1 

9 1 . 4 0 
2 5 . 9 9 

1 6 , 0 4 9 . 8 8 

7 , 2 0 2 . 0 0 

2 3 , 2 5 2 . 0 0 

5 , 2 2 1 . 0 0 

1 3 9 , 3 2 6 . 0 0 

Cost, % 
of to ta l 

5 . 5 

1 5 , 4 
5 0 . 0 

4 . 7 
0 . 4 
0 . 4 
0 . 9 

2 2 . 1 

9 9 . 4 

1 4 . 7 
8 . 4 
6 . 0 

3 9 . 4 
0 . 4 
0 . 1 1 

3 1 . 0 

1 0 0 . 0 

Labor, % 
of to ta l 

3 . 3 

9 . 3 
4 2 . 0 

0 . 2 
0 . 0 2 

2 2 . 1 

5 9 . 8 

1 .7 
0 . 0 8 
1 . 4 

1 5 . 9 
0 . 3 
0 . 1 1 

3 1 . 0 

5 0 . 5 

For each FERC operat ing and maintenance account indicated in the tables , labor 

costs and the labor percen tage of the to ta l i tem also are presented. Because labor costs 

were not available for the aquifer field (for which construction has not yet begun), these 

da ta are omi t ted . 

The next major input considered for both the na tura l gas and hydrogen cases is the 

throughput per year . The throughputs aire constrained by marke t demands for gas, 

reservoir pa rame te r s , and surface equipment at the field. As a resul t , a field could have 
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Table 8. OPERATING AND MAINTENANCE EXPENSES FOR SALT-CAVERN RESERVOIR 
1975 1976 1977 

o 

Expense Item 

Operating Expenses 
Power 

Structures 

Wells 

Lines 

Compressor Station 
Fuel 

Lubrication 

Measurement 
Purification 

Subtotal 

Supervision 

Total'' 

Maintenance Expenses 

Structures 

Wells 

lines 

Compressor Station 

Measurement 
Purification 

Subtotal 

Supervision 

Total" 

• ost, 
S 

13,700 

351 (?) 

76,270 
2,582 
7,000 

100,000 

18,300 

132,812 

14,914 
5,945 

11,071 
4,638 
806 

37,374 

11,844 

54,716 

"ost, 
7. of total 

10.3 

~0 

57.4 
2.0 
5.2 

13,, 

100. r. 

27.2 

10.8 

20.2 

8.8 
-1 .5 

21.6 

Labor, 
% of total 

0 

0 

0 
0 
1 .2 

-13.8 

19. J 

4.1 

9.8 
6.9 
-1.95 

21.4 

Cost, 

$ 

49,501 

— 

84,848 

5 ,664 

5,937 

145,950 

2i,700 

268,674 

12,849 

8,505 

37,731 
7,422 

916.20 

o7,423.00 

13,895 

195,872 

''ost, 

% of total 

18.4 — 

31.5 

2.1 
2. 2 

8.1 

6.5 
4.3 

19.3 

3.8 
-0 

7.0 

Labor, 
% of total 

0 

— 

0 

1 1 

7.9 

1.9 
-0.7 

7.6 
2.0 
~0 

-0 

Cost, 
$ 

14,323.84 

84,221.45 
6,920.24 

1,646.07 

139.00 

107,249.00 

22,834.81 

220,370.04 

27,075.60 

31,885.23 

10,308.15 
251.67 

42,445.05 

14,509.15 

121,626.47 

Cost, 
% of total 

6.4 

38.2 

3.1 
.75 

-0 

9.6 

100.0 

22.0 

25.2 

8.4 
0 

12.0 

100 

Labor, 
7. of total 

0 
0 
-0 
0 

-9.5 

22.7 

3.7 

5.3 
3.6 
-0 

11.5 

36.9 

" Includes other expenses not itemized. B80061492 
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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 $0,30/10^ 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 adl four. The 

objective of this anadysis, 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 wais 

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 amalysis 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, $0.30/10^ Btu, is based on 1975 values, 

and the computed cost of service of $0.58/10° Btu is an appropriate value according to 

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

Item 

Erected Plant Cost, $10^ 

Annual Throughput, 10-̂ ^ Btu 

Cost of Base Gas, $/10^ Btu 

Annual Operating Cost, $10-̂  

Construction Time, yr 

Cost of Debt, % 

Cost of Equity, % 

Fraction Debt Financed 

Lifetime for Economics, yr 

Cost of Service, $/10^ Btu 

Base Case 

1 6 , 4 0 0 

6 . 2 

0 . 3 0 

3 5 0 

3 

10 

15 

0 . 6 0 

27 

0 . 5 8 

Percentage Variation 

- 5 t o +30 

- -

+ 900 

- 5 0 

- 6 0 

-50 t o +100 

-60 t o +30 

-60 t o +30 

- 3 6 t o +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 $2.07/10° 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 10^^ 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 

I tem 

Erec ted Plant Cost , $103 

Annual Throughput, 10^^ Btu 

Cost of Base Gas, $/106 Btu 

Annual Operating Cost , $103 

Construction Time, yr 

Cost of Debt, % 

Cost of Equity, % 

Fract ion Debt Financed 

Lifet ime for Economics, yr 

Cost of Service, $/ lo6 Btu 

Base Case 

3 9 , 5 0 0 

6.6 

1 . 6 0 

1 , 2 0 0 

3 

10 

15 

0 . 6 

27 

2 . 0 7 

Percen tage Variation 

- 1 5 t o +30 

t o 90 

- 5 0 

- 6 0 

- 5 0 t o + 1 0 0 

- 6 0 t o +30 

- 6 0 t o +30 

c. Excavated Cavern 

The levelized cost of service for the base case of the excavated cavern is given in 

Table l i . Because no excavated cavern exists tha t was designed primari ly to s tore 

naturad gas, there are no actual costs of service with which to compare the computed 
1 T 

cost. However, for an annual throughput of 8.0 x 10 Btu and a base-gas cost of 

$1.00/10^ Btu, the cost of service is $1.30/10^ 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 erec ted plant cost is very high. 

The sensitivity analysis i l lustrated in Figure 26 again shows tha t the most 

sensitive pa rame te r s are the plant cost and the cost of equity. The leas t sensit ive 

pa ramete r 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 $1,18/10° Btu and $1,11/10 Btu, respect ively, 

if the excavated rock is sold and miners are used instead of construct ion workers . The 

effect of increased compression costs (appearing as larger plant cost) is more than offset 

by the larger s torage 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 Percen tage Variation 

Erec ted Plant Cost , $10^ 5 0 , 0 0 0 - 3 t o + 3 0 

Annual Throughput, lO^^ Btu 8 . 0 

Cost of Base Gas, $/106 Btu 1 -00 t o + 2 0 0 

Annual Operating Cost, $10^ 500 - 5 0 

Construction Time, yr 3 - 6 0 

Cost of Debt, % 10 - 5 0 t o + 1 0 0 

Cost of Equity, % 15 - 6 0 t o +3 0 

Fraction Debt Financed 0 . 6 - 6 0 t o + 3 0 

Lifetime for Economics, yr 2 7 — 

Cost of Service, $ / i0^ Btu 1-30 

d. Depleted Field 

As shown in Table 12, the cost of service for the depleted-field base case is 

$0,88/10^ Btu for a base-gas cost of $1.00/10^ Btu and an annual throughput of 3.080 x 

10° 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 pa rame te r s . (See Figure 27.) 

e. Conclusions 

The results of the tes t of the economic methodology on natural gas s torage show 

that the method does accurately predict the levelized cost of service. This predict ion, 

however, must be considered in the context of the assumptions made in the model. In 

part icular , the model assumes a fixed amount of gas is injected and withdrawn in every 

year of the computat ional history, tha t the amount of gas considered to be the "base" gas 

remains fixed, and tha t the operating costs per year remain fixed. None of these 

assumptions are held exact ly in the actual operation of a reservoir, nor should they be . 

For the most par t , the model is insensitive to very small changes in most of the 

pa ramete r s amd is even insensitive to large changes in others such as yearly operat ing 

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

Percen tage Variation 

- 3 t o +30 

to +20 

-50 

-60 

-50 to +100 

-60 to +30 

-60 to +30 

The absolute value of the levelized cost of service depends on the absolute value 

of the base-case pa ramete r s . The sensitivity of the cost of service to any of the 

pa ramete r s depends on their value relat ive to one another . So, for example, in the 

excavated-cavern case both the plant cost and cost of base gas are high and contr ibute to 

the high cost of service. The ra t io of the base-gas cost to the plant cost is 

approximately the same for the excavated cavern as for the other reservoirs, so tha t 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 extrapolat ing the lines in the sensit ivity figures is t ha t 

only the solid lines represent computed data . The dashed lines are extrapolat ions for the 

sake of c lar i ty . 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 

I. Equipment Changes for Hydrogen Storage Faci l i t ies 

We have examined wells and aboveground equipment at underground gas s torage 

facilities to determine 1) the changes or modifications to existing equipment tha t would 

be required in converting natural gas s torage facili t ies to hydrogen service and 2) the 

I tem 

Erected Plant Cost , $10^ 

Annual Throughput, 10^^ Btu 

Cost of Base Gas, $/10^ Btu 

Annual Operating Cost, $10 

Construction Time, yr 

Cost of Debt, % 

Cost of Equity, % 

Fraction Debt Financed 

Lifetime for Economics, yr 

Cost of Service, $/10^ Btu 

B; ase Case 

9 , 5 0 0 

3 . 0 8 

1 . 0 0 

200 

3 

10 

15 

0 . 6 

27 

0 . 8 8 
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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 opposed to natural gas) service are 

outlined generally for all four types of storage fields. 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 pipefieids. 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-withdrawaJ 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 cycle 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/f t 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 aquifer 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. 
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Table 13. VOLUMETRIC CAPACITY OF AQUIFER STORAGE FIELD 
IN GALESVILLE FORMATION 

Contour^ 
Depth, 

ft-SLE° 

- 1 3 0 0 

- 1 3 2 0 

- 1 3 3 0 

- 1 3 4 0 

- 1 3 5 0 

- 1 3 6 0 

- 1 3 7 0 

- 1 3 8 0 

- 1 3 9 0 

- 1 4 0 0 

Bubble^ 
Thickness, 

ft 

7 

17 

27 

37 

47 

57 

67 

77 

87 

97 

Contour^ 
Area, 
acres 

6 3 . 7 

1 1 3 . 5 

1 7 4 . 6 

2 9 5 . 0 

7 4 2 . 6 

1 2 1 5 . 5 

1 7 9 3 . 4 

2 5 1 0 . 8 

3 5 1 2 . 1 

4 7 4 7 . 8 

Equivalent*^ 
Radius, 

ft 

117 

1 2 5 5 

1 5 5 6 

2 0 2 2 

3 2 0 9 

4 1 0 5 

4 9 8 7 

5 9 0 0 

6 9 7 8 

8 1 1 4 

Pore^ 
Volume, 
10° C F 

1 .4 

6 . 9 

1 5 . 9 

3 0 . 6 

6 3 . 0 

1 2 4 . 1 

2 1 8 . 2 

3 5 2 . 7 

5 4 0 . 8 

7 9 8 . 9 

^ From Exhibit H-18 of FPC filing. 

" SLE = sea-level elevation. 

^ Contour area assumed to be a circle . 

Using 17.2% pore volume and 16.6% connate water . 

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

does not m a t t e r whether the gas is hydrogen or natural gas. To c r ea t e the mobile gas 

unit, gas must be injected a t a pressure above hydrosta t ic , or above 840 psi. The 

s t rength and sealing charac ter i s t ics of the caprock control the extent to which the 

injection pressure can exceed the hydrostat ic pressure. The excess pressure must not 

f racture the caprock or drive out the sealing fluids tha t a re held in place by capillary 

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

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

or connate sa tura t ion. This excess water lowers the available pore space and also the 

permeabil i ty 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, 
ft SLE^ 

- 1 3 1 0 

- 1 3 2 0 

- 1 3 3 0 

- 1 3 4 0 

- 1 3 5 0 

- 1 3 6 0 

- 1 3 7 0 

- 1 3 8 0 

- 1 3 9 0 

- 1 4 0 0 

Thickness, 
ft 

7 

17 

27 

37 

47 

57 

67 

77 

87 

97 

_. 

1 

1 

2 

3 

4 

Area , " 
acres 

6 3 . 7 

1 1 3 . 5 

1 7 4 . 6 

2 9 5 . 0 

7 4 2 . 6 

, 2 1 5 . 5 

, 7 9 3 . 4 

, 5 1 0 . 8 

, 5 1 2 . 1 

, 7 4 7 . 8 

640 
psia 

66 

3 2 8 

7 5 3 

1 , 4 4 7 

2 , 9 8 0 

5 , 8 7 3 

1 0 , 3 1 7 

1 6 , 6 7 6 

2 5 , 5 7 3 

3 7 , 7 7 5 

840 
psia °-

89 

4 4 5 

1 , 0 2 3 

1 , 9 6 4 

4 , 0 4 5 

7 , 9 7 2 

1 4 , 0 0 6 

2 2 , 6 3 7 

3 4 , 7 1 5 

5 1 , 2 7 9 

890 

10^ SCF 

95 

4 7 3 

1 , 0 8 8 

2 , 0 8 9 

4 , 3 0 2 

8 , 4 7 8 

1 4 , 8 9 5 

2 4 , 0 7 4 

3 6 , 9 1 9 

5 4 , 5 3 5 

940 
psia 

101 

503 

1 , 1 5 6 

2 , 2 2 1 

4 , 5 7 4 

9 , 0 1 3 

1 5 , 8 3 6 

2 5 , 5 9 4 

3 9 , 2 5 0 

5 7 , 9 7 8 

990 
psia 

1 0 8 

536 

1 , 2 3 2 

2 , 3 6 7 

4 , 8 7 4 

9 , 6 0 6 

1 6 , 8 7 7 

2 7 , 2 7 7 

4 1 , 8 3 0 

6 1 , 7 8 9 

^ SLE = sea-level elevation. 

Aquifer s t ruc ture map. 

*̂  V = 43,560 x acre-f t x x (1 - Sw) x 1/F 

where V = gas content , 10° CF 

Acre-ft = 2 'Aj + A2) 

h = contour interval , ft 

A-]̂  2 - a rea within successive contours 

= porosity = 17.2% 

Sw = connate water = 16.0% 

F = 10° X Tv X Z 

P. = pressure base = 14.73 psia 

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

T = 532°R, 72°F reservoir t empera tu re 

Ty^ = 520°R, 60°F t empera tu re base 

Z - compressibili ty factor . 

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 pau-ameters 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 Kat2,32 j^^ wjiich 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 ellipsoidal 

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^=^fl}LllA (11) 

k p 

where — 

tj, = readjustment time, hr 

y - viscosity, cP 

d) = porosity, dimensionless 

r^ - effective reservoir radius, ft 

k = permeability, md 

p = average gas pressure, psi 
107 



2/80 
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% ('I?) 

Permeabi l i ty of sand = 448 md (k) 

Compressibili ty of rock and water = 7 x 10"° (c) 

Effective thickness of sand = 100 ft (h) 

Pressure in gas bubble minus aquifer pressure = 1000 psi ( \ P) 

Water viscosity = 1.0 cP (; ) 

Formula 

where — 

q ^ 0.00628* c r^2,ij ^;p Q ^ 

q - cumulative water movement r a t e , 1000 CF 

Q^ = dimensionless quant i ty , function of t ^ 

t n = dimensionless t ime = fi^&QsMkt 

t =: t ime, days 

q - 0.00628 x 0.172 x (7 x 10"^) x 100 x 600'^ x 100 Q^ = 2,722 Q^ 

tj3 = 0.00633 x 4 4 8 t ^ 0,0^543 t 
0 . 1 7 2 x 7 x l O ^ x 6000^ 

Injection, 
Time (t), q, q/ t , 1000 CF/day 

days ^D _P_t 1000 CF 1000 CF/day at 940 psia 

50 3 . 2 7 1 3 . 3 8 9 9 , 2 2 5 

120 7 . 8 5 1 6 . 2 2 9 1 6 , 9 5 5 

250 1 6 . 3 5 7 1 0 . 6 0 5 2 8 , 8 6 7 

3 6 5 2 3 , 8 8 0 1 4 . 0 7 7 3 8 , 3 1 8 

108 

Ll!_H == 110.4 8,029 
70 

L^llll = 91.6 6,662 
130 

9 . . '_ i i i = 8 2 . 2 5 , 9 7 8 
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For hydrogen of viscosity 0.009 cP and natural gas of viscosity 0.012 cP , the 

readjustment t imes for r = 6000 ft are as follows: 

na tura l gas t̂ . = 135 hr 

hydrogen t^ = 130 hr 

These readjustment t imes 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 r a t e is about 39.2 x 10° SCF/day. The maximum pressure difference 

between the mobile gas unit edge and the well bore is then calculated by the s teady-s ta te 

equation (turbulence is neglible): 

(12) P^Z-

y = 

z = 
T •= 

Q -

k = 

h = 

r -e 

Assumed P , = 

Calculated P^ = 

. p^2 = 1424 

Hydrogen 

0 . 0 0 9 

1 . 0 4 

53 2 

3 9 . 2 

4 4 8 

65 

6 0 0 0 

0 . 3 6 5 

900 

899 

]A ZTQ 
k h !••„) 

Natural Gas 

0 . 0 1 2 

0 . 9 5 

532 

3 6 . 1 

4 4 8 

65 

6 0 0 0 

0 . 3 6 5 

9 0 0 

8 9 9 

cP 

°R 

10^ 

ft 

ft' 

ft 

ft 

psi 

psi 

The pressure differential is thus very small and neglible for the assured maximum flow 

r a t e . The s torage reservoir will thus perform essentially the same whether the gas used 

is natural gas or hydrogen. 

Assume the initial void volume in mobile gas unit is 220 x 10° CF a t 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 tQ from Table 15, as 24.5 x 

10° CF. The volumetric factor for hydrogen at 840 psi in (Table 15) — 

•'=(^)(IS)"-°^' = °-°'«̂  
1 = 53.92 SCF/ft3 
F 

(13, 

(14) 
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The factor for hydrogen a t 990 psi is -• 

A = 53.17 SCF/ft3 (16) 
F 

Therefore, working gas above hydrostatic pressure is — 

Initial = (220 X 106)(53.9) = 17.86 X 10^ CF 

Final = (245 X 106)(63.2) = 15.50 X 10^ CF 

Difference (working gas) = 8.64 X 109 QY 

In order to achieve a higher fraction of working gas, it may be assumed tha t 

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/ft-^, and the final volume is 10.05 billion C F . 

The difference (or working gas volume) is now 5.45 billion C F . 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 C F . 

Table 16 summarizes working base-case volumes for hydrogen s torage for the four 

types of s torage fields. Also included in Table 16 are the maximum and minimum 

bottom-hole or field pressures. We have selected three working/base gas rat ios for the 

depleted gas field case to examine the effect of increasing base gas by decreasing the 

minimum field pressure at the expense of ex t ra 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, respect ively. Because the toted field volume 

(10.25 billion CF) a t 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 l a te r economic 

analysis, we examine the trade-off between the instal lat ion of ex t r a gas compression 

equipment and a decrease in investment for base gas to determine the most economically 

favorable mode of operat ion of this field. The th ree 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 

Field Type 

Aquifer 

Depleted Gas 
Field 

Bottom-Hole 
Pressures, psia 

Maximum 

990 

Minimium 

690 

Hydrogen Volumes, billion CF 
Base Working Total 

1 0 . 5 5 .0 1 5 . 5 

1070 
1070 
1070 

762 
538 
331 

7.38 
5.25 
3.25 

2.87 
5.0 
7.0 

10.25 
10.25 
10.25 

Salt Cavern 

Mined Cavern 

3500 1000 2 .28 4 . 2 3 6 . 5 1 

1000 
1400 
1800 

226 
325 
417 

1.92 
1.90 
1.84 

6.33 
5.9 8 
5.70 

8.25 
7.89 
7.54 

c. Injection-Withdrawal Cycles 

Gas injection and withdrawal cycles vary considerably according to the type of 

field and the par t icular market demand of the field operator . A "typical" injection-

withdrawal cycle simply does not exist. Injection of gas into a s torage 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 heat ing 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 par t icular s torage 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 

part icular field. It is beyond the scope of this study to t r e a t 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 1 month of no ne t act ivi ty, and 5 months of 

withdrawal followed by 1 month of net inactivity. Figure 32 is a graphical representa t ion 

of our s tandard cycle, shown as a plot of injection or withdrawal flow r a t e versus t ime 

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 r a t e into or out of the field builds linearly to a maximum, represented by q^^ on 
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4 6 8 
TIME, months 

Figure 32. YEARLY INJECTION-WITHDRAWAL CYCLE 
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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 withdrawad 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 injection-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_J^or_ Hydrogen Service 

In underground gas storage operations, fields are 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 poroiis 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 giis flow, the volumetric flow of hydrogen 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 fev/er wells would be required for 
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hydrogen than for natural gas service. Fields designed for natural gas s torage tha t are 

converted to hydrogen service will have more than enough wells to provide the same 

volumetr ic deliverabili ty. 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 

embr i t t lement effects tha t , although well bore casing mater ia l s are generally 

appropriate for hydrogen service at pressures of 1000 to 1200 psi, the mate r ia l s and 

welded zones would need to be thoroughly inspected to ensure compatibi l i ty with 

hydrogen service. In our economic analyses, we make the conservative assumption tha t 

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 
mater ia l itself for flaws. 

b . Even if the well casing mater ia ls are judged unsuitable for hydrogen service at the 
pressures specified, it is possible to insert tubing liners of appropriate mater ia l s 
without seriously affecting deliverability. 

^^ 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 r a t e 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-

s t a t e (stabilized) flow.-*"^ 

( P Q ^ - Pw^) ="Q [in R - O-'^sj + BQ^ (17) 

where — 

p ^ 1424 T Z u Q 

kh 

g ^ 1.56 X 10"^^ 3 G k ^ / 1 

y^ T z ii) 
T = 547 R formation tempera ture 

Z = gas compressibility factor 

U = 0.009 cP (hydrogen viscosity) 

Q = gas production r a t e , 1000 CF/day per well 

k = 50 md (average formation permeabili ty) 
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h = 2000 ft (average formation depth) 

G = 0.07 (gas gravity) 

r,„ = 0.2 ft (well ID) 
W 

3 == 1.5 X 10° (empirically determined turbulence factor, ft~^) 

^ = '^e/'^w 

r = effective drainage radius, ft 

PQ - equilibrium field pressure, psia 

P ^ - flowing sand-face pressure, psia. 

Equation 17 expresses the relationship be tween gas production r a t e (Q), a turbulence 

factor iii), and a differential presbure (PQ - P^^ '* Equation 17 can be used to calculate 

the number of wells required dirfcctly by tranfeforniing gas production r a t e (Q) and the 

effective drainage radius (r„) via Equations 18 and 19 to obtain these variables in t e rms 

of the number of wells (n). 

Q = ^ I (18) 
a 

where — 

Q = gas production r a t e per well 

Q-j- = to ta l field gas production r a t e froni Figure 32 and Table 17 

n = number of wells in the fieli'i. 

'"..' y/'^-P~^^ (19) 

where — 

r^ = effective drainage radius 

A.p = 3.5 X 10 ft - total field area 

IT = 3.14. 

Substitution of Equations 18 and 19 into Equation 17 yields an expression tha t re la tes 

P Q ^ ' - P ^ 2 jjj t e rms of the physical propertif^s of the gas in porous s t ruc ture , to ta l field 
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Table 17. MAXIMUM HYDROGEN FLOW RATES 
DURING INJECTION OR WITHDRAWL 

Field 

Aquifer 

Depleted Gas 
Field 

Working Gas 
Volume, 

billion CF 

5 . 

2 . 
' 5 . 
7 . 

,0 

87 
.0 
,0 

Hydrogen Flow 
Ra t e ( q ^ ) , 

L ^m ' 
lOfe/SCF/day 

3 9 . 2 

2 2 . 5 
3 9 . 2 
5 4 . 9 

Salt Cavern 

Mined Cavern 

4 .23 

6 .32 
5 .98 
5 .70 

3 3 , 2 

49 .6 
4 6 . 9 
4 4 . 7 

flow ra t e , and the number of wells in the field. By making these substi tutions and 

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

(P ̂ 2 _ p^2) ^ (3^505 z ^ ) In - ^ ^ - 0.75 + 4.49 X 10"^ {3.505 Z - ^ f (20) 

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 ra t e required a t 90% of depletion of working gas is calculated 
from the point on Figure 32 where 90% of the a rea is enclosed. (The ver t ical scale in 
Figure 32 is set by the value of q taken from Table 17.) 125% of the calculated 
hydrogen flow r a t e is substi tuted into Q̂ p in Equation 20. 

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

3. Based on the operating experience of our part ic ipat ing industrial company, a pressure 
drop (P — P ) of 100 psi is assumed, and a value for P is subst i tuted into Equation 
20. 

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

To the number of production wells calculated by our procedure, we add a to ta l of th ree 

observation wells for each case to determine a to ta l number of wells. The resul ts 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 2 . 8 7 5 3 8 

I I 5 . 0 11 3 14 

I I I 7 . 0 22 3 25 

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

Therefore, our est imation of the number of wells for this s torage facility was not as 

detai led as the est imat ion procedure used for the depleted gas field. The single-well 

performance equation used in the FPC filing for the aquifer s torage field, shown as 

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

2 2 _ I'^^t-' zTQln(ri/r2) \ 3 . l 6 l x 1 0 ^ 7 B Q ^ Z T G ( T ^ - r y ) 

1 ^ hk h"̂  

where — 

P-̂  = pressure in reservoir, psia 

P^ = flowing well pressure, psia 

y = gas viscosity, cP = 0.009 

z = gas compressibility factor = 1,034 

T - t empera tu re , °R = 532 

Q = gas well flow ra t e 

h = effective well penetra t ion, ft = 40 

k = sand permeabil i ty, md = 448 

r^ - radius of reservoir to P^ ,̂ ft = 330 

r2 = radius of well to P2, ft = 0,328 

G = gas gravity, 0,0676 

B = turbulence factor = 1.0 x 1 0 ' , 

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

s t a t e operation is assumed. 
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The resul ts of the calculations using Equation 21 a re presented in Table 19. The 

results indicate the expected hydrogen flow r a t e from a single well for various pressure 

levels in the aquifer. We used the minimum flow calculated (at the pressure 

corresponding to hydrostatic) to p e l d a minimum hydrogen flow of 6.125 X 10° SCF/day 

per well. We then simply divided the maximum hydrogen flow required from the aquifer 

field (q ĵj) from Table 17, which is 39.2 X 10" SCF/day, by the calculated hydrogen flow 

per well to yield just less than eight wells for our assumed deliverabili ty profile from the 

aquifer. Because the wells calculated for hydrogen service are fewer than those required 

for natural gas service, the well spacing (r^ in Equation 21) would be increased. But this 

effect would be relat ively 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 to ta l of 17 

wells for the aquifer s torage facility. 

Table 19. HYDROGEN FLOW RATES CALCULATED FROM EQUATION 21 

Pl^ p&ia 

9 4 0 

9 0 0 

870 

840 

P2, psia 

930 

890 

860 

830 

Q (methane), 
1000 CF/day 

5 7 2 5 

5 4 8 5 

53 00 

5 1 2 5 

Q (hydrogen), 
1000 CF/day 

6 9 0 0 

6 6 0 0 

6 3 8 5 

6 1 6 5 

^ ' Cavern Storage. Because a single well is required for both the washed-sal t -

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

be required for hydrogen service. 

e. Hydrogen Compression Equipment 

A detai led 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 s torage field serviced a 750-psig hydrogen transmission 

pipeline. In order to a t ta in the most reliable equipment specifications and cost e s t ima te s 

for hydrogen compression equipment, we enlisted the aid of a manufacturer (IngersoU-

Rand Co.), 

The manufacturer had to be supplied v,;ith compressor suction pressures and gas 

flow ra tes as functions of t ime for the three cases to be invest igated for the depleted gas 

field. Star t ing 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 to ta l field flow r a t e and compressor suction pressure 

versus t ime for the withdrawal cycle for the depleted gas field. Ail th ree cases are 

indicated in Figure 33 . Based on the resul ts of a recent Exxon study,-*-" we also specified 

e lect r ic 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. -̂̂  

® Case I 

Q = 23 X 106 SCF/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 = 9 1 % 

m Case II 

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 = 9 1 % 

» Case HI 

Q = 55 X 10^ SCF/day 
Governing Case : withdrawcd 
Machines and Cost : one (1) 4-11.4 x 11-4HHE-VC-1 a t $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 th ree cases) a re 

summarized in Table 20. The machine cost l isted includes the cost of the IngersoU-Rand 

balanced-opposed reciprocat ing compressors, induction driving motors , s tandard 

lubricated cylinders, special high-velocity vcdves (to match the low viscosity of 

hydrogen), valve unloaders and pulsation bot t les for each cylinder, explosion-proof 

e lect r ica l system, and all e lec t r ica l couplings. The instal lat ion costs l isted in Table 20 

are for additional costs (to turnkey status) based on an es t imated $500/horsepower 

installed. Controls costs l isted in Table 20 are for instrumentat ion and control panels , 

one $10,000 package assumed per machine. 
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Figure 33. COMPRESSOR SUCTION PRESSURE AND TOTAL FIELD FLOW VS. TIME 
FOR THE WITHDRAWAL CYCLE FOR THE DEPLETED GAS FIELD 
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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 

II 336 525 30 921 

III 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<f to 5<|: per ki lowatt-hour. The 

annual power consumption listed in Table 21 was calculated based on the suction/pipeline 

pressure ra t io and gas flow r a t e indicated in Figure 33 . Additional annual costs for 

maintenance were not supplied by the manufacturer and were es t imated from existing 

data on natured gas compression units . 

Table 2 1 . ANNUAL OPERATING COSTS FOR HYDROGEN COMPRESSION 
FOR THE DEPLETED FIELD 

Annual Operating Cost for Power Costs of 
24:/kWhr Sif/kWhr 4^/kWhr Scf/kWhr 

Case 10^ kWhr/yr $1000 

I 0 . 9 0 9 1 8 . 2 2 7 . 3 3 6 . 4 4 5 . 5 

I I 1 . 6 5 3 3 . 0 4 9 . 5 6 6 . 0 8 2 . 6 

III 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 detai led analysis was performed 

only for the depleted-field case. Hydrogen compression costs for the other th ree s torage 

field types were es t imated based on the figures calculated for the depleted-field cases . 

f. Gathering Systems 

The design of the gathering system for an underground gas s torage field is strongly 

dependent on the field size and shape, the number of wells required, and the desired 

capaci ty for deliverabili ty of that field. Cavern s torage 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 
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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 linps runninp to individual wells, 8~in. and I6~in. 

intermediate gathering lines, and 20-in. mains. This system is 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 arresters 

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 parametr ica l ly varied as they were for natural gas s torage . 

The depleted field was singled out for further detai led 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 re t rof i t t ing this reservoir for hydrogen service ins tead 

of developing a total ly new reservoir . The following sect ions 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 s torage compares with tha t for 

natural gas s torage. The base-case assumptions for hydrogen service for the four types 

of reservoirs are l isted in Table Z2. 

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

Item 

Erected Plant 
Cost, $10^ 

Annual Throughput, 
10^2 Btu 

Salt Cavern 

1 6 , 4 0 0 

1 . 4 4 

Excavated 
Cavern 

5 0 , 0 0 0 

2 ,03 

Aquifer 

3 1 , 9 0 0 

1 . 7 

Depleted 
Field 

6 , 6 6 0 

0 . 9 7 6 

Cost of Base Gas 
$/106 Btu 

6 .00 6 .00 6 . 0 0 6 . 0 0 

Annual Operat ing 
Cost , $10^ 

350 425 1 0 2 5 230 

Construction Time, 
yr 

Cost of Debt, % 

Cost of Equity, % 

Fract ion Debt 
Financed 

Lifetime for 
Economics, yr 

3 

" 10 

15 

0 . 6 

27 

3 

10 

15 

0 . 6 

27 

3 

10 

15 

0 . 6 

27 

3 

10 

15 

0 . 6 

27 

Cost of Service, 
$/106 Btu 

3 .03 5 .27 6 . 5 9 4 . 4 7 

Variation in Cost of 
Service, I / IO^ Btu 

( 2 . 4 4 - 4 . 2 7 ) ( 3 . 2 3 - 7 . 5 1 : 4 . 1 8 - 1 0 . 0 3 ) ( 2 . 7 6 - 8 . 8 9 ) 
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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 3500~psi pressure range per annual cycle. 
12 Based on this assumption, the amount of throughput is 4.42 billion CF, or 1.438 X 10 

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

store $6.00/10^ Btu gas, the base-case cost of service is $3.03/10^ 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 base gas cost. The majur 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 allov/ed in the reservoir coupled with the smaller throughput per 

cycle of the reservoii*. The base-gas cost for hydrogen storage is $4.65/10 Btu, or 28% 

of the plant cost. The base-gas cost for natural gas is $0.68/10 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 10 Btu/yr for hydrogen, compared with 

6.2 X 10 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 stored makes the actual price of the gas 

to be stored a small influence on cost of bervice. 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 year. 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 . 

c. Excavated Cavern 

The excavated cavern i l lustrates 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 i l lustrates the sensitivity of cost of service. The 

base-case cost of service is $5.27/10 Btu for gas that costs $6.00/10 Btu. Again, the 

cost of service is pract ical ly 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 par t icular , three different cases were invest igated. The 

pa ramete r s 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 HI 

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 I 

6 6 6 0 

0 . 9 7 6 

1 5 , 0 5 0 

4 . 4 7 

Case n 

7 6 0 0 

1 . 7 0 0 

1 0 , 7 0 0 

2 . 2 1 

Case m 

1 0 , 7 0 0 

2 . 3 8 0 

6 6 3 0 

1 . 5 1 

Plant Cost , $10^ 

Throughput, 10^^ Btu 

Base Gas Cost, $10^ 

Cost of Service, $/10^ Btu 

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 potent ial field builders; as i ts 

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 m 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. 

129 



6.00 

5.00 

4.00 

PLANT COST 

OPERATING COST 

CONSTRUCTION TIME 

• COST OF GAS 

3,00 
COST OF EQUITY 

FRACTION DEBT FINANCED 

-100 100 2 0 0 

CHANGE FROM BASE CASE,% 
300 

A80030508 

Figure 36. COST-OF-SERVICE SENSITIVITY PLOT FOR STORING HYDROGEN 
IN AN EXCAVATED-CAVERN RESERVOIR 



3.00 

2.00 

.00 

-COST OF EQUITY 

rCOSTOFDEBT 

r- PLANT COST 
-COST OF GAS 

OPERATING COST AND CONSTRUCTION TIME 

FRACTION DEBT FINANCED 

-100 0 100 

CHANGE FROM BASE CASE, % 
200 300 

A8003C809 

Figure 37. COST-OF-SERVICE SENSITIVITY PLOT FOR STORING HYDROGEN 
IN A DEPLETED-FIELD RESERVOIR ~ CASE m 



2/80 

e. Retrofit of Depleted Field 

Test cases were run for retrofitting the depleted field for hydrogen service rather 

than constructing a new field. Retrofitting, 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 $4.47/10° Btu for 

the original base case down to $3.35/10° Btu stored for the case less land, wells, and line 

cost. The latter case, though of questionable possibility, only includes $1.85/10° Btu for 

the plant and $15 million for the base gas, the major financed item. 

For the Case 11 field retrofit, the range of cost of service for the tested cases was 

$2.22/10^ Btu stored through $1.72/10^ Btu for the case less land and wells. For the 

Case ni field retrofit, the range was $0.95/10" Btu for the case less land, wells, and lines 

through $1.51/10" Btu for the original base case. 

All of the above is shown in Table 24. 
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Table 24. RETROFIT OF DEPLETED FIELD FOR HYDROGEN STORAGE 00 

o 

BASE CASE 

Operating Cost, $10 
3 

Base Gas Cost, $10 

Throughput 10^^ Btu 

Plant Cost, $/10^ 

Gas Cost, $/10^ Btu 

CASE I 

230 

15,050 

0.976 

6600 

6.00 

CASE II 

265 

10,070 

1.7 

7600 

6.00 

CASE III 

285 

6630 

2.38 

10,700 

6.00 

Cost of Service, $/10 Btu 4.47 2.21 1.51 

CO 
RETROFIT CASE 

Plan Cost 

(Assuming Land, Wells, 
Lines Costs = 0) 

1850 3200 3650 

Cost of Service, $/10^ Btu 3.35 1.72 0.95 
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IV. CONCLUSIONS AND DISCUSSION 

This study was designed to determine wliich of the following conclusions about 

undergroimd hydrogen s torage is most accura te based on technical and economic findings: 

1. "Current underground gas s torage prac t ice ccm be used to economically and safely 
s tore hydrogen in widely available reservoirs." 

2. "Further research is needed to determine whether hydrogen can be s tored 
underground safely and economically." 

3. "Underground s torage of hydrogen is unsafe or not economic a t this t ime." 

We consider the first conclusion to be the most appropriate . "Current 

underground gas s torage prac t ice can be used to economically and safely s tore hydrogen 

in widely available reservoirs." 

We found no technical constraints that prohibit the storage of hydrogen in 

underground reservoirs. There are , however, technical questions tha t must be addressed 

by appropriate R&D programs for some underground s torage applications. Economic 

feasibility is a more complex issue. Under the best of c i rcumstances , the development of 

an underground reservoir for natural gas s torage requires many years for a ut i l i ty. Site 

selection is only one of a number of decisions in a complicated process tha t must 

consider u l t imate volume and throughput, pricing, FERC filings, and corporate decisions 

dealing with the ent ire company, not just the storage operation. There is no reason to 

believe that this process will be less Involved for hydrogen s torage than for natural gas 

s torage. In par t icular , the most favorable s torage location may not be near the source of 

hydrogen or near the end user. Some compromises must be made — trade-offs be tween 

convenience, cost of service, and t ime, i le r tamly underground s torage of hydrogen on a 

large scale is more economical than aboveground a l ternat ives , for which s torage costs of 
6 ? ft 

about $50/10" Btu have been es t imated (1972 $1.'^° It should be clearly understood tha t 
the cost of storing gas (either hydrogen or natural gas) is very si te-specific and tha t a 

range of costs is possible for each type of s torage. Our economic analyses indicate tha t , 

for a given type of reservoir in a given location, the ra t io of the cost of s torage 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 equzilly expensive natural gas. The following sect ions 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 

Safety ~ 

No change in compressor station 
design. 

Compliance with Class 1, Group B 
Standards of National Electrical 
Code^^ 

Hydrogen-type leak detectors. 

SUMMARY OF PROJECT FINDINGS 

Technical Effect Economic Effect 

More stringent for natural gas; 
applicability must be determined. 

Different than those for natural 
gas, but already exist. 

Slight to none. 

Slight to none. 

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. 

Weidments and tlaws most bonsitivf 
even below 1200 psi. 

Special compressor design and 
materials. 

Chemical Reactions 

Already exist. 

None. 

None. 

More remote location may be 
requif ed. 

High-pressure res>ervolrs are 
restrit ted. 

Complete inspection or replacement 
of surface equipment. 

Design exists, must be replaced. 

None, 

f̂ one. 

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. 

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

Purity Requirements — 

For supplement to natural gas, 
none. 

For chemical feedstock, variable. 

Mixing " 

Difficult to control in low-
porosity, low-permeabili ty 
reservoirs. 

Easy to control in high-pormeability, 
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. 

Lhe pust,ible reactions for each 
field must be determined in detail. 

May use natural ga.s b-Tse 

Must use new reservcjir or clean up 
the delivered gas. 

M-̂ re sojinist icc'Lcd redervoir model 
required. 

Moderately careful injection and 
withdrawal schemes; some cleanup 
may be required. 

Rtduces cost of service to use 
natural gas base gas significantly. 

Most economic mode; allows use of 
inert base. 

Deliverable monitoring to determine Requires complicated pricing 
pricing, scheme. 
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Figure 38. BASE-CASE COSTS OF SERVICE FOR STORING NATURAL GAS AND 
HYDROGEN IN FOUR TYPES OF RESERVOIRS 
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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. This is primarily a result of the large difference in the assumed 

costs of hydrogen ($6/10^ Btu) and natural gas (between $0.30 and $1.60/10^ 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 HI in 

Figure 37 for depleted-field storage. In those three cases, the minimum field pressure 

was varied. The lower the minimmum field pressure (IH II I), 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 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 

One 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 ~ 

® IGT (prime contractor) 

m Dames and Moore (subcontractor) 

m Texas Gas Transmission Corp. (participant donating services and information) 

® Northern Illinois Gas (participant donating services and information) 

0 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: 

® Task 2 — Feasibility Based on Current Practice 

® Task 3 — Current Cost of Underground Gas Storage 

m Task 4 -- Estimated Cost for Underground Storage 

® 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-S, 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 ansdysis reveaded 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 2a. 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 

# Summarizing existing data on leakage from natural gas storage facilities and 

estimating the relevance of leakage to underground storage of hydrogen 
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9 Determining the l imitat ions on operat ing pressures due to hydrogen embr i t t l ement of 

meta ls . 

Preliminary si te-specific evaluations will be performed for conversion of a 

representa t ive aquifer, a depleted field and a salt cavern s torage facility to hydrogen 

service. The specific facili t ies se lected are — 

m Aquifer s torage: The Northern Illinois Gas Media Field has been se lec ted for 

evaluation. Although this field has not ye t been placed into natural gas s torage 

service, the availability of current and detai led geological da ta , engineering design, 

and cost es t imates make this a desirable candidate 

m Depleted field: The Texas Gas Transmission Hanson Field has been tenta t ive ly 

se lected for the preliminary study. This field has been in s torage operat ion for 

14 years 

m Salt cavern: The Transco Energy Co. Eminence Dome storage facility will be used. 

A summary description of these facili t ies is presented in Table A - 1 . 

Table A-1 . DESCRIPTION OF PRESENT UNDERGROUND STORAGE FACILITIES 

Item 

Storage Formation 

Year Act ivated 

Average Depth to Reservoir, ft 

Capaci ty Volume, 10^ CF 

Pressure at Capaci ty , psig WH 

Base Volume, 10^ CF 

Pressure at Base, psig MH 

Deliverabili ty, 10^ CF/day 

Number of Wells 

Injection and Withdrawl 

Observation 

Installed Horsepower 

Acres in Storage Area 

Galesville 
Format ion 

Media 
(Galesville) 

— 

2,000 

20,600,000 

925 

16,000,000 

925 

100,000 

Hanson Storage 
Field 

Tar Springs 

1965 

2,250 

12,087,322 

1,003 

8,160,217 

677 

71,402 

Eminence 
Salt Dome 

Eminence 

1968 

6,200 

2,920,000 

3,950 

920,000 

1,275 

375,000 

5 

8 

2,500 

2,510 

A-•5 

30 

2 

660 

3,021 

2,000 
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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 Evciluations 

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 

® Refinement of hydrogen embrittlement considerations to take into account the 

metallurgy of specific components of a storage facility 

® 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 tiie 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 m Subtask 2b. 

Currently, there are wide variations m 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 — 

s Differing objectives in the storage operations (short-term peakshaving, annual load 

balancing, or emergency service during major short-term losses of supply) 

m Differing internal organization and reporting requirements of different companies 

because of differences in the relationships of gas storage operations to other 

corporate activities 
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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 

I. Site Acquisition 

Cost Component 

A. Locating Storage Field 
B. Preliminary Field Testing 

C. Permits and Approvals 

D. Site Acquisition 

E. Right-Of-Way Acquisition 
(to pipeline & customers) 

Cost Subcomponent 

1, Size of Field 
2, Permeability 
3. Old Well Locations 
4. Old Well Usability 

1. Federal 
2. State 
3. Local 
4. Local Public Relations 
5. Time To Accomplish 

1. Options 
2. Purchase 
3. Leases 

1. Options 
2. Purchase 
3. Leases 
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Cost Sector 

Table A-4, Cont. , STORAGE COST FORMAT 

Cost Component Cost Subcomponent 

n . Field Prepara t ion 
A. Field Testing 

n i . Operations 

B. Reservoir Engineeriag 
C. Faci l i ty Design 
D. Old Well Rehabil i tat ion/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 Fac tors 

A. Star t -Up 
B. Performance 

C. Maintenance, Repair & Replacement 

D. Uti l i t ies 

1. Size 
2. Permeabi l i ty 
3 . Old Well Locations 
4. New Well Locations 
5. Old Well Usability 

1. Well 
2. Pipefields 
3 . Compressors & Pumps 
4. Gas Prepara t ion 

Cleaning, e t c . 
5. Control & Connectors 
6. Communicat ions 

1. Administrat ion 
2. Engineering 
3 . Financial 
4 . Miscellaneous 

1. Financing Costs 
2 . Insurance 
3 . Miscellaneous Fees & Costs 

1. Capaci ty Base, Working, 
Reserve 

2. Annual Flow Through 
3. Losses, Unaccounted for 

Gas Leakage 
4. Years of Operat ion: 10, 20, 

30, e t c . 

1. Spares 
2. Service 
3 . Materials 
4. Replacement Equipment 

1. Fuel 
2. Electr ic i ty 
3 . Water 
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Cost Sector 

Table A-4, Cont., STORAGE COST FORMAT 

Cost Component Cost Subcomponent 

E. Personnel 

F . Financial Fac tors , Other 

TV. Close Down 

V. Ownership/Financing 

A. Base Gas Recovery 
B. Well Hole Cleaning (inert gas 

injection, etc.) 
C. Well Hole Closing 
D. Landscaping 
E. Equipment Sale 
F . Leasehold & Proper ty Sale 

A. Owner 
B. Capital izat ion Structure 

C. Equity Cost 

D. Debt Cost 

1. Management 
2. Landscaping 
3 . Wells 
4 . Gas-Handling Compressors , 

Injectors, Pipefields, 
Valves, e t c . 

5. Gas-Cleaning Cleaning, 
Dehydration, Desulfurization 

1. Working Capi ta l 
2. Depreciat ion 
3 . Lease/Mortgage, e t c . Costs 
4 . Taxes, e t c . 
5 . Insurance 

1. % Equity 
2. % Debt , e t c . 
3 . % Leasing 

1. Internal R a t e of Return 
Requirement 

1. Interes t 
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 potent ia l types of underground 

hydrogen s torage (aquifer, depleted field, salt cavern, and mined cavern). These 

assessments will be for the three locations subjected to si te-specific technical 

examination in Subtask 2a plus a hypothetical mined s torage facil i ty. The economic 

analyses for aquifer, depleted field, and salt cavern s torage will cover both 1) the 

conversion from methane s torage and 2) the hypothet ical development of new hydrogen 

s torage facili t ies a t the locations of the site-specific evaluations. 
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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 eind 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. 

® 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 curtjiiled by hurricanes. As such, 

daily deliverability is 38 percent of working gas capacity. 
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Because increasing deliverabili ty requires increased cost for drilling, it is apparent that 

economic analyses based upon the market conditions unique to each of the above s torage 

facilities will not be compatible with comparing economics for the different types of 

s torage. Fur ther , 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 s torage be achieved during the quar ter ly meeting 

with BNL at the end of Subtasks Za 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 ant ic ipated that the primary criterion for selection of a specific type of 

s torage and location will be maximum confidence that successful, safe operation can be 

achieved. Minimum uncer ta in ty in economics will be a pa r t of the primary criterion but, 

to the extent costs are judged reasonable, minimal emphasis will be placed upon relat ive 

economics for the different types of s torage. 

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 s torage 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 t ime". In Britain, 

pure hydrogen has been stored for several years in a washed salt cavern. In this 

operation, the hydrogen s torage is an economically viable buffer between facilities that 

c rea te hydrogen and facilities that use hydrogen to produce pet rochemicals . In France , 

the Beynes aquifer s torage facility was used for 6 years to s tore 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 operat ion. 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 relat ion to use of a below cost base gas for aquifer 

storage of hydrogen. 
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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 a t t ached Cont rac t Management Summary Repor t (Form ERDA 536) indicates 

the project cost, manpower, and schedule of performance. Under the cont rac t , the 

milestone s ta tus indicates the completion date for each task and subtask. 

It is recommended that the groupings of task completion da tes be regarded as 

major milestones to coincide with quar ter ly meetings with BNL. The timing and major 

issues to be covered at each of these major milestones (quarterly meetings) would be as 

follows — 

® Early Jemuary 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 s torage facili t ies 

(Task 3b) will be nearing completion. This will be the appropriate t ime for BNL 

part icipat ion in a decision as to which storage facility should be examined in detail in 

Task 4. At the same t ime, sufficient progress will have been made in Task 5 for joint 

deliberations with BNL to result in an agreement upon the general na ture and format 

for presenting the final conclusions on future R&D and sites for future demonstrat ion 

experiments . 

® Early August 1979: This third quarter ly meeting will const i tute the oral presenta t ion 

of final resul ts as specified in Cont rac t No. 453439-S. 
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MANPOWER PLAN 

The a t t ached 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 a re man-hours and 

the to ta l is 2118 man-hours, as specified in Cont rac t No. 453439-S. 
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APPENDIX B. P r o p e r t i e s of Hydrogen and Methane 

Properfy 

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, 
cm2/s 

Diffusion Velocity 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/mln 

Energy of Explosion, g TNT/g fuel 

Energy of Explosion, g TNT/cm^ NTP 
liquid fuel 

Energy of Explosion, kg TNT/m^ NTP 
gaseous fuel 

Energy of Explosion, g TNT/kJ of 
stored heating value 

Hydrogen 

4.0 to 75.0 

18.3 to 59.0 

29.53 

0.02 

858 

943 

2318 

17 to 25 

265 to 325 

1.48 to 2.15 

0.61 

<2.00 

1.2 to 9 

0.008 

0.064 

L/D = 100 

5.0 

2.5 to 5.0 

3.0 to 6.6 

-24 

Methane 

5.3 to 15.0 

6.3 to 13.5 

9.48 

0.29 

813 

1493 

2148 

23 to 33 

37 to 45 

1.39 to 1.64 

0.16 

<0.51 

0.8 to 6 

0.12 

0.023 

— 

12.1 

0.05 to 0.5 

0.03 to 1.2 

-11 

1.71 

2.02 

4.56 

7.03 

Flash Point, °K 

Toxicity 

0.17 

Gaseous 

Nontoxic 
(Tsphy^iant) 

0.19 

Gaseous 

Nontoxic 
(asphyxiant) 

The Autoignition t empera ture of methane is usually higher than that of 
hydrogen. The tempera ture of each varies at over a hundred cent igrade 
degrees depending on the air/oxygen mixture. 
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APPENDIX C. Glossary 

Anhydrite ~ a mineral, anhydrous calcium sulfate, CaSO^. Orthorhombics 
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-CCOj)^, 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 include 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 imit 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 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 aro 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 (Fl), and the weighted average cost of capital 
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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 (Fl), and the weighted average cost of capital 

(CA). The impact of zero debt financing can be seen easily; the Fl 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 (Dl), the amount of equity financing (Yl), 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 a 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 uti l i t ies often do not know their debt repayment 

s t ructure for a new facility at the t ime of filing for construct ion, the straight- l ine 

repayment schedule is used in filings as well as in this program. 

The straight- l ine repayment of equity is a term introduced to consider 

stockholders. If a facility was to be fully deprecia ted and of no prac t ica l value af ter i t s 

service life and if re inves tment of monies did not occur over the facility life, the 

shareholders would hold in teres t in a valueless facility of the corporation. The equity 

repayment term therefore is used to pay back or buy back the stock such tha t no 

investment remains at the end of the facility life. In actual i ty , the stock is seldom 

bought back unless i t s market pr ice suggests an excellent investment to the corporation. 

Instead, monies noted as repurchase monies are re ta ined earnings used to reinvest in 

other facili t ies, so that a t the end of the original facility life, the original stockholders 

retain a vested in teres t in the corporation. 

Line 1350 of the program listing presents the standard equation for the capital 

recovery factor, or amort izat ion factor. The general expression for this factor is: 

CRF = L i L ± J ) j L 

(1 + i )" - 1 

where— / 

2 = the effective in teres t ra te 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 in teres t . The in teres t r a t e used in line 

1350 is the weighted average cost of capital ; the ut i l i t ies forecast demanded internal 

ra te of re turn. 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 detai led calculations of this 

methodology incorporated into one program loop. For each year of plant life, 

calculations are made for the following — 

m Remaining debt (line 1400) 

m In teres t on debt due debtholders (line 1410) 

® Cumulative in teres t on debt (line 1420) 

D-6 



2/80 

« Equity still invested in the facility (line 1430) 

« Earnings due to equity (line 1440) 

® Total expenses (lines 1450 through 1480) 

m Yearly revenue requirements, including the adjusted earnings on equity and expenses 
(line 1490) 

e Taxes actually due (line 1500) 

m A present value factor, dependent on year and interest rate, to obtain the present 
value of these revenue requirements (line 1510) 

m The present value of revenue requirements (line 1520) 

m The average annual cost of service, with the actual revenue requirements divided by 
the throughput of that year (line 1530) 

m 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=l (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 PLANT COST 
100.00 OPERATING COST/YEAR 

1000.00 THRUPUT/YEAR 
0.10 COST OF DEBT 
0.15 COST OF EQUITY 

O.t.000 FRACTION DEBT FINANCED 
10.00 PLANT LIFE - YEARS 

0.4800 TAX RATE 
1144.00 TOTAL DEPRECIABLE PLANT 

AR 

1 
0 

3 
4 
5 
6 
-7 

8 
9 

10 

DEPRECIATION 

114 
114 
114 
114 
114 
114 
114 
114 
114 
114 

DEBT 
PAYMENT 

69 
69 
69 
69 
69 
69 
69 
69 
69 
69 

DEBT 
INTEREST 

69 
62 
55 
48 
41 
34 
27 
21 
14 
7 

EQUITY 
PAYMENT 

46 
46 
46 
46 
46 
46 
46 
46 
46 
46 

EQUITY 
EARNINGS 

69 
62 
55 
48 
41 
34 
27 
21 
14 
7 

YEAR EXPENSES TAXES 

1 283 

3 
4 
5. 
6 
7 
8 
9 

10 

269 
26 2 
256 
249 
242 
235 
228 
9 9 1 

63 
57 
51 
44 
38 
32 
25 
19 
13 
6 

REVENUE 
RftEQUIRED 

415 
395 
375 
355 
335 
315 
295 
275 
255 
234 

PRESENT 
MALUE RR 

371 
315 
267 
226 
190 
159 
133 
111 
92 
75 

THRUPUT 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

SERVICE 
COST 
$0.42 
to.39 
$0.37 
«0.35 
$0.33 
«0.31 
$0.29 
$0.27 
$0,25 
to.23 

$0.34 = LEMELIZED COST OF SERVICE 
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100 REM - ECON.l UTILITY FINANCING PROG.W/AFUDCfST. LINE DEBT PAY»i*EXP 
110 REM 
120 REM-- SECTION 1 
130 REM DICTIONARY OF VARIABLE NAMES 
140 REM 
150 REM Al = AVERAGE ANNUAL COST OF SERVICE 
160 REM B2 = ANNUAL CONSTRUCTION COST 
170 REM B3 = CUMULATIVE CONSTRUCTION FUNDS 
180 REM F5 = ALLOWANCE FOR FUNDS USED DURING CONSTRUCTION?ANNUAL 
190 REM CI = OPERATING PLANT COST/YEAR 
200 REM C2 = COST OF DEBT 
210 REM C3 = COST OF EQUITY 
220 REM C4 = AVERAGE COST OF CAPITAL 
230 REM C5 = TOTAL DEPRECIABLE PLANT COST 
240 REM Dl = DEBT 
250 REM D2 = EQUITY 
260 REM ri3 = DEPRECIATION 
270 REM D5 = DEBT REMAINING 
280 '•"̂h Fl = FRACTION DEBT FINANCED 
290 i E2 =- EXTRAORDINARY ONE TIME EXPENSE 
300 RtM II :̂  INTEREST BURRING CONSTRUCTION 
31C REM 12 = INTEREST ON DEBT 
320 REM 14 - CUMULATIVE INTEREST ON DEBT 
33:' REM LI = PLANT LIFE 
340 REM PI -= ERECTED PLANT COST 
350 RFM Ql -- ThRUPUT/YEAR 
360 REM Rl = REVENUE REQUIRED EACH YEAR 
370 PEM R2 = ANNUAL PV REVENUE REQUIREMENT 
380 REM R3 = SUM PRES VALUE REVENUE REQUIREMENT 
3S'0 PCM R4 = LEVELIZED REVENUE REQUIREMENT 
400 REM P5 = LEVELIZED COST OF SERVICE 
410 REM Tl =• TAX RATE 
420 REM T2 = TAXES 
430 REM T3 = CONSTRUCTION PERIOD 
440 REM T4 = YEAR OF EXTRAORDINARY ONE TIME EXPENSE 
450 REM Vl = PRESENT VALUE FACTOR 
460 REM V2 = CAPITAL RECOVERY FACTOR FOR LEVELIZING 
47: RtM XI = EXPENSES 
480 VfM Yl == EQUITY 
'• 0 FEM Y2 = EQUITY PAYMENT (PAYBACK) 
500 REM Y3 = EQUITY STILL INVESTED 
510 RE^ Y4 = EARNINGS ON EQUITY 
520 REM Y5 = YEARS OF CONST.(SET IN PROGRAM) 
530 REM SECTION 2 
540 REM INPUT INFORMATION 
550 PAGE 
5>:0 CALL 'RATE' ,1200»0.2 
570 DIM 12(50)fY3(50)rY4(50),X1(50)>R1(50)?T2(50) 
580 DIM VI(50)?R2(50)fAl(50)fB5(10).05(50) 
590 PRINT 'DCF/REV REQ/COST OF SERVICE ECONOMICS PROGRAMJ" 
600 PRINT "ENTER TITLE FOR RUN' 
61C INPUT Z$ 
620 FRIN- 'ERECTED PLANT COST = '} 
62 0 INPUT PI 
64"' FFINT 'OPERATING COST/YEAR = '} 
650 INPUT CI 
660 PFJNT 'EXTRAORDINARY ONE TIME EXPENSE= "t 
t.-'O INPUT E2 
i.i',0 PRINT 'YEAR OF EXTRAORDINARY EXPENSE= 'i 
ft90 INPUT T4 
:o: PRINT 'THRUPUT/YEAR ="S 
•'•'0 INPUT Ql 

D-9 



W I &• b. A 

2/80 •" 'iO 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
'1130 
1140 
1150 
1160 
i 1 70 
1180 
1190 
3200 
1210 
1220 
123<̂  
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1720 
1330 
134 0 
1350 
1360 
1370 

INPUT C2 
PRINT "COST OF EQUITY = "I 
INPUT C3 
PRINT "FRACTION DEBT FINANCED = '1 
INPUT Fl 
PRINT "PLANT LIFE -YEARS = "1 
INPUT LI 
PRINT 'TAX RATE = "1 
INPUT Tl 
REM 
D C M — — — — — «.-. — -. — — ". — — — — — ~. — — — ~.~" — — —.-.-.-_™__»_-__„ — — C C P T T f l W 
h&n -" * bfc.L ! XUrl 
REM PRINT INPUT 
PRINT 837f2611 
PRINT 04OJ USING 8705Z$ 
IMAGE 5X.65Af"J' 
PRINT e40{ USING 890IP1 
IMAGE 10D.2Df" ERECTED PLANT COST" 
PRINT 6401 USING 910JC1 
IMAGE 10D,2Df' OPERATING COST/YEAR' 
IF E2=0 THEN 970 
PRINT !?40J USING 940IE2 
IMAGE lOD -"Bf- EXTRAORDINARY ONE TIME EXPENSE' 
PRINT 840 (SING 9 6 0 ; T 4 
IMAGE lOD.^tir" YEAR OF EXTRAORDINARY EXPENSE" 
PRINT 8401 USING 980501 
IMAGE 10D.2Df" THRUPUT/YEAR' 
PRINT (?40; USING 1000JC2 
IMAGE 10D.2D!" COST OF DEBT" 
PRINT (?40J USING 1020 !C3 
IMAGE 10D.2D?' COST OF EQUITY' 
PRINT 0401 USING 1040JF1 
IMAGE 8D.4Df" FRACTION DEBT FINANCED" 
PRINT (?40l USING 1060tLl 
IMAGE 10D.2D»" PLANT LIFE - YEARS" 
PRINT 840! USING 1080IT1 
IMAGE 8D.4D»" TAX RATE" 
REM 
D T M — — w —. — — _ _ — _- — ~ — — ~-. — _ — — _ C C P T T n * i l 
hLn btU 1 I UN 
REM PROGRAM BODY-INITIAL CALCULATIONS»1 OUTPUT 
C4 = Fl«C2-i (1~F1)*C3 
11=0 
B3 = 0 
B5=0 
Y5 = 3 
B2^ri/Y5 
FOR K=l TO Y5 
B3=-B3 + B2 
B5(K)=B3*F1*C4 
I1 = I14-B5(K) 
NEXT K 
C5==P1 H I 
PRINT 040: USING 1250IC5 
IMACE 10D.2D?' TOTAL DEPRECIABLE PLANT" 
Dl=C5tFl 
Y1=C5*(1-Fl ) 
D2---D1/L1 
Y2=Y1/L1 
D3 = Cr./Ll 
I4--0 
D5 = 0 
12=0 
R3 = 0 
V2 = C4*(l-fC4)"Ll/( (1+C4)"L1-1 ) 
REM 
REM SECTION 
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1370 REM SECTION 5 
1380 REM F-ROGRAH BODY-DETAILED CALCULATIONS 
1390 FOR J=l TO LI 
1400 n5(J>=Dl*(l-(J-l)/Ll) 
1410 I2(J)=D5(J)«C2 
1420 I4=I4+I2(J) 
1430 Y3<J)=Y1*(1-<J-1)/L1) 
1440 Y4(J)=Y3(J)*C3 
1450 IF J==T4 THEN 1480 
1460 XI(J)=D3+I2(J)+C1 
1470 GO TO 1490 
1480 X 1 ( J ) = D 3 H 2 ( J > + C 1 + E 2 
1490 R] (J) = <Y4(J>-fXl(J)*<l-Tl)>/(l-Tl) 
1500 T2(J)=T1*(R1(J)-X](J)) 
1510 Vl(J)=l/(lfC4)"J 
1520 R2(J)=V1(J)*R1(J) 
1530 Aj(J)=R3(J)/G1 
1540 R3=-R3+R2(J) 
1530 NEXT J 
1560 R4==V2*IC3 
1570 R:/==R4/ai 
1500 REM 
1590 REM SECTION 6 
1600 REM MAIN OUTPUf 
1610 REM IF ONLY LEVELIZED COST OF SERVICE DESIRED,'SET Y6=0 
1620 Y6=0 
1630 IF Y6==0 THEN 1830 
1640 F'RINP P40;"J' 
1650 PRINT 0401' YEAR DEPRECIATION DEBT DEBT 'I 
1660 PRINT QAOt' EQUITY EQUITY" 
1670 PR]NT P40J" PAYMENT INTEREST"? 
1680 PRINT eAOt" PAYMENT EARNINGS" 
1690 FOR N:̂=] TO LI 
1 7 0 0 PRINT P 4 0 ; USING 1 7 1 0 J N r D 3 ? D 2 » I 2 ( N > » Y 2 f Y 4 ( N ) 
1 7 1 0 IMAGE 6 I i f 5 ( 3 2 I i ) 
1720 NEXT N 
1730 PRINT P40:"J" 
1740 PRINT P40t" YEAIC EXPENSES TAXES REVENUE"? 
1750 PRINT e40:" PRESENT THRUPUT SERVICE' 
1760 PRINT P40;' RREQUIRED"? 
1770 PRINT e40;" VALUE RR COST' 
1780 IMAGE 6Ii.5(12D) ̂ $4D.2D 
1790 FOR J==l TO LI 
1800 PRINT e40: USING 1780IJ?XI(J)rT2(J)»Rl(J)»R2(J)fQl»Al(J) 
1810 NEXT J 
1820 PRINT 6402"JJ" 
1830 PRINT 6401 USING 1840IR5 
1840 IMAGE $10D.2D." = LEVELIZED COST OF SERVICE" 
1850 PRINT @37»26J0 
1860 END 
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APPENDIX E. Computer Runs for Economic Analysis of Natural Gas Storage 
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DEPLETED F1ELD>NEW. BASE CASE NAIURAL GAS OPERATION 

13100000.00 ERfCTLD PLAN! COST 
200000.00 OPERAFTNG COST/YEAR 
3080000.00 THRUPtll/YEAR 

0.10 COST 01 DCB) 
0 . 1 5 COST 01- r a u i vr 

0 .6000 FRACr^GN DL-BF MNANCfD 
2 7 . 0 0 PLANT L lF l - - il-AlV;, 

0 . 4800 TAX RAIL 
1498.'>400.00 rOPAL DI-PK'FP 1 ABL I PI AN I 

$ o . a o - I r u i I T / f D c o m o r S E R V I C I 

2 BACit CAl-il a i . C . ) $2 H,%r, GAS 

16700000 .00 F k r r r i u P L A N I co f i r 
200000 .00 OPIRAIfNO r O s l / r P A l ' ' 

3080000 . 00 r HRUI 'U I / YF Ak 
i) .3' , ' CO^ 1 ni- DFIil 
0 . r . rUwP or i a u i i i 

O.oOOO r i < A r i U i | M r i M u l l i J m U E I i 
,.>/.0^'' Pi tail M l - 1 11 MIC<; 

0 .4U!00 PA A, RA i l -
I 7 l04 f ! ' ) i '> , ' . ' ( ' TU IA I . DPI'11 iMi-iI i l I M M N P 

i>\ ,VJ I I-VI I iz\ \i I tK>r Ql i F i . ' V i 

J I i , I . i ^ N H j . iiAr-< 

.'o4(.M)ui,",', 00 r k P c i m 11 AW I i.i) >i 
/OOO'H'.'')',.. t H I I A H N l i ril&T I'F AR 

30000''",' 00 PHK'UrU I / YIYil' 
0 . i() r o ; , i 01 Dl h\ 
0.1'••"i ciy.r 01 I I'Ml I , 

0.,^A0(> I'kAl n o w 01 H I I JiJANri Ii 
: ' / . 0 0 I'I AN! L I I P ,1 A!-' 

' ^ 4 ; ! 0 ' ' ' PAA I'- 'AII 
?3J3 ••'.or.,')o 101 111 f i n M I I Aui I I I I'lin 

i I . - '. - I r '.'I 11 'I (I I ' l i i . 1 01- SI i . ' j ] i I 

4 B.P,» INVFWTOki FAI I HGI ifA.iP OAS 

9 5 0 0 0 0 0 . 0 0 i: k If c 11 n P i A N r i u ;̂  r 
<a50000.00 nPERAriNi ; OOM/t ' l lAR 

3080000 . 00 PHRUI U I / Yl- Ak 
O.JO c o n r oi- o r u r 
0 . 1 5 COST 01 KJI l l I") 

0 . 6000 FRACnON Ul)>l I I I^HMCI H 
2 7 .00 PI AN! I Jl I - fPAkb 

0 .4000 PAX I'A 11 
J0n<;>H000.'-)0 POPAI. )i|J-'kEl lABI 1; I LAN I 

$ 0 . 8 0 = LI VEI Ichh lOSP OF S lk ' ^ lS I 
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5 B.C. ]NV. BASE GAS *2 NAI. GAS 

9500000.00 ERECFED PLANT COST 
1075000.00 OPERA PINO COST/YEAR 
3080000.00 THRUPUI/YEAR 

0.10 COST or DEBT 
0.15 COST 01- EUUJ lY 

0.6000 FRACTION UPBP I ] NANCLli 
27.00 PLANT L]Fli - YEARS 
0.4800 PAX RAIE 

10868000.00 PDTAL DLPRIICT ABL L" PLAN! 
$0.94 •= LFVEIJ7ED COST OF SEkVlCE 

6 P.n, 3NV. BASL GAG *3 NAI. GAS 

9500000 .00 L'RI-CPF.D PLANT GOSP 
1500000 .00 OPFkAIlNO GGHP/YEAk 
3080000 .00 PHkUPUF/YEAk 

0 . 1 0 COS! ni liL'Hl 
0 . 1 5 f U;n OP E(4UI lY 

0 . 6 0 0 0 rRACPlON UP Hi i-1 HANDED 
2 7 . 0 0 PI ANT n i l - - YEAk'S 

0 .4H00 PAX KAI i : 
10868000 .00 TOIAI. Hri-kPClABIJ PI AN 1 

$ 1 . 0 8 IJ-:Vfcl l /PD COSl 01 SFk'VJM 

7 B .C . l . 3 *WLI I f n S I 

1 4 6 0 0 0 0 0 . 0 0 
2 0 0 0 0 0 < 0 0 

3 0 8 0 0 0 0 . 0 0 
O . H ) 
O . l f . 

0 . 6 0 0 0 
2 7 . 0 0 

0 . 4 8 0 0 
L 6 7 0 2 4 0 0 . 0 0 

$ 0 . 9 ; 

ERfcCPKU PI ANT OOSP 
OrPkAPTNG C O S f / Y L A k 
PHRUI 'U l / I ' F Ak 
CO;iP 01 ril B l 
COST OF 1 U U I ) Y 
FkAGPTON Dl V\ F INANSFD 
PLANT M I L " YFAkS 
PAX k A U 
POTAI D f E k P l ' I A B I 1 PI ANT 

• - - I E ' v ' b i J / i : i i COST OK SE kvn;! 

8 B . C . 1 . 3*C0MPki: S3 I UN COS F 

13300000 .00 ERECPEIi PLAN'P COST 
2 0 0 0 0 0 . 0 0 OPERATING GOSP/H'.Ak 

3080000 .00 PHRUPUI/YEAk 
0 . 1 0 C08P OP DF)«I 
O.IC) COr.P OP I UUI I i 

0 .6000 PkACFlON UEBF MNANCPJi 
2 7 . 0 0 PLANP L IFE YI-.ARS 

0 . 4 3 0 0 PAX kAIF 
15215200 .00 rOTA! DEPkCClABLF PI ANT 

$ 0 . 8 9 = LEVELIZED COS! 01- SfckVlOL 
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9 B.C. 3.3*L J NE S 

13400000.00 
200000.00 
3000000.00 

0.10 
0.15 

0.6000 
2 7.00 
0.4800 

15329600.00 
$0.90 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPUJ/YEAR 
COST OF DEBF 
COSP 01- l:t4UTrY 
FRACPION DIIBP M NANCE D 
PLANT 1.1 FF - YEARS 
PAX R A r t 
PDTAI r iEPRbCIABLi r PLANP 

L E V E L I Z E D COSP 01 S E k V H ; i 

10 B . C . o . 7 * M N i r; 

0 0 
0 0 
0 ( ' 
10 
15 

1 .-•GOOOOO 
2 0 0 0 0 0 

^ 0 8 0 0 0 0 
0 
0 

0 .6000 
2 7 . 0 0 

0 .4800 
14643 ' ' 00 .00 

$0 , S 

IRCCPCD PLANP f O S r 
OPFRAF tNO C O S r / Y F A k 
PHkUrU l /YEAR 
f o s i 01 Dl t r 
r n s r oi i-t^iui i Y 
FkACPTON DP HI I INANCI D 
PI ANP I JF F - f l AI;S 
PAX KA!F 
POPAI n r P I ' . T M A B I I I 'LANl 

LFVI L I 7 P D COST 01 SI | . 'VH I 

M B . f . 1 . 3 * r O I A I 

1 600000 ' ^ . ' . ) 0 
2 0 0 0 0 0 . 0 0 

3 0 8 0 0 0 0 . 0 0 
O.-iO 
0.1:. 

0 , 6 0 0 ' ' ) 
2 7 . 0 0 

0 . 4n0'"' 
ik\J>OAOOO,00 

J. J . K ' 6 

I k l C i r O PLANT CO' I I 
U l ' l RAPING LOSI /Y I -AR 
PHRLlPUI /YLAk 
COSF fiP Dl-Bl 
r o s i 01 I UUI 11 
I p., 'Arr]nN UP I M I I N A N U I D 
I 'LANP I IFF iT.Ak'S 
PA> RAFi: 
10 PAL Dl-IPRPMABLI 11 ANT 

= I F Ml I ] 7 i n COS I 01 SI k ' V j r i 

J 2 B . C . DEBP KAPI 

13100O0O, 
2'J 00 00. 

jonooov. 
0 . 
0. 

0 .6( 
2 7 . 

. 0 0 

. 0 0 
, 0 0 
.OS 
. IS 
)00 
.0^' 

0.480',^ 
14S1400'T. 

M 
.0( ' 
) . 7 

r k E C F L D PI AN) CUSP 
OU'kAPFNO COST'YLAR 
T H R U P U l / Y F A k 
CORF 01- DLBf 
I n S P OF EQUJ IY 
f P A f I JON Dl H i I I HANI,I Fi 
11 AHP L l l - t I'PAkS 
PA< k 'A l l 
lOFAl Ul I k P r J A B I F I I ANF 

I r V I - L I / F D CUSl OF S i : k V l U 
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13 B . C . DEBT RATE =-15% 

1 3 1 0 0 0 0 0 . 0 0 ERECTED F'LANT COST 
2 0 0 0 0 0 , 0 0 OPERATING COST/YEAR 

3 0 8 0 0 0 0 . 0 0 THRUPUT/YEAR 
0 . 1 5 COST OF DEB I 
0 . 1 5 COST OF EQUITY 

0 . 6 0 0 0 FRACriFJN DrBF FINANCED 
2 7 . 0 0 PLANT M F E - YEARS 

0 . 4 8 0 0 TAX RATE 
1 5 4 5 8 0 0 0 . 0 0 TOTAL DEPRirC] ABL 1." PLANT 

$ 1 . 0 5 - LEVFLJZFD COSF OF S I l R V J f l 

14 B . C . DFBP RAFF =-,'0% 

1 3 1 0 0 0 0 0 . 0 0 F : R F C F F D PLANP COS! 
2 0 0 0 0 0 . 0 0 O r t k ' A I [NG COS F /YEAR 

3 0 8 0 0 0 0 . 0 0 TFIRUPU I / Y L AR 
0 . 2 0 COSP OF D L B ! 
0 . 1 5 COSF OP EUUIT i 

0 . 6 0 0 0 F k A C T l O H lU.B I I-1 NfiNCL D 
2 7 . 0 0 PLANT LJPF YEARS 

0 . 4 8 0 0 PAX RAIF 
] 5 9 2 9 c ) 0 0 . 0 0 FOiAl DrPKI C l A B L F PI ANF 

$ 1 . 2 4 I . I I V I l l Z F U COSF OF S P k ' ^ ' I f l 

JS B . C . DI .Bl RAF I « DLB) l-kACFJUH 0 

1310000< > .00 I k I C , T IB PI AHT COS t 
2 0 0 0 0 0 . 0 0 OPERA F I NL' CUS F /YEAR 

3 0 8 0 0 0 U . 0 0 PI IklJPU I / Yl: Ak 
0 . 0 0 COS! 01 DLBF 
O . J S COSP 01 I UUI 1 1 

0 . 0 0 0 0 I-RAP, 11 UN DP.M I I NAiFl I D 
2 7 . 0 0 Fl ANl I J F i : YLAkS 

0 . 4 8 0 0 TAX K'AFI 
1 3 1 0 0 0 0 0 . 0 0 lOFAl U P P K I l l A B I F PI AN I 

$ 1 , 1 8 LF VLI J / n i COSF 01 i P k V J l 

l o B . C . Dl B l I RACl JON - 0 . , " 

IJLOOOOO.OO ERECTED PLANT COSP 
2 0 0 0 0 0 . 0 0 OPERAFTNG COSF/YLAR 

3 0 8 0 0 0 0 . 0 0 THRUPU I / YF. Ak 
0 . 1 0 COST OP Dl BF 
0 . 1 5 c o i ; p OP t o o J1V 

0 . 2 0 0 0 FRAC F1 ON DP B I I- I N A H C P FI 
2 7 . 0 0 PLANT L J F l - i T A k S 

0 . 4 8 0 0 TAX RAFE 
1 3 8 3 3 6 0 0 . 0 0 TOTAL H E P K l C l A B L F I I ANF 

$ 1 . 0 9 LEVE 11 7! D COSF OF SLRVJ l , 
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17 B.C. DE B r FRAC T1 ON =.5 

13100000.00 
200000.00 
3080000.00 

0.10 
0.15 

0.5000 
27.00 
0.4800 

1473/500,00 1 
$ 0 . 9 4 

ERECTED PLANT COST 
OPERATING COSr /YEAR 
THRUPUT/YEAR 
COST OF DCBI 
COST OF EUUTIY 
FRACTION DIIBT FTNANUED 
PLANT I ih'E YEARS 
TAX RAIF 
POIAI UEPkl - IMAB! P PLANT 

LFV fcL IZLD COST OF SPR'v ' j n 

18 B . C . Dl BP l - l ' ;AnnON - .U 

1 3 1 0 0 0 0 0 
2 0 0 0 0 0 

3 0 8 0 0 0 0 
0 

00 
0 0 
00 
U'< 

0. 1 S 
0,HOOO 

' 7 . 0 0 
0 , 4 8 0 0 

405000 .00 
J . ' ' ' , " " 

ERECPF D PLAN I COS) 
OPERAFTNG COS I, 'YEAR 
THRUPUT 'Yl Ak' 
rOSF OP Dl Dl 
COST 01 PUUl I r' 
F k A C l JUKI 1 I I : D I I INANt F Fi 
H . ANF L I F F - t P A k S 
FAX KAFI 
POIAI DF Pkl I I API P I I AHF 

;; LLVPL i / F D CM'.] Ul Si k V J i i 

19 B . C . I.OUT 1 1 kAPI 

1 3 1 0 0 0 0 0 , 0 0 
2 0 0 0 0 0 . 0 0 

3 0 8 0 0 0 0 < 0 0 
0 , 1 0 
0 . 0 5 

0 , 6 0 0 0 
2 7 , 0 0 

0 . 4 8 0 0 
1 4 3 5 7 6 0 0 . 0 0 

i O ' . S ^ 

FRI CPFID PL ANF UU iF 
UPfc RAPING C U r n / Y E A R 
PHRUPU F- ' rFAk 
CUSP 01 DFBF 
COSF ni LUUI 1 f 
1 RAG! ION DEL 1. r J H ' i H i 
PI AHP H I fc" r LAkS 
TAX kAFF 
POIAI P iLkkFCIABLI 11 

', - I.I.VLI I Z D i I OSI Ul ,,EP,VIUI 

20 B . C . FPR)] FY kA Pf 10% 

13 1 0 0 0 0 0 . 0 0 
2 0 0 0 0 0 . 0 0 

3 0 8 0 0 0 0 . 0 0 
0 . I'') 
0 . 1 (̂  

• 6 0 0 0 
i / . O O 
.480'". 

0 

LRECPtD P 
OPERAFTNG 
PHRUPU I / Y l Ak 
COST OF DFi : i 
COST OF PUUl I i' 
P k A C l HHi Dl f. I 

ANF i;OSF 
CUSP/YI Ak 

I HANI I D 

1 4 6 / 2 0 0 0 . 0 0 
1.0,71 

F1..ANF L J F i : - YFAkS 
PA/ RAFF 
lOFAl D E P k E M A B L I I I ANF 

I FVFL1 / n i CDS! OF Gl RVJGI 

E-7 



21 B.C. EQUITY RATE •= 20Z 

13100000 .00 ERECTED PLANT COST 
2 0 0 0 0 0 . 0 0 OPERATING COST/YEAR 

3080000 .00 THRUPUI/YEAR 
0 . 1 0 COST OF DEBT 
0 . 2 0 COST OF EQUtTY 

0 . 6 0 0 0 FRACTION DEBT rJNAHCfcD 
2 7 . 0 0 PLANT L IFE - YEAKS 

0 . 4 8 0 0 TAX RATE 
15300800 .00 TOIAL DEPRCC3ABLF PI ANT 

$ 1 . 0 6 = LEVELIZI.D UOni OF SEK'VICL 

22 B .C . CONS I RUCTION FIME =1 YEAk 

13100000 .00 ERECTED PLANT COS! 
2 0 0 0 0 0 . 0 0 OPERA TING COST/YEAR 

3080000 .00 THRUPUI/YEAR 
0 . 1 0 COST OF DEB I 
0 . 1 5 COST OF rnUTTY 

0 . 6 0 0 0 FRAC F 3 UN DLBl l-INANCfcD 
2 7 . 0 0 PLANT L IFE - YEARS 

0 . 4 8 0 0 TAX RAIF 
14043200 .00 TOTAL DFFRECIABLE I'LAN I 

$ 0 . 8 3 - I .EVFLIZtD UUEiF OF SLRVIGI 

23 B .C . CONS F kUC I ] ON I ] ML --? YI.ARS 

13100000 .00 ERFGTED PLANP COSF 
2 0 0 0 0 0 . 0 0 OPF.kA T L NO COS I /Y l : Ak 

3 0 8 0 0 0 0 . 0 0 THRUPUI/Yl Ak 
0 . 1 0 COST 01 DCB I 
0 . 1 5 COST 01 P.QUITY 

0 . 6 0 0 0 FRAC PI ON DFIBF FJNAHLI D 
7 7 . 0 0 FIANP LIFL - YFAkS 

0 . 4 8 0 0 PAX RAIE 
14514800 .00 POIAI. DLI-kECJABLI I1.AN1 

* 0 . 8 5 -- LEVEL CZED COSI OF SEkVlCI 

24 B .C . OPERATING COSF/2 

13100000 .00 ERECTED PLANP COGF 
100000 .00 OPERA!ING COSI/YEAR 

3080000 .00 THRUPUF/YEAR 
0 . 1 0 COST OF DEBF 
O.J5 COST OF EQUITY 

0 .6000 FRACTION DEBP FINANFLD 
2 7 . 0 0 PLANT L IFE I'LAFv > 

0 . 4 8 0 0 TAX RAI t 
14986400 .00 TOTAL DEPRECIABLE PLAN! 

$ 0 . 8 4 - LFVELIZED COST OF SERVJCt 

E-8 



2/80 

2 5 B.C . THROUGHPUT HIGHER 

1 3 1 0 0 0 0 0 . 0 0 ERECFED PLANP COSF 
2 0 0 0 0 0 . 0 0 OPERATING COSF/YEAR 

6 0 0 0 0 0 0 . 0 0 THRUPUF/YEAk 
0 . 1 0 COS T OF Dl B I 
0 . 1 5 COSP OF Ff.!UI I i 

0 . 6 0 0 0 FRACPPON Dl B P M N A H s P D 
2 / . 0 0 PLANT L I F I YFAk'S 

0 . 4 8 0 0 TAX k A I i : 
1 4 9 8 6 4 0 0 . 0 0 FOPAL DFPkCCJABLP PLANT 

$ 0 . 4 5 = I F v r i F / r D UUS) o r SFkVJUl 

. ' 6 B . C . SiiLVAGP VAl.UL FOk BASI SAS FN t ' k , 

J 3 1 0 0 0 0 0 . 0 0 E k t C FLD Pi AH I LUS I 
2 0 0 0 0 0 , 0 0 0 I 1 R A I F H S L O S I / Y E A k 

- 3 6 2 1 0 0 ' ' , ' . 0 0 I A lkAOFD INAK'r UWI FlhEI L- ' I 'FHSl 
. . ' ' , 0 0 Y F A R OP L ' . I I nOKHIHAI . r I Xi I HSI 

3 o r ; ( ' 0 0 o . o o PHk 'U i 'U i ' f i AK 
0 . i ( ( u ; , i 01 Hi HI 
0 . r . r u s i 01 i u u j 11 

•,).r 00 ( ' i HC\l 1 J UH i'l I d M rUM( 1 n 
- ' . ,0 '> I I AN r i 11 I r i i .K'. 

'J .-V'.OO 1 A «. K A I I 
I 4 " . " - . T')') ' '") 1 O rn l Ti| M' l I 1 AH! I I I ,'iH 1 

i.<^ >:'• N Vl I I ' I H ( U . I Ul '".r i 'V I I I 

H i , H " I I ' l i 1 M I f 1 I H 

3 c ) 0 0 u 0 0 . 0 ' ' > I h i 1 I I H I 1 AH I I US i 

. 'OOAOO. ' , ' ) ' ) UK! K A l I N I , M i M / T T I I I -

3 O S U 0 0 0 , ' J 0 l l i k U I ' M I 11 M K 

O . O S t O S I Ul Ul H I 

'- ; . 1''> I U ' l l 01 M ( I I I I I 

' ' ) . r:,r),\ r KA ' I I ihJ III ( M i l i K i H i I H 

. ' / . O ' ' ' I'l A H l 1 I I I ; I , i l . 

0 . 4 S ' i O lA-^ K . .1 I 

S-) !. ' , ' 10 O' l 1 0 I Al ) i i I I I I M H I I I i AiJ 1 

1 .0, I S 11 '.'I I I I U I l i s i III .1 K M I i 

2 1 ; I , M AS r U N d i \ l ' l I I H r > H^X i r-i. CC'^T CHi>i\ . c 

SdOOOOO.OO F K F f ; i r H I I A N f I U M 

/ S O O O . O O OKPK'Af I N i ; I U I >l Al-

^O.SOOOO,' ' )^ ' FI IKUI U l ! l - iMv 

o . ' ) s c u s r 01 Hi HI 
0 , 1 0 I ' l i s r 01- I OS I 1 1 

(•', / S O O F KAP F I OH HI H I i i iJAiJi I H 

,' ' .00 i I A U I I I I I Tl I'iKS 

. ' ^ . 4 S O o F A / K'AFI 

3 9 ' ) / ' ) ' , ) ' . ) . 0 0 POPAI Dl I I I I l A H l K I'l A N l 

* 0 , 14 I i VPI 1 I i. I USF OF GEPV] UP 



/ IDOO 
1 2 0 0 
6 6 0 0 

1 1 /9,-> 

'(n ')0. 
•Ouo, 
' 0 0 0 , 

0 . 
0 , 

( ' . 6 0 
2 / . 

A , 4 S 
0 0 ' ' , 

0 0 
0 0 
0 0 
JO 
IS 

'00 
0 0 

;oo 
.),-\ 

AQUIFTRi- NATURAL GAS SERVICE f BASE CASE 

65100000.00 ERECTED F'LANT COST 
1200000.00 OPERATING COSF/YEAR 
6600000.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUI FY 

0,6000 FRACTION DEBT FINANCED 
27.00 PLANT LIFE - YEARS 

0.4800 TAX RAFE 
74474400.00 TOTAL DCPRI-ICIABLE PLANT 

%:\07 -- ILVFLIZED COSF OF SERVICE 

HASI CASI i.B.(;.)r$2 (iAS 

LRFCPLD PLANT COSP 
OPI RAPING COSF/YEAR 
PHRUPUF/YEAk 
UOSl OF DFBF 
COSF OF cau iPY 
FkACFJUN DIZBF F J H A N L E D 
I'l ANP LIFE - YEARS 
FA-, kAFF 
PUFPil DbPRECIADLF PLANT 

+,. \75 - i r V F L l Z L D COST Ul SERVJH 

3 i. ( < $S U H S 

kl'J C II II P'LANP COSF 
01 LRAl I NO COS F/YEAk; 
FIIH;UI'LIF/YEAR 
fOS l III D fB l 
COSP OP L'fFUIPY 
I'RAC ) lUN DEBT I INAF^UKD 
PI ANF L I F F YEARS 
PA/ RAFF 
lOFAl Hl~PkFC]ADLL PLANP 

1 . ' , " ' = I I VEI 1 ZED COST OF SF.kV ICP 

IH V i: N T 0 k ) L X P1-. H f) F H A F . GAS 

EkLCPLD PLANT COSF 
01'ERA I ING rOST/YFAK 
PHRUPUP/YEAk 

v,10 COSP UP DFBF 
COSF OF EQUITY 
I RACFION DEBP FiNANUI D 
I'l.ANF LIFE - YEARS 
FAX RAIL 
PO1Al DrPRrC1ABl F PLAN T 

I LVH IZEIi COST UP SERVli; 

S 'ij'M' 

J 200 
rt^O.'^ 

Ov21 4 

1 1 J ' ' , 0 0 
OOi,', 00 
00 

0 

0 , 
4 " 

OvOO 
0 . 1 0 
0 , j r . 
...'>.,)(* 
, ' , 0 0 
IS ' ) " 

0<00 

I 

4 / 
fto 

S I 

VOVOO 
0.'H>O(,. 

(> ' )0 ' 

' • l . 

Kf t 

f).-ir„ 

'<) 
\/ 
u 
< * • ' , 

4 , 
') 
* 

, 0 0 
. 0 0 
, 0 0 

>io 
. IS 
• 0 0 

;oo 
0 ' ; 

1 , 0 ' 

E-IO 



2 / 8 Q 

5 B . C . AQUIFERf 3NV. F X P . NAP. GAS 

3 9 5 0 0 0 0 0 . 0 0 ERECTED PLANP COSF 
5 0 0 0 0 0 0 . 0 0 OPERATING COSF/YEAR 
6 6 0 0 0 0 0 . 0 0 THRUPUF/YEAk 

0 . 1 0 COST OF DEBT 
0 . 1 5 COST OF EQUJ FY 

0 . 6 0 0 0 FRACTION DP.D! FJNANCiD 
2 7 . 0 0 PLANT I I F F - YEARS 

0 . 4 8 0 0 TAX kAFF 
4 5 1 8 8 0 0 0 . 0 0 rOTAI DFPRFC3ABIE PLANE 

$ 1 , 9 0 - L E V I E 1 / F D CUS F OP Gl RV I CI 

c B . C . A f R I J F F I k n N V . I ' / l . H A T . UASH.,5 GA! 

3 9 D O 0 0 0 0 . 0 0 F k L C P t D PLANT COS 1 
/OOOOOO . 0 0 OF'F kA F I NG CUS 1 /YFAK 
6 6 0 0 0 0 0 . 0 0 FHkUPUl ,'YLAk' 

0,1'>^ COSP OP DFDI 
0 . 1 5 COSF OF PQUlFY 

0 . 6 0 0 0 I RAG P1 OH Dl D I M HAHUI- H 
2 7 . 0 ( ' PL AHP I 3FE YKAK'S 

0 . 4 8 0 0 FAX RAIE 
4 S J 8 8 0 0 0 , 0 0 POPAI D r P k r r i A B E F I'l ANF 

$ 2 , / ' " ' - I FVLI r /FD COSF OF S l l cVJ t l 

/ H . r , J . ^ * u n I u u s i 

6 , ' 2 0 0 0 0 0 . 0 0 I.K'Ff, FFD I 'LAHl SUS I 
1 2 0 0 0 0 0 , 0 0 OPI I ;A F ] til: COS F / ' t FAR 
e . r t 0 0 0 0 0 . ' ) 0 P H k U I ' U I / Y I Ak 

0 , 1 0 COSl Gl- DE B I 
O . J 5 COSP OF E u m n 

0 , 6000 F k'AC F ] UN W V 7 P J NAHl I H 
2 / , 00 I'l AHF L Jl-L YFAkS 

0 , 4 8 0 0 XA\ l','AlE 
/<:,--;, 6 8 0 0 . 0 0 FOIAL DFPKi-( J ADI I I-1 ANl 

1>."",J.> - I .FIVLI.K'FD OUST 01 SIP.VJI 

8 i , 3 * c o h r ' k r G s i U H t u s i 

6 6 ^ 0 0 0 0 0 . 0 0 nkFCFFD PLAN) COFl 
1 2 0 0 0 0 0 . 0 0 OPERA PING COSF/ i ' FAk 
ftAOOOOO . 00 PHRUF'U I / YLAK' 

0 , 1 0 COSP OF H L M 
O.J 5 COST OF LPFUI Pt 

0 . 6 0 0 0 FRAC F] UN DFBP M NANl,L D 
2 7 . 0 0 I'l ANP I I F E YEAR':) 

0 , 4 8 0 0 PAX RA I I 
7 5 8 4 7 2 0 0 . 0 0 POPAI DFPkFCJABI . l I'l ANl 

$ 2 , 1 ' ' ; I .FVEL IZFH CUS I 01" SPkVJ i 

E - 1 1 



9 AQUIFER B . C . 1 . 3 * L T N b S 

71130000 .00 
1200000 .00 
6600000 .00 

0 . 1 0 
0 . 1 5 

0 . 6 0 0 0 
2 7 . 0 0 

0 . 4 8 0 0 
8J 3 7 2 7 2 0 . 0 0 

$2 ,2 ' ' 

CRECPCD PLANT COSF 
OPERAF3NG GOST/YCAR 
PHRUPUI/YEAR 
COSP o r DEBF 
COST OF EQUJ lY 
FRACT1 UN DF B1 F J NANCE D 
PLANT LJFF I'CAkS 
TAX R A I L 
TOTAL DLPkFCIAB I I PLANT 

- LFVPI .3ZLD CUSF OF G i k V J s E 

10 B , C . 0 . 7 * 1 I HI b 

59100000.00 
1200000.00 
6600000,00 

0. J 0 
0. J 5 

0.6000 
2 7,00 
0.4800 

6"'6J0 40('.00 
$1,;'.'; 

I k'FCFI D PLANP LOS I 
OPI K A l I H U n U S l / Y F A k 
IHkUf UF 'YE Ak 
CUSl 01 HL'UF 
COSP 01 FUUI F ) 
F k A C l I O N DFHF F I H A H n H 
I 'LAHl I JFL YFAkS 
PA/ kA IF 
FOFAI D l . l ' k l P 3 ABl L P L A N ! 

I I VLL l / I . D COS I 01 S P k V l i L 

11 B . C , 1 . . U FOFAI 

7 6 9 0 0 ' ' , ' 0 0 , 0 ( ' 
1200000 .00 
ooOOOOO.OO 

0 . 1 0 
0 . 1 5 

0 ,6000 
2 7 .00 

0 . 4 8 0 0 
87',-'73f.00.00 

$ 2 , 4 1 

\'Rl L, PI H I'l AHl OoSi 
01'I kAPJNG UOSl YFAk 
IHk'UPUI 'Yl AK 
COSl OP D E : B I 

CUSF 01 I 01II 1 1 
FkAC 1 lUN HI HP I J H A H L F H 
I'LAFJF I 3FP PEAKS 
FAX K'AFE 
FOFAI DFPK'I P J ABl I PLAN I 

LE VI E J / r V COST 01 .1 l';VH 

1 ' B.C, DFBl kAFF 

ftSJOO'jOO.OO 
1200000 .00 
e.600000,00 

0 . 0 5 
0 . 1 5 

0 . 6 0 0 0 
2 7 .00 

0 , 4 8 0 u 
72J"^0c" i00.00 

$ i , 6^' 

EkLCPE"!! P L A N ! CUSl 
OPERAPENi; COSF 
THRUPU I /YFAK' 
COSF Ul HP H I 
COSF UP I QUI Tl 
FRACF I UN Dl Hi 

•I'FAF 

I INAHsP.D 
I'l ANP I PF F - YLAl' 
FAX kAFF 
TO PAL I iF :PkPL]ABI E I'E AHF 

l . rVFI 3ZI.H COSl 01 SFk'VJl I 

E-12 
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1 3 AQUIFER f B . C . f DEBT RArE=- lS% 

6 5 1 0 0 0 0 0 . 0 0 ERECTED PLANT COST 
1 2 0 0 0 0 0 . 0 0 OPERATING COST/YEAR 
6 6 0 0 0 0 0 . 0 0 THRUPUI/YEAR 

0 . 1 5 COST OF DEBT 
0 . 1 5 COST OF FQUi FY 

0 . 6 0 0 0 FRACTION DEBF FINANCED 
2 7 . 0 0 PLANT L J F F YEAicS 

0 . 4 8 0 0 TAX RATE 
7 6 8 1 8 0 0 0 . 0 0 TOTAL DEPRFCIABEL P L A N ! 

$ 2 . 4 7 = LEVLEJZFD COST OF S E k V l U 

14 DEBT RATE 20% 

6 5 1 0 0 0 0 0 . 0 0 
J 2 0 0 0 0 0 . 0 0 
6 6 0 0 0 ' ) 0 . 0 0 

0 . 2 0 
O.J 5 

0 . 6 0 0 0 
2 7 . 0 0 

0 . 4 8 0 0 
/ 9 J 6 1 6 0 0 . 0 0 

LkbCFP.D PLANT COSF 
OI'PRAPFNG COSl / Y F A k 
PHRUF'U I / Y E A k 
COSF OF DFDI 
COSP 01 EUUI FY 
F k A C l JOri Dl BP F JNAHULD 
PI ANF LJFF rFAl S 
PAA K ' A I L 

PUPA! DP.FKI CJABI F I'l AHF 
$ 2 . 9 u - E L i , ' r i J 7 F H COSl OF ;i kV u 

ES DE BF kAFI 9 Dl T 1 I PAi 1 IUH -',' 

6 5 1 0 0 0 0 0 . 0 0 Fk l .CTI D F L AH 1 I US F 
1200000,'.H) 
66(<0000,00 

0 . 0 0 
0 , 1 b 

0 ,0000 
2 / , 00 

0.4801,,' 
65100000.00 

$ ' . - • 

UFI kAPJNG LUSl - n:AK 
I H k U I ' U F / Y I . A k 
f OS 1 or DEB 1 
CUSF OP F UUI 1 1 
IRAC1JUH 
I I AN 1 L JI I 
FAX k n I L 
POIAI Dl PK'F 

- L FVLI 171 

HI Hi f J NAHt F D 
1 I ARS 

P I ADI fc 
L'OS I 

I ' l 
i.i\' 5 I I 'V U I 

16 DF BF I KAC 1 J UN 

65100000.00 
1200000,00 
f>600000.00 

0.10 
0.15 

0.2000 
27.00 
0.4800 

68,M5r t00.00 
$ 2 . 5 . 

UUSI 
' r P A l ' 

LkFCPED F'E AHT 
OPI RAP TNG LOSl 
PHRUPUF/YEAk 
COSP OF DFFil 
COSF OF LUUJ 
FRACF3 UN Dl I 1 
PLANP L3F E -
FAX RAIE 
lOTAI DI"PI''rC3ABL E 

1 
I J HANOI D 

f E A k ) 

PL AN F 
LFVI I 3 ZED COSF 01 SLRVJI I 

E-13 
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17 DEBT FRACTION =0.5?AQUIFERNAT, GAS 

65100000.00 
1200000.00 
6600000.00 

O.JO 
0.J5 

0.5000 
27.00 
0.4800 

73237500.00 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPU r/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBT FINANCED 
PLANT LIFE - YEARS 
TAX RATE 
TOTAL DEPRFL3ABM-; PLANT 

20 = LEVCL3ZFD COST OF SlkVICi 

IS DEBT FRACTION ==0.8 
65100000.00 
1200000.00 
6600000.00 

0.1 0 
0,15 

0.8000 
2 7.00 
0.4800 

7655760<'. 00 
$J .7/ 

ERbCTED PLAN! COS! 
OPERA UNO rOST/YEAF 
THk'llPUI/YEAk' 
COST OF DFBF 
COSF OF t o r n IY 
FkAC F 3 ON Dl D l FFHAHUPU 
PLANE I TFE - YFAK'S 
PAX RAFF 
POPAI DLPRI M A B I t I'l ANF 

- LEVI LJ 7FD COS I Ul SI k ' " ! ! L 

19 B . C , I QUE PY PA I I 

iIuOOOO 
E, 
6< 

. 0 0 
0 0 

, Oo 
. 1 0 
. 0 5 

F R F M F D F L AHl Co5 F 
' " 0 0 0 0 
.0000' '^ 

0 
0 

0,600.;'! 
2 7 . 0 0 

0 , 4 8 0 0 
/ J 3 4 V 6 0 0 . 0 0 

$ 1 . 7,1 

01'I RAFENG r u S l 
THk'UF'U! / Y F A k 
COST 01 DEB I 
COS F ni E MJ I ! Y 
FkACF lOi^ HPF F i 

i'l AK 

J HAHi I H 
F'LANF L I F L - YPAK'S 
PAX k A l L 
FOIAL OLF'k'E i 3ABLF I ' l .ANl 

I FVF I . I / F H f OSI 01 Si K V n P 

B . C , I QUJ I 1 K A I F 

65100000 .00 
I 200000,Ou 
6cO0000.00 

0 . 1 0 
0 . J 0 

0 . 6 0 0 0 
2 7.00 

0 . 4 3 0 0 
72'; '12000. 00 

$ E . 6 7 

FkLCPLD PLANE I U s l 
OPF kAPJNG COSP/PEAR 
THRUPU P/Y! Ak 
rOSF 01 DFDI 
COS F 01 E'UU E I I 
FRACF ION DEBl M N A H i , 
PLANT L l l I - PFAI"-. 
TAX RAFF 
TOTAI DEIPkEClABI.F I'l 

LEVEL 3ZhD CUSl UP 
AHF 

• : L K ' 1 ' 3 I 

E-14 
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n EaU3TY RATE 20 Z 

65100000.00 
1200000.00 
6600000.00 

0.10 
0.20 

0.6000 
27.00 
0.4800 

76036800.00 
$2,49 

ERECTED PLANF COST 
OPERATING COST/YEAR 
THRUPUT/YEAR 
COST OF DFBT 
COST OF FQUIFY 
FRACTION DFPiT FEHAHUED 
PLANT I IFE - YEARS 
TAX RAFL 
POFAI DFI'kF C TABLE PLANP 

E E V P L l Z b D COST OF SERVJUb 

B , C , AQUJFFk , r O N S F R U C n O N F 1 HP 3 Yl Al.' 

6 5 1 0 0 0 0 0 , 0 0 
E 2 0 0 0 0 0 . 0 0 
6 6 0 0 0 0 0 . 0 0 

0 . 1 0 
0 , 1 5 

0 . 6 0 0 0 
2 7,0' '^ 

0 , 4 8 0 0 
6 9 7 8 7 2 0 0 < 0 0 

$ J . '•'•"; 

FkLC FLD F LANP COSF 
OPERA PJHG CUS F/YEAk' 
PHkUPUF/YFAIv 
COST OF DFCU 
POSl OF E O U I 1 r 
l"|.,'Al 1 JON DLP.F F IHAHCLD 
PLANT M I F i'l A k s 
TAX RAFF 
POPAL HEPkL M A B I 1 I'l ANl 

j - LEVI 1.3 Z\ D COST OF SI 1 , U | l 

2 3 B . C , L 0 H S l K L i C F 3 0 H ' 3 Ml T F H F S 

6 5 1 0 0 0 0 0 . 0 0 
1 ' ' 0 0 0 0 0 , 0 (' 
6 c . ( ' 0 0 0 0 . 0 0 

0 . 1 0 
0 . 1 5 

0 . 6 0 0 ' ' ) 
2 7 , 0 0 

0 , 4 8 0 0 
^ 2 1 3 0 8 0 0 , 0 ' " ' 

$ 2 , ' ' ' J 

F:kF 
OPF 
THk 
COS 
ru'-~ 
FkA 
f L A 

FAX 
lOF 

r i F D I'l ANF UUSI 
RAF ENG COSl 'YLAR 
UF'UF YFAk 
T OF UFBI 
T UF I UUI1Y 
Cl lUH HI HI I IHAHSbU 
NT M H - fPAK ; 

RAF I 
AE DFI'F E I J AHLI PI AHF 
I r v p i 3 / I H I u . 1 UF ?i k v m -

4 B-C , 01 F k A T I H O CO'-. F / ' 

65100 ' .AH) . 0 0 i fkb L rr D P L A H F m i s i 
600000.00 OPERAFTNG COSl/YIAk 

^600000.00 THRUPUI/Yl AR 
0.10 COST OF DLHI 
0 . 1 5 COSP OP pen)I 1 T 

0 , 6 0 0 0 FRACTION DFBl I IiJAHCI U 
2 7 . 0 0 PI ANT I Tl E i'l Ak ' ! 

0 , 4 8 0 0 T A / kiWr 
7 4 4 / 4 4 0 0 . 0 0 TOFAI D F I k ' I C J A B L I I'lAFEl 

i.i,''i'7 - l . r V E I J 7 I H rO'Sl O F S F k V 3 l 

E-15 



2/80 

B.C. SALVAGE MALUE FOR BASE GAS 3N YEAR 

65100000.00 
1200000.00 

-25630000.00 
27.00 

6600000.00 
0.10 
0.15 

0.6000 
27.00 
0.4800 

74474400.00 
$2.04 

ERECTED PLANT COST 
OPERATTNG COSr/YEAR 
EXTRAORDINARY ONE !THE EXPENSE 
YEAR OF EXTRAORDINARY EXPFNSi: 
THRUPU r/YEAR 
COST OF DEBT 
COST OF EQUirr 
FRACTION HEBI riNANCIED 
PLANT LIFE YtARS 
TAX RATE 
rOFAL Dn-kECIABLC 11 ANT 
- LFVELlZm CUSr UF SERV3CE 

2*'. AS pROPOsrii f OR r o N i i r R u r r roN^ i i r j i - iNf iNi . AS'";i)Hni 

JObOOOOO.OO ERECTFn PLANT COS I 
U66000.00 

-2':.6:i0000.00 
2/.-')0 

6600000.00 
0. 1 0 
0. i t' 

0.6000 
''7,00 

0< 4800 
6.*)V:'4'''>''>0, 0 0 

opi 'RAriNG r o s r / r F A R 
EXrRi'40RDJNARY ONF I IMF 
YFAR 01 rXFRAORniNAkY t" 
rURUF'Ur 'YEAF; 
cnnr OF DCf. r 
CU:,1 l)F I OUT 1 r 

I >l 
X 1 1 

FNSE 
Nsi: 

M-ri r 
t i 

I IcAl TION 
I I AN r L ] I I, 
TAX RATI 
IDIAL ni FPI I TAfil I I I 

SH I U 

i n 
I I- VFi 1 z r i i I n^r ni M F ' J I I I 

E-16 



w 
SALT DOME NATURAL GAS SERMICEJBASE CAS 

17100000.00 ERECTED PLANT COST 
350000,00 OPERATING COST/YEAR 

6200000.00 THRUPU T/YEAR 
0.10 COST OF DEBT 
0.15 COST OF HUU]lY 

0.6000 FRACT3 0N DEBT F3NANCIED 
27.00 F'LANT LIFE - YEARS 

0.4800 FAX RAH 
1 9b62400. 00 rn T AI DEPkF C 3 ABI L PL AN I 

* o . r . a - LFVFi i z i n c i ) ! ; i OK S E I C V T C E 

2 BAt ; r CASi ' , F i , r . ) n . . ' N A I , O A S 

2 0 C 0 0 0 0 0 . 0 0 I-RFC TED PI ANT COST 
.•5L"i0O00 . 0 0 OPL- RA1 3 NU COS F /YEAR 

6 2 0 0 0 0 0 . 0 0 THRUPU I / Y t AR 
0 . 1 0 c o i j r Oh riLV\ 
o . j r . COST ni EQin 11 

0 . 6 0 0 0 I kA f r3 0i^ l iEDT I J NANl I H 
2 / . 0 0 11 ANT L ] F i : - I'EAR', 

0 . 4 8 0 0 TAX F,An: 
2 A / ' ' ; . 2 0 0 . 0 0 1 0 11*11 D F F' I < I T 3 A B L F 11 A N I 

t O . / O - IFUFI. 3/ITi i '0!;r UF '•UK','HI 

2,^ I 0 0 0 0 0 . 0 0 t RF r H- l i F I AN T Ct)S T 
JSOOCH). 00 UF I Kri 1 1 NO UUS 1 / I'FAk 

6 2 0 0 0 0 0 . 00 1 HKUrU T - I'F Ak' 
0 . 10 CU")1 ril DLPf 
O . U J COL . ) 01 I.QLH ) 1' 

0 . 6 0 0 0 I R A r r j O N HI {H M NAN>1 H 
2 / > 0 0 F'l ANr 1. H-l - t l Alr ' i 

0 . 4 3 0 0 TAX RAH" 
26 426 400 .0 (> TfHAL r i | F R L f 3 A H I L PLANF 

iO, / - ' L i : 0 ! 1. 1/1 Tl I 'Uhl 01 f jFF'VJtJ 

4 t f < r , I N V I N i n i ' i I - _ ' I 1 N ; : L BASF U A ; . 

3 c 4 0 0 0 0 0 . 0 0 r k L C F E D PLANT COST 
4 L A ' ) 0 0 ( ) . 0 0 OPFRAI INC U O S r / f E A R 

6 2 0 0 0 0 0 . 0 0 THRUf 1) I - VLAk 
0 . 3 0 COS r OF Tif B [ 
0.3 5 c o s r 01 I oui r, 

0 . 6 0 0 0 FkACTJON Dt B 1 I ! NANi;i M 
, V . O O 11 AN) L I F I FLAk ' i 

0 , 4 8 0 0 TAX KAH 
3 8 / 6 I 6 0 0 . 0 ̂ ) T CH A L i i F F1- E C 3 A B L F F1 A N I 

j ' j . f . C ! - LI VI i j j ; i B I ' o s i 01 <>i k y 3 i ; i 

# 
E-17 
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5 B.C. INV. EXP. BASE GASf*2 GAS 

16400000.00 
850000,00 

6200000.00 
0,10 
0,35 

0.6000 
2/. 00 
0.4800 

3 8/6 3 600.00 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPU7/YEAR 
COST or DEBT 
COST OF EQUITY 
FRACr3nN DEBT F3NANCLD 
F'LANT I IFE - YEARS 
TAX RAIL 
TOTAL DEPRECIABLE PLANT 

*0.64 =• LEVEL I ZED COST OF SERVICE 

6 B.C. 3NV. EXP. BASSE GASfi3 GAS 

16400000 .00 
llbOOOO.OO 
6 2 0 0 0 0 0 . 0 0 

0 . 3 0 
0 .111 

0 . 6 0 0 0 
2 / . 00 

0 . 4 8 0 0 
18 /6 3 6 0 0 . 0 0 

l Rl CTFD PLANT COST 
OPERATING COS I/YEAR 
THRUPU I /Y l AR 
COST OF DLBF 
COST OF LOU I )V 
FkACI lON DEBT FINANtl Ti 
PI ANT LIFE - r i Ak'Ci 
TAV kATF 
roFAi. D I : P R E C 3 A P L I PI A N I 

L FVEI.IZF D COf-.l 01 SI R V H ; F 

/ f i , c . : 

i y ; ,>>oo ' ; ' - ) ,oo 
.V.IVJO" 0 0 

6 2 0 0 0 0 0 . C(' 
0 . 1 0 
0 3 5 

0 , , - - O M O 

" ' / 0 0 
0 , 4 ! i O 0 

22-V:>80uO 0 0 
* 0 , 6 i ' 

1 . .';*wi 1 1 ;'! 

FRI f 'TLD PLANT COS I 
OF'FRAT [NO COS T/YEAR 
TI IRUF'UI /Yi Ak 
COL">r UF DEBT 

rnsi OF 1 a im t-
FRACTION DFtU F INANCI D 
PI ANI L3FE - YEAPr> 
Trtx P A H : 
TOTAL l i F P k F C l A B L L PLANT 

> 1 1 V F I J / F D c o ; , r OF S L k V ] i ; i 

3 8'-^ 
M 

6 2 ' 

: M 6 , 

JO<J-

.<()(i' 

J 00 

0 

0 
,'3 6' 

00 
00 
00 

0 
0 

. 6 1 
> / 
. 4 ! 
00 

*' 

. 0 0 

. 0 0 

. 0 0 

. 3 0 

. 3 5 
DOO 
. OO 

iOO 
, O'j 
'', .1 

1 ..UCUhPkl SSI ON LOS I 

IkFCTED PLANT COST 
OPERA 13NG COS I/YEAR 
THRUPUI/YEAR 
COS! OF Dl BI 
COST 01 LOU I 1 \ 
FRAC) ION Dl B7 I 3 NANi 
PLANT L3FE - fFARS 
lAX k'AIE 
roiAl DFPkECIABI. t PL 

I I EVfcL3 / I D ctu;r OF 

I h 

ANI 
SFI ;V3CF 

E - 1 8 
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9 B.C. 3 .3*L]NES 

17900000,00 
350000.00 

6200000,00 
0,30 
0.15 

0.6000 
27.00 

0.4800 
204/7600.00 

$0.6 3 

ERECTED PLANT COS I 
OPERATING COST/YEAR 
THRUPUI/YEAR 
COST OF DEBT 
COST OF EQUI!Y 
FRACTION DEBT FINANCED 
PLANT LIFE - YFARS 
TAX RATE 
TOTAL DEF'RCCJABLE PLAN! 

I FVEL IZED COST OF SERVICE 

10 B.C. 0./*LINES 

16300000.00 
350000.00 

6200000.00 
0.30 
0.15 

0,6000 
2 •'.OO 

0.4800 
I 864 7:>00.00 

*0.56 

ERECTED PLANT COST 
OPERA r FNO COS T/YEAR 
THRUPUI/YEAR 
COST OF DEBT 
COST OF EQUITY 
FkACIlON DEBT FINANCED 
PLANT L3FE - >l ARS 
1A> kAIF 
TOIAL DEPRFCTABLE PI ANI 

I I VFL tZFD COS) OF SERV3CE 

IJ H I . 3 . ; * T n ) AL 

' . 'H' lH, ' 
3 ' . O i , 

0 

>)oo i H ' 

uu F k L f TED PI AN I COS I 
')(- OO f iPFRAT INn C O S T / f E A R 
O ' j . uO )HRUPUI /YEAF ' 

0 . 10 COS I 01 DFB) 
o . 3 5 COST 01 FQU3 T f 

, . - .000 FRAC 13 ON Dl F ) M N A N L L D 
"• ' .OO I i ANT L I F E - TF AR!> 
. 4 8 0 0 TAK RAIF 

H) 10) Al DFPRr CI Al i i I P L A N ! 
1>", M - I I VI I l / F D COST OF SERVICE 

\ '. h i DFBI RATE 

t ' lOOuuO.oO 
35') 'J ' )0.00 

6200000 .00 
O.Of) 
o , 3 5 

' ; , ^ 0 0 0 
' 7 . 0 0 

0 , 4 8 0 0 
I . ' ' : '46^^""^-0O 

i ) . ' j . 4 8 

ERECri D PLAN I I.OS I 
OPERA 13 NO COS I / Y E AR 
THRUPUI/YEAR 
COST OF DFBI 
COST OF FQUTTY 
FRACI ION DEBT I 3NANCFD 
PLAN) I 31 F YEARS 
TAX RA)E 
TOTAI DEPRECIABLE PI AN) 

I FVEL TZFD s;OBI OF SERV3CC 

E-19 



2/80 

1? B.C. DEBT RATE==15% 

17100000.00 ERECTED PLANT COST 
350000,00 OPERATTNG COST/YEAR 

6200000,00 THRUPUI/YEAR 
0,15 COST OF DEBT 
0,3 5 COST OF Eoujrr 

0,6000 FRACTION DEBI FSNANCED 
27.00 PLANT I IFF - YEARS 

0.4800 TAX RATE 
20178000.00 TOTAI DEPRFCSABLF PLANT 

3.0.70 - LEVEL t/ED COST OF SCRV3CI 

14 H.C . DF BJ k'AIE-20';!: 

L / 1 0 0 O O 0 . 0 0 I k l C T F D PLANT COST 
3 5 0 0 0 O , r, (, CI I I \'< A T L N 0 C 0 S 1 / Y E A k 

620000'>>. 0 0 TI l id II 'U I -'YF AR 
u . 'O vni.] UF DEB) 
('.U< l,nv,] OF FOUFIY 

o.^'.OOO FkACTJON DFB 1 F3NANCID 
,"' ' . 0 0 PI ANI L ] F F - f FAkS 

'J <• 4 8 ' ' " ' 1 AX k'A 11 
. ' 0 /?3 ( ; ,0o , i - . ( . TOTAL DEPRFCIABI I I ' l A N I 

J." >> I LVI L I 7 L D COS! 01 SFI 'VICE 

r . i l l F' I F A H > r iFBf I I'AC 11 ON 0 

3 H " . O'. O Fk l C TI fi PLAN) COS I 
J5 ' , i ( " „ " ; ; .oo n i ' i R A i r N O C O I H / Y F A R 

6_\ )0> ' i ' . . 0 . . ) l l k U I ' U I / Y [ Ak 
" .o. ; - . raw OF 1JL1-. I 
0 . 1 S CO ,1 or FOUJ FY 

0.'>•>•'•,; I k A C TION DEB) F 3 NANt I U 
:. ' .OO n ANI M l 1 YErikS 

' ) . 4P '>o 1,-, , f uMI 
I ,' I OO'jO'i • >o I U I Al DEI 'kl r I ABL F F L AN T 

3>,' -8 I ! VM i Z L D COSH" 01 SFFVIC 

1.-, J> , i , , HI in F k o C r i U N - . 2 

I • | 0 0 u 0 ' ) . 0 0 L k E C r t D PL AN I COST 
'i'.r'^oOO . 0 0 OPERA T TNG COS I ^ YF AR 

6 .•'OOuOO . 0 0 THRUPU I / Yl AR 
0 . 3 0 COST OF DEBT 
( ' .3 5 COST OF FOUl ) i 

' ' . 2 0 0 0 FRACTION DEBT FINANCED 
2 , . 0 0 P L A N ! L3F I YEARS 

" . 4 8 0 0 )AX R A I F 
U f " ' . .-)',") 0 0 TOTAI DFFREC3AULE PLANT 

J ' ' ' . 2 i r V F I 3 / F D C O f I OF SERy3 i ; 

E-20 
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17 B.C. DEBT FRACTION -=.5 

17100000.00 
350000.00 

6200000.00 
0.30 
0.35 

0.5000 
2 7.00 
0.4800 

19237500.00 
$0.6: 

ERECTED PLANT COST 
OPERATTNG COST/YEAR 
THRUPUT/YEAR 
COST OF DEBT 
COST OF FQUTTY 
FRACTION DEBT F3NANLFD 
PLANT L3FE - YEARS 
TAX RAIL 
TOTAI DEPREC3ABLF PLANT 
= LEVEL[ZED COST OF SERVICE 

18 B,C. DEBT FkACnilN .8 

1/100000.00 
350000.00 

6200000.00 
0.3 0 
0.3 5 

0.8000 
2 7.00 

0.4800 
2010'?600.00 

3.0.50 

Ek'l C IED PI AN) COST 
01'ERA TING COS I /YEAR 
THk 'UPUI /YEAk 
COST 01 DEBT 
COrJT 0! I UUJ ) Y 
FRACTION DFB I FINANCI D 
PI AN I I I F E - Yl ARS 
)A^, RATE 
TOTAI DF FRF CI ABI I PLANT 

LEVF l I / I D COST 01 S E k V I C 

B . C . EQOI 1 Y k'A TF-5% 

1 / 1 0 0 0 0 0 . 0 0 E k F r i F D Pt ANT COS) 
3 5 0 0 0 0 - 0 0 

6 2 0 0 0 0 0 . 0 0 
0 . 3',' 
0 . 0 5 

0 . 6 0 0 0 
2 7 , 0 0 

0 . 4 8 0 0 
1 8 7 4 1 6 0 0 . 0 0 

$ 0 . 3 

OPFRAT[NO L 0 8 ) / Y F A P 
THRUPU I / I'F H R 
COST OF BED I 
COST o r FOIH ) V 
FRACrJON OEHT F INANCFH 
P L A N ! 1 IFF t1"AkS 
TAX R A I F 
r O I A I D F P R F n A B I F PLAN) 

' - 1 FVEI rZFD COST OF SCI V I CI 

2 0 B . C . EQU I ) Y RA)F -Lo;., 

1 / 1 0 0 0 0 0 , 0 0 ERECTED PLANT COST 
3 5 0 0 0 0 . 0 0 OPERA T1NO COS I / Y t AR 

6 2 0 0 0 0 0 . 0 0 THRUF'U I / Y E A k 
0 . 3 0 COST OF (lEB) 
0 . 3 0 COST OF FQIH ) i 

0 . 6 0 0 0 FRACTION DEBT FINANCI D 
2 / . 0 0 PLANT L 3 F L t'FAk'S 

0 . 4 8 0 0 )AX RATE 
1 9 1 5 2 0 0 0 . 0 0 )OrAL DFPRLCIABLF PLANT 

1.0.47 - L L V E L l / J l i COST OF S IRVICE 

E-21 



2 1 EQUITY RATE •=20Z 

1 7 1 0 0 0 0 0 , 0 0 ERECTED PLANT COST 
3 5 0 0 0 0 . 0 0 OPERATENG COST/YEAR 

6 2 0 0 0 0 0 . 0 0 THRUPUI /YEAR 
0 . 1 0 COST OF DFBI 
0 , 2 0 COST OF F Q U I I V 

0 . 6 0 0 0 FRACTION DEBI FINANCED 
2 7 , 0 0 PLANT I I F E - YEARS 

0 . 4 8 0 0 TAX R A I F 
1 9 9 7 2 8 0 0 , 0 0 TOIAL DCPRFCJABLE PLAN) 

i 0 . 7 0 •= LCVEI I Z E D COST OF SERVICE 

2 J B . C . CONS I k'UC n ON I 1 Ml ^ I YEAR 

1 7 L 0 0 0 0 0 . 0 0 ERE O L D PI AN) COST 
3 5 0 0 0 0 . 0 0 OPERATING COST/YEAR 

6 2 0 0 0 0 0 . 0 0 IHRUPUI /YEAR 
0 . 1 0 COS! UF DEBI 
0 . 3 5 COST OF I QUI ) )' 

0 . 6 0 0 0 FRACTION DEBT F 1 I 4 A N L E D 
2 7 . 0 0 PLANT L I I E - YEARS 

0 . 4 8 0 0 TAX R A I F 
1 8 3 3 1 2 0 0 . 0 0 TOTAI DFPkFCJABLF FLANT 

* 0 . 5 5 - I E V E L I 7 L B COS I OF SFk'VICE 

2S B . C . c u N s r n i r n o N T I D I - 2 T 'EARS 

1 / 1 0 0 0 0 0 . 0 0 I Id C TLD PLAN) COST 
3 5 0 0 0 0 . 0 0 OPIRATENl ' COST'YEAR 

6 2 0 0 0 0 0 . 0 0 THkUF'U f / 1 EAR 
0.3 0 COST ur Ul B) 
0 , 1 5 COS I OF F Q U n ' i 

0 , 6 0 0 0 F RAC11 ON DF B1 FINANCI D 
2 7 . 0 0 PI ANT L I F E - Yl AI';S 

0 , 4 8 0 0 TAX RAIF 
1 8 9 4 6 8 0 0 . 0 0 TO I A L DFPRE CIABL F F L AN I 

* 0 . S 7 -- I L V F I I / E D COS I 01 SFRVICi 

24 B . C . OPERA)3Nb COS I / 2 

1 7 1 0 0 0 0 0 , 0 0 ERECTED F I A N ) COS) 
1 7 5 0 0 0 . 0 0 OPERATING COS) 'YEAR 

6 2 0 0 0 0 0 . 0 0 THRUPUI/YEAR 
0 . 1 0 COST 01 Dl B I 
0 . 3 5 COST OF F a U l I r' 

0 . 6 0 0 0 FRACTION DEB) F INANU D 
2 7 . 0 0 PLANT L I I F - YFARS 

0 . 4 8 0 0 TAX RAIF 
1 9 5 6 2 4 0 0 . 0 0 TOTAI DFPRLflTABLE PLANT 

$ 0 . 5 5 =-- L E V I L I / F D COST OF S I k V I C I 

E--22 
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25 SALVAGE VALUF FOR BASF GAS 3N YEAR 27 

17100000.00 ERECTED PLANT COST 
350000.00 OPERATING COST/YEAR 

-672000.00 EXTRAORDINARY ONE T3HE EXPENSE 
27.00 YEAR OF EXTRAORDINARY EXPENSE 

6200000.00 THRUPUT/YEAR 
0.10 COST OF DEBT 
0.15 COST OF EQULIY 

0.6000 FRACTION DEBT FINANCED 
27.00 PLANT LIFE - YEARS 
0.4800 TAX RATE 

39562400.00 TOTAL DEPRIC3ABLC PLANT 
$0.58 -- LEVEL 17FD COS I OF SCRVICI 

26 AS PLANNED Ok BUI I I? ASSUMED FINANCING? I OW OF'I RATING COST 

16255000.00 
188000.00 

6200000.00 
0.10 
0.15 

0.6000 
27.00 
0.4800 

3 0595 720.00 
*0,'.-' 

ERECTFD PL ANI COST 
OPLRATFNl; COS I/YEAR 
THRUF'U I/YEAR 
COST OF DEB) 
COST OF I QUI 1 r 
FRACTION DFBI FINANCFD 
I'I ANI I IF F 
TAX kATL 
rOTAI DEI kl 

YFAF, 

CIABI L PL AN) 
I I VFL I / I D CObT OF '-ll kVJul 

/ 7 kUN 26 WITH IIH.NiF OI'IknILisiO CuSI 

lc)25'"10o0.00 I k l D F i i FIANI CuST 
3 4 2 O 0 U . 0 0 ni 'EkAIlNO CUSI 'YIAk 

0200000.00 rnkupui/rcAk 
0 , 3 0 l,()St OF DLPI 
0 . 3 5 COS) 01 EQIH IY 

O .,- 00', ' Fk'AC 1 I ON DF Bl F 1 NAPCF D 
2 7 . 0 0 FI ANI I 11 F YEARS 

0 . 4 8 " . ; ' rA< RAIF 
1 8 5 9 5 720 . 00 I 0 TAI Dl I 'Id t 1 OBI F PLAN I 

3 .0 .^6 - LFVEMZEB lOST OF ,<:d-k'VlLl 

E - 2 3 
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EXCAVATED CAVERN NATURAL GAS SERVICE BASE CASE 

52000000,00 
500000.00 

8000000.00 
0,10 
0.J5 

0.6000 
27.00 
0.4800 

59488000.00 

ERECTED PLANT COST 
OPERATING COS?/YEAR 
THRUPU!/YEAR 
COST OF DEBI 
COST OF EQUITY 
FRACTION DEBT FINANCED 
PLANT LIFE ~ YEARS 
TAX RATE 
TOTAL DEPRECIABLE PLANT 

$1.30 = LEVEL IZED COST OF SERVICE 

2 BASF CAGE(B,C.)» *2 NAT. GAS 

54000000.00 
500000,00 

8000000.00 
0.30 
0.11> 

0.6000 
27.00 
0.4800 

61776000.00 
$3 .3L 

ERECTFD PLAN! COS! 
OPERA I [NO COS I/YEAR 
THRUPUI/YEAR 
COST OF DEBT 
COS) OF FOULTY 
FkACriON DCBI FINANCI D 
PLANT L IFE - YEARS 
TAV R A H : 
10!AL DFPRFL 3ABI E PLAN! 

=• i I ' V I L I Z E D COST OF SERVn;E 

3 B .C. * 3 NAT. GAS 

56000000.00 
500000.00 

8000000.00 
0.3'') 
0.15 

0.6000 
27,00 
0.4800 

64064000,00 
$3 .40 

ERLCTLD PLANT COb! 
OPERA! LNG COS I/YEAR 
THRUPU!/YEAR 
COST OF DEBI 
COS) OF EOtlTTY 
FRAC r ] ON DFB I I" 1 NANCE D 
PLANT l i l t - MARS 
TAX RAIE 
rOTAI DEFREC3ABLE F'LANI 

LEVELIZLD COST OF SEPVICi 

4 JNV. EXP. BASE GAS> $1 GAS 

50000000.00 
750000.00 

8000000.00 
0.30 
0.35 

0.6000 
27.00 
0.4800 

57200000.00 

ERECTED PLAN! COS! 
OPERATING COST/YEAR 
THRUPUI/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBI FINANCED 
PLANT LIFE - YEARS 
TAX RATE 
TOTAL DEPRECIABLE PLANT 

$3.29 = LLVELIZFD COS! OF SERVICE 

E-24 
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5 EX. CAV. INV.EXP, BASE 0AS!.$2 GAS 

50000000,00 ERECTED PLANT COST 
1000000.00 OPERATING COST/YEAR 
8000000.00 THRUPUI/YEAR 

0.3 0 COST OF DCBI 
0.3 5 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
2 7 . 0 0 PLANT I I F E - YEARS 

0 . 4 8 0 0 TAX RAIE 
5 7 2 0 0 0 0 0 . 0 0 TOTAL DFPRFCIABLL Pi AN) 

$1.32 =• LEVEL [ZED COS! OF SERV3C 

6 INV. E>;p. BASE GASi. $3 GAS 

5 0 0 0 0 0 0 0 . 0 0 ERECTED PLAN I COS! 
3 2 0 0 0 0 0 . 0 0 01 'ERA T FNO COS ) /YEAR 
8 0 0 0 0 0 0 . 00 THRUF'U I /YEAR 

0 . 3 0 COS I 01 DFB) 
0 . 15 COST OF I QUI T i' 

0 . 6 0 0 0 I R A C r r O N D F B ! FINANCI D 
2 7 . 0 0 F I AN) I IFE - I'LAPf. 

0 . 4 8 0 0 TA^ RAIF 
5 7 2 0 0 0 0 0 . 0 0 TOTAL D F P k F C I A B I L PI AN I 

$ 3 . 3 4 I LVFI J2LD COb) OF S L k V H 

/• B . f . 1 . « s u R i Aci rmni M F N I 

5 3 5 0 0 0 0 0 . 00 LkF C ) F B I 'L AN ) COS T 
5 0 0 ' : ' 0 0 . 0 0 O I ' I k A I l N l . ( , U S ) / Y I A k 

8 0 0 0 0 O 0 . 0 0 !HkUF U I - H.Ak 
O, 3(' COh ! OF Bt BI 
0 . 3 5 f OST or- fcOUl ! r 

0 . 6 0 0 0 F R A f T I O N BI B i F I NAiJCI B 
2 7 . 0 0 F'l A N ! L I F i fEARS 

0 . 4 8 O 0 TAX kA!E 
6 1 2 0 4 0 00 . 0 ';̂  TOT AL HFI'Fd L I i iBLF F'L AN ! 

$ 3 , 3 ! =• L E V E I J 2 I B CUbF OF SIE'VICL 

0 B . C . 0 , 7 * S U R r o f L lOOLI 'MFNl 

5 2 4 0 0 0 0 0 . 0 0 ERECTED I LANT C U 3 ! 
5 0 0 0 0 0 . 0 0 OPERA T [NO (,OST/YEAk' 

8 0 0 0 0 0 0 . 0 0 THRUF'U ! / f t Ak 
0 . 3 0 COST OF DI 'B I 
0 . 3 5 COST ni F Q U J l ^ 

0 . 6 0 0 0 FRAC r J ON D I L I F 1 NANLdl (i 
2 7 . 0 0 I'l A N ! I IF F - f t o k ' n 

0 , 4 8 0 0 TAX k'AIF 
5 9 9 4 5 6 0 0 . 0 0 TOIAL DEPkFCI ABLE F'l AN ! 

$ 1 . 3 3 LFVLI I / F B COST 01 SFR 'HC 
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11 B.C< 3.3*TOTAL 

o/OOOOOO.OO 
500000.00 

8000000.00 
0.3 0 
0.35 

0.6000 
27.00 
0.4800 

76648000.00 
$1 .66 

ERECTED P! ANI COST 
OPERATENG COST/YEAR 
THRUPUT/YEAR 
COST OF DEBI 
COST OF EQUITY 
FRACTION DEBT I 1 NANCED 
F'LANT LIFE - YEARS 
TAX RAIE 
TOTAL DEPRFC3ABI E PI ANT 
= LEVEL IZFD (MIST OF SERVICE 

12 B.C. Dl BT RATI =-5% 

52000000 .00 
500000 .00 

8000000 .00 
0 . 0 5 
0 . 1 5 

0 ,6000 
2 / . 00 

0 . 4 8 0 0 
5 /6 3 6 0 0 0 . 0 0 

$ 1 . 0 6 

ERECTED PLAN! COS! 
OF ERA TING COS I/YEAR 
THRUI'UT/YE Ak 
COST OF DEB) 
COST OF F0U3lY 
FRACTION DE B) FINANCED 
PLANT L IFE - -lEARS 
TAX RATE 
TOIAL DEPRECIABLE E! ANI 

LEVELJZED COS! OF SFRVICI 
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13 B.C. DEBT RATE 15% 

52000000,00 
500000,00 
8000000.00 

0,15 
0,15 

0.6000 
27.00 
0,4800 

61360000.00 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPUr/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBI FINANCED 
PLANT LIFE - YFARS 
TAX RAIF 
TOTAL DEPRECIABLE PLANT 

$1.57 = LEVFLI7LD COST OF SERVICE 

14 DEBT RATE ?0 "4 

52000000.00 
500000.00 

8000000.00 
0.20 
0.15 

0.6000 
27.00 

0.4000 
63232000.00 

$3 .81 

ERECTED PLANT COS! 
OPERATING COS I/YEAR 
THRUPUI/YEAR 
COST OF DEBI 
COS T OF EQU i TY 
FRACTION DEBI FINANCI D 
PLANT L3FE - Yl AkS 
TAX RATE 
rOTAL DEPRECIABLE PLANT 
-- LLVEL17EII COS) OF SEF-'VICE 

3 5 DEBT knTE . DEB) FkAC Tl ON ='j 

52000000.00 
500000.00 

8000000.00 
0.00 
0.35 

0.0000 
27.00 

0.4800 
52000000.00 

$1,76 

LkFCTLD PLANT CObI 
OI'ERATINO i ;nsr/YFAR 
THRUPU!/YEAR 
COST or (iFB! 
COST OF LQUIrs 
FRAC ) 3 ON Dl B r I I NANCE IT 
F'LANT L I N - .YF AkS 
TAX RATI 
IGTAI DFPRECIABI F I'l AN I 

I F VFI 171 tl COST OF SI kVICE 

3 6 DEBT FRACTION=0.2 

52000000 ,00 
500000 .00 

8000000 .00 
0.10 
0.15 

0.2000 
27.00 

0.4800 
54912000.00 

$1.63 

EREC TED Pi AN I COS I 
OPERA TING COS!/YE AR 
THRUF'U f /YEAR 
COST OF DLBI 
COST or FQUl) i' 
FRACTION DEBT FINANCI D 
PLANT LIFE - i l ARS 
TAX RATE 
TOTAL DEPkECJABLF PLANT 

LEVELCZCD COS! OF SERVICE 
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3 7 DEBT FRACTION =0,5 

52000000.00 
500000.00 
8000000.00 

0.10 
0.15 

0.5000 
27,00 

0.4800 
58500000,00 

ERECTED PLANT COS I 
OPERATING COST/YEAR 
THRUPUT/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBT F3NANCCD 
PLANT LIFE - YEARS 
TAX RATE 
TOTAL DEPRFClABi E PLANT 

$1.39 -- I EVI i /ZED COST OF SCRV3CE 

18 Dl BT FRACTION -=0.8 

52000000.00 
500000.00 

8000000,00 
0.3 0 
0. I 5 

0.8000 
2 7.00 

0,4800 
61 !5'"'000.',)0 

$1.13 

ERECTED PLANT COST 
OPE RA TING COS I/YE AR 
THRUPUI/YEAR 
COST OF DEBI 
COST OF EQUITY 
FRAC H O N DEBT FINANCE)"! 
PLANT L3FE - YEARS 
TAX RAIE 
10 TAL DEPRFClABi E PI ANI 

I FVEI [ZED COST OF SERVICE 

3'-/ B.C. EUUJ ! Y RATE -5% 

. ' 0 0 0 0 0 ' ' . 
50i ; )0oo 

8 0 0 0 0 ' ) ' / 
0 
0 

0..-) 
' \ } 

0 . 4 
c>99:_'ooo 

$: 

,00 
< 0 0 
, 0 0 
. 3 0 
. 05 
0 0 0 
. 0 0 
.-"!00 
. 0 0 
0, no 

I k'EC IF D PLAN I COS ! 
01'i FA) I NO COST /YFAk 
THkUPUI/YLAk' 
COS) OF DEBI 
CO,->r OF FQUl I r' 
FRAC) ION DFB) I I NANCI D 
I'l ANI LIFE ~ YEARS 
rAX RAIE 
ro I Al DEPRF C3 ABLE I 'L AN T 

IFVELIZED CUSI OF SEF,'VICF 

B.t 

20000UO.OO 
SOOk'OO.OO 

8 0 0 0 0 0 0 . 0 0 
0 . 3 0 
0 . 1 0 

0 . . ' . 000 
2 7 . 0 0 

0 . 4 8 0 0 
}; ' 4 0 0 0 0 . 0 0 

$ 1 . 0 

EUUl \\ RATL 10% 

ERF CI ED PLANT COS I 
OPERATING COS I/YEAR 
THRUPU I/YEAk' 
COST or DEBT 
COST OF EQUITY 
FRAC 11 014 DTDT I 3 NANCL D 
PLANT I IFF - r'FARS 
TAX RAIL 
TOTAI DEPREC3ABIE F'LANT 

4 - LI VEL IZED COST OF SERVICE 
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21 B.C. EQUITY RATE=20% 

52000000.00 
500000.00 
8000000.00 

0.30 
0,20 

0,6000 
27,00 
0,4800 

60736000.00 
*3 .5'5 

ERECTED PLANT COST 
OPERATFNG COS I /YEAR 
THRUPUf /YEAR 
COST OF DEBT 
COST OF FQUFTY 
FRACTION D F : B T FINANCED 
PLANT L I F E - YEARS 
TAX R A I E 
rOTAL DEPREC3ABLE PLANT 

•= LEVEL3 ZED COST OF SERV3CF 

B . C . CONSTRUCT! ON ! TML - | Yl Ak 

52000000 .00 
500000 .00 

8000000 .00 
0,-iO 
0.3 5 

0 .6000 
2 7 . 0 0 

0 . 4 8 0 0 
55 744000 .00 

$ 3 . "M 

ERECTED PI ANT COS) 
01'' E R A r L N 0 COS! / Y E A R 
r H k U ! ' U I / Y E Ak' 
COST OF DEBT 
CO.SI OF EQUIIY 
F k A C n O N DEBI FINANCFD 
PLAN I I I F E - ' lEAkS 
TAX RAIF 
TOIAL D F F' F< F r I A BEE F'LANI 

FVFI I7ED COST OF SERVICE 

2 3 B.C . C O N S I k t J C ) MM I LML lEARS 

: . 2 0 0 0 0 0 0 . 0 0 L R E C H D PI ANI I ,US! 
500000 .00 

8000000 .00 
0 . 3 0 
0 . 1 5 

0 .6000 
2 7 . 0 0 

0 .4800 
5763 6 0 0 0 . 0 0 

$J . />• 

O I 'EkA I FNu i " O S ! / Y F A k 
rHkUPUI 'YEAR 
COS) OF DEBI 
C O S ! UF FQIH I Y 
FRAC) JON BI B ! F INANCI B 
PI ANT M M rEAkS 
roX R A I L 
r O I A L BEF R E M AB IC I 'LANI 

L I .VL l I Z I D COS! o r SERVICE 

M B.C. 2500 i ). LXCAVAITUN DFI'IH 

55000000.00 
500000.00 

8000000.00 
0.3 0 
0.15 

0.6000 
2/. 00 
0,4000 

62920000,00 
$ 1 . 3 8 

ERECTED PLANT COST 
OPERA I INO COS I/YEAR 
T H R U P U I / f E A k 
COST or DLDl 
COST OF FQUlfY 
FRACnON DEB! FINANCED 
PLAN! I IFF - YEARS 
TAX RAIE 
TOTAL DEPREf 3 ABI E PLANT 

I FVEI IZED COST OF SERVICE 
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25 B.C. 2500 FT, ROCK AND MINER CREDITS 

50000000.00 ERECTED PLANT COST 
500000.00 OPERATING COST/YEAR 
8000000.00 THRUPUI/YEAR 

0.10 COST OF DEBT 
0,15 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
27.00 PLANT LIFE - YEARS 
0.4800 TAX RAIE 

57200000,00 TOTAL DFPRECIABI E PLANT 
$1 LEVFL3 7ED COS I OF SERVICE 

26 B , C . 4 5 0 0 I I , EXCAVArJON DEPTH 

4 9 0 0 0 0 0 0 , 0 0 ERECTED PLANT COST 
5 0 0 0 0 0 . 0 0 OPERATING COST/YEAR 

8 0 0 0 0 0 0 . 0 0 rURUF'U I /YF AR 
0 . 1 0 c o s r OF DEBT 
0 . 3 5 COS I OF F Q U l I Y 

0 . 6 0 0 0 FRACTION DEBT I I NANCLD 
2 / . 0 0 PLAN! L I F E - I'EARS 

0 . 4 8 0 0 TAX RAIE 
5 6 0 5 6 0 0 0 . 0 0 TOTAI DEPRFCIABLE PLANT 

$ 3 . 2 3 I E V I L 3 ZED COST OF SERV3C 

17 B . C . 4 5 0 0 F ! . k'OCk AND MlNFk CkPrHIS 

4 4 0 0 0 0 0 0 . 0 0 FRFCTED PLANr COS! 
5 0 0 0 0 0 . 0 0 UPF RA T i NO CO -I) /YEAR 

8 0 0 0 0 0 0 . 0 0 THRUPUI / I EAR 
0 . 3 0 COST o r DEBI 
0 . 1 5 COS I OF EQUI 1 1 

0 . 6 0 0 0 FRAC 13 ON DEBT FINANCED 
2 / . 0 0 PIANr L J F F - iFARS 

0 . 4 8 0 0 TAX RAIF 
5 0 3 3 6 0 0 0 . 0 0 TOTAI O F P R r M A B L C P L A N ! 

$1 .13 . E V E L J / L B ' LOS I 01 S r k V J l d 

2 8 B . C . 3 5 0 0 F I . U I T H RU!1\ AND MINFk C k C D l T S 

47000000 .00 t k r c r c D PLANT c o s r 
5 0 0 0 0 0 . 0 0 OPERATFNG COS I / Y F A P 

8 0 0 0 0 0 0 . 0 0 THRUPUI/YE AR 
0 . 3 0 COST OF D L B ! 
0 . 1 5 COST o r EQUITY 

0 . 6 0 0 0 FRACTION DEBI 13NANCI D 
2 7 . 0 0 P L A N ! L I E F YEARS 

0 . 4 8 0 0 TAX RATE 
5 3 7 6 8 0 0 0 . 0 0 TOIAL D rPkEC3ABLL F'LANI 

$ 1 . 3 8 'VEL I / C D COS! OF S E k V I C I 
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29 EX. CAV, B,C.f OPERATING COST/2 

52000000,00 
250000,00 
8000000,00 

0.10 
0.35 

0.6000 
27.00 

0.4800 
59408000.00 

$1.2; 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPU r/YEAR 
COST OF DEBT 
COST OF EQUITY 
E-RACT3 0N DEBT FINANCED 
PLANT LIEC - YEARS 
TAX RATE 
TOTAL DEPRECIABLE PLANT 
- LEVELIZED COST OF SFH'VICE 

30 B.C. OPERA!CNG C0ST*2 

52000000.00 
1000000.00 
8000000.00 

0. 1 0 
0.1 r. 

0.6000 
2 /. 00 
0.4800 

59488000.00 
$ I , ,-̂  7 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPUT/YEAR 
COST OF DEBT 
cosr OF EQUITY 
FRACTION DEBT FINANCED 
PIANI LIFE - YEARS 
TAX RAIE 
iniAL DEPRECIABLE PLAN! 

LEVELIZED COS! Ul SERVICE 

31 B , r . (.SALVAGE VALUE I Ok BASE GAS I N YEAR 

S.'i 'OOOOO.OO LRECrCD PLANT CObT 
50O0 ' , 'O .0 ( . O P I k r i l L N O C O S I / Y T A R 

- 2 0 0 0 0 0 0 . 0 0 FXJRAUkDFNARY ONE I I M E EXP! NSF 
2 7 . 0 0 YEAk OF FXTRAORBFNART EXPENSE 

00 THRUPU!/YEAR 
3 0 COST OF DEB! 
15 COST n i EOUT FY 

FRAC ) 3 ON BI B ! F J NANCE D 
PLANT M F C - >FAR--. 
TAX RATE 
T f H A L DEE'REC1ABi E F'L AN I 

i 000000 
0 
0 

0.6000 
:'7.oo 

0.4800 
5'-'4 88000. 00 

$ I . 30 I I VFI I 71 D COST OF SERVICE 
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APPENDIX F. Computer Runs for Economic Analysis of Hydrogen Storage 
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I4/5O000, 
265000. 

1 70000'). 
0 . 
') 

, 0 0 
. 0 0 
, 0 0 
. 10 

3 5 
o.ijOOO 

) / 0 0 
0. }8u ' ) 

DEPLETED FIELD H2 BASE CASE* TYPE 2 OPERATION 

18300000,00 ERECTED PLANT COST 
265000,00 OF'ERATING COST/YEAR 
L/OOOOO.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0.3 5 COST OF EQUIIY 

0.6000 FRACTION DEBT FINANCED 
•̂ 7.00 PLANT LIFE - YEARS 

0.4800 TAX RATE 
209352"0<00 TOTAL DEPRECIABLE PLANT 

$2.21 -- I CVELIZED COST OF SERVICE 

" B<i\ $4 H2 

LRFCTCD PLANT COST 
OPEKAI ING COST/YEAR 
THRUPUT/YEAR 
CUSI o r DEBT 
COST OF EQUITY 
FRACTION DEBI FINANCED 
PLANT L I F E - YFIARS 
)AX R A I E 

I 0 " 0 , , ^ 0 ) U ! A L DEPRECIABLE PLANT 
•U.ili I F V E L I Z E D COST OF SERVICE 

• \. I l i s II.' 

, 1 4 0 0 " ' ^ O , o 0 Fk'l C TLD F'LANT COST 
. £ ' ) ' " „ " kO 0! ' I RATING COST/YEAR 

1 HJoO'M . 0 0 r i l k U l U I / Y E A R 
" 10 COS-f 01 DEBT 
" r . CUS! 01 FQUl FY 

0 o ' )U0 I R A C r i O N DEBT FINANCED 
/ : ' . • „ ' ' I 'LANI L J F L - YFARS 

0 . 4 -."'0 TA> R A I F 
.< )^ • -.' " . 0 0 r o Ti'-iL DEPkE CJ ABLE F'LAN T 

^ n o , ' I L V E L 3 Z E D COST OF SERVICE 

1 in I , INVENT Ok f EXPENSr BASE H2 GAS 

EkECTFD PLANT COST 
OPE RATING COST/YEAR 
THRUPUI /YEAR 
COST 01 DEBT 
COST OF E Q U I I Y 
I R A C T 3 0 N DEBT FINANCED 
F'l ANT I IFE - YEARS 
! A y R A I E 

10 TAI DEPRECIABLE F'LANT 
' - L E V E L I Z E D COST OF SERVICE 

V. 
1 

'-f 

D O O 0 0 0 . 0 0 
; , ' J O U O O . O O 

'O '~ 'OO') .00 
0 . 3 0 
•;;. 3 5 

. ' . .^OOO 
' - 0 0 

0 'M '" , ' 
- ••' 4') ' , , o,;-. 

3 1 . / 
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5 INVENTORY EXPENSE BASE H2 OAS» $4 H2 

7600000,00 ERECTED PLANT COST 
1125000,00 OPERATING COST/YEAR 
1700000,00 THRUPUT/YEAR 

0,10 COST OF DEBT 
0.15 COST OF EQUITY 

0,6000 J-RACTION DEBT FINANCED 
27.00 PLANT LIFE - YEARS 
0,4800 TAX RATE 

8694400.00 TOTAL DEPRECIABLE PLANT 
$1.52 -= LEVELIZED COST OF SERVICE 

INVENTORY EXF'ENSF BASE \i2 GASf $15 H2 

7600000.00 
3480000,00 
1700000.00 

0.30 
0 < 3 5 

0.6000 
.'7.00 

0.4800 
<)694400,00 

$2. yO 

ERE CI ED PLANT COST 
OPIRA)JN6 COST/YEAR 
THRUPU!/YEAR 
rosi OF DEBT 
COS! OF EQUITY 
FRACTION DFBI FINANCED 
I LANT I IFE - YFARS 
TAX RATE 
lOIAL DEI RECI ABLE F'l ANT 

LEVELIZED COST OF SERVICE 

/ B . C . I, WWLI LS 

19200000.00 
265000 00 
r/ooooo.oo 

0.3 0 
o.r. 

0.6000 
27.00 
0.4800 

23 964800.00 

ckccrrn FLANI COST 
OF'! RA) INU CUS) /YEAR 
rHkUPUI/YFAk 
COST UF DEBT 
COST OF EQUITY 
Fi.,'ACT10N DEBI FINANCED 
PLANT MEF - YCAkS 
TAX RATE 
lOTAL BI 1 kl.L 1ABI L PLAN 

$2.33 FVrLI/LD COST OF SERVICE 

8 B.C. i.3*C0HPRESS10N COST 

la900^)00,00 ERECTED PLANT COST 
265000,00 OPERATING COST/YEAR 
1700000,00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0,15 COST OF EQUITY 

0,6000 FRACTION DEBT FINANCED 
27,00 PLANT LIFE - YEARS 
0.4800 TAX RATE 

23621604,SO TOTAL DEPRECIABLE PLANT 
i . o .= LEVELIZED COST OF SERVICE 

F-4 
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9 B.C. 1.3*LINES 

18600000.00 ERECTED PLANT COST 
265000,00 OPERATING COST/YEAR 
1700000,00 THRUPUI/YEAR 

0,10 COST OF DEBT 
0,15 COST OF EQUITY 

0,6000 FRACTION DEBT FINANCED 
27,00 PLANT LIFE - YEARS 
0.4800 TAX RATE 

21278400.00 TOTAL DEPRFCIABLE PLANT 
$2.25 = LEVELIZED COST OF SF:RV]CE 

10 B.C. 0./*L3NES 

3 8000000.00 ERECTED PLANT COST 
.'65000.00 OPLkAITNG COS I/YEAR 
3 /OOOOO . 00 rHRUF'U T/YEAR 

0.3 0 COST OF DEBT 
0,3 5 COS) OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
2/.00 PLANT LIFE - YEARS 
0.4800 )AX RAIE 

2059::o>;)0.oo T O ) A I D E P R E C I A B L E P L A N T 
$ 2 . 1 8 - LEVELIZED COST OF SERVICE 

11 B.C. 3 .3*T0rAI 

20/00000.00 ERECTFD PLANT COST 
265000.00 OPERATING COST/YEAR 
3/OOOOO.00 THRUPUI/YE AR 

0.10 COST OF DfBr 
0.15 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
2/. 00 F'LAN! LIFE - YEARS 
0.4800 TAX RATE 

23630000.00 lOrAL DEPRECIABLE F'LANT 
$2.48 = LEVEL]ZED COST OF SERV3CE 

DFP. FIELD H.' B.C.i-DEBT RAIE=̂ 5';; 

18300000.00 ERECTED PLANT COST 
265000 .00 OPERATING COST/YEAR 

1/85000 00 THRUF'U r/YE Ak 
0 . 0 5 COST OF DEBT 
0 . 1 5 CUST or EQU1lY 

0 . 6 0 0 0 FRACTION m-itf | I NANCL D 
2 7 . 0 0 PLANr I Ti F - YFARS 

0 . 4 8 0 0 TAX RAIE 
, ' 0276400 .00 TOTAL DFPRECIABI E F'LAN! 

$ 1 . 7 2 •= I EVE I IZED COST OF SERVICE 

• F-5 



2 / 8 0 

1 3 DEP FIELD!. B . C . DEBT RAIE-=3 5% 

1 8 3 0 0 0 0 0 . 0 0 ERECTED PLANT COST 
2 6 5 0 0 0 , 0 0 OPERATING COSI/YEAR 

1 7 8 5 0 0 0 . 0 0 THRUPUI/YEAR 
0 . 1 5 COST OF DEBT 
0 . 1 5 COST OF EQU] TY 

0 . 6 0 0 0 FRACTION DEBT FINANCED 
2 7 . 0 0 PLANT L IFE - YEARS 

0 .4800 !AX RAIE 
21594000 .00 TOTAL DEPRFCIABLE PLANT 

$ 2 . 5 3 I FVEL IZFD CUST OF SERV3C 

3 4 BF DT ki'-HL 'OX 

1 8 3 0 0 0 0 0 . 0 0 ILFCILD PI ANT COST 
2 6 5.;-' 0 0 . 0 0 0 F r I- O ) I N G C 0 S 1 / Y I- AI < 

3 / 8 5 0 0 0 vO rUFUi UI/v'LAk 
0 . 2 0 CObf Ul BI.IH 
0 . 1.5 CUbl 01 FUUI f i' 

0 . 6 0 0 0 I k A M I O i J lilBT I INANUB 
2 7.0';/ PLANr I I FI - r-LAk'S 

';;.48i.""' rA^ F.'AlE 
, . '2 ," .2300 OO ri))AI BII 'kFFIABIL F'lAfJ) 

$ 2 . •> ' i I Vl I I 'I D COSl UF SFkVlCI 

I 4 l'.C< BI B) hAH > BI )H I I'Al I iDiN 0 

1830000' . . .<)>> L kl L ri B I I oNT I,OS I 
2 6 5 o 0 0 O',. OI!kA)LNLj f U S I / r F A k ' 

1 7 0 5 0 0 0 . 0 0 rilF-UFlH H AT; 
0 . 0 0 (,U; T 01 Iil 'B! 
0 . 1 5 COS) 01 FUUI 1 1 

0 , 0 0 0 0 rCAClJuN t1"Bl IJ i . ! r iNllB 
2 7 . 0 0 PLANT M FI t l 0R\ 

0.4R',)0 1A> k A l l 
3 8300000 . OO T 0 I AL BLI 'kE f 1 ABi E PL r,N T 

$ , \ . ; > I i VFM7L II COS) UF SERVJU 

16 B . C . IiFBl FkAf n U N •>, ' 

1 8 3 0 0 0 0 0 . 0 0 L k r c r i D PLANT CUSI 
2 6 5 0 0 0 . 0 0 OPERATENG CUbT/YCAk 

1 7 8 5 0 0 0 . 00 THRUI 'U I / rEAk 
0 . 3 0 COST or DLI1 
0 . 3 5 COST Ul FQUi X\ 

0 , 2 0 0 0 FRACTION BI BT I JiNnNd B 
2 7 . 0 0 PI AN) I i r i I'F ilkS 

0 . 4 8 0 0 TAV k'AIE 
3 9 ' S 2 4 8 0 0 , 0 0 TOIAI BLI k'FM ABIE I'LANI 

$ 2 . 6 , ' . - LLVFLJJIB COST OT SEkV3CF 

F-6 
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17 DEP FIELD B.C.? DEBT FRACT I0N-=-0,5 

10300000.00 
265000,00 
1785000,00 

0,10 
0,15 

0.5000 
27,00 
0.4800 

2058/500.00 
$2.25 

ERECTED PLANT COST 
OPERATTNG COST/YEAR 
THRUPUI/YEAR 
COST OF DFBT 
COST OF EQUITY 
FRACTION DEBT FINANCED 
PLANT LIFE - YEARS 
TAX RATE 
TOTAL DEPRF C 3 ABL F PI AN I 

LEVELIZED COST OF SEkV3rE 

18 B.C. DEB r F kAC T 3 ON =0.8 

18300000 .00 
2 6 5 0 0 0 . 0 0 

1 785000. ' )0 
0 . 3 0 
0 , 3 5 

0 . 8 0 0 0 
2 7 . 0 0 

0 . 4 8 0 0 
2 3 5 2 0 8 0 0 , 0 0 

Eki C r i D F i ANT COS I 
OPI k A ! [NO COS I /YEAR 
THkUI'Ui /YE Ak 
c o s r o r D C B I 
CUST o r EQU I! ') 
F R A C I I U N DEBT I INANiI D 
PI AN) L I F F - VFAICS 
rAX k A I F 
r O I A L BLPk'Fr 3ABI F F'LANI 

I FVEI I / i B COST OF SEF.'VJCE 

B.C. LUUl I t RAH 

3 8300uOO.OO 
265000.00 
3 785000.00 

0.30 
O.Of) 

O.r.OOO 
27.00 
0.4800 

20056800,00 
$ 1 , 3 . 

L k l CTF B PI ANI I OSr 
OF'EkAT INO COM - YFnk 
T H k U I ' U I / Y I Ak 
COST Of BI B ! 
c o s r OF I QUI |-t 
I R A M ION TiFBT I 3 NANt I B 
FI ANI L l l C Yl ARS 
TAX k A i r 
T O I A L Dl Fk l M A B I F Pi ANT 

I F"EI 3 71 !i CUS! UF SLk'VJO 

'0 B . C . EQUITY kATF 

1 8 3 0 0 0 0 0 . 0 0 
265000 .00 

1 /85000 .00 
0.3 0 
0 . 1 0 

0 . 6 0 0 0 
2 7 .00 

0 . 4 8 0 0 
. ' 0 4 9 6 0 0 0 . 0 0 

$3 . o 9 

ERECTED PLAN! COS! 
OF'FRAT [NU COS T/YEAR 
THRUI 'Ur /YEAk 
COST OF DEBT 
COST OF i Q in !Y 
FRACTION BFBT I I NANCED 
PL AN r l i I F - YF AkS 
TAX k A i r 
TOTAI DEPRFClABi r F'l ANI 

I V F L I ZED c o s r OF SEkV3CF 

F - 7 
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21 B.C, EQUITY RATE lOX 

10300000,00 ERECTED PLANT COST 
265000.00 OPERATING COST/YEAR 
1785000,00 THRUPUT/YEAR 

0,3 0 COST OF DEBT 
0,20 COST OF EQU3 Xi 

0,6000 FRACTION DEBT FINANCED 
27,00 PLANT LIFE YEARS 

0.4800 TAX RAIE 
21374400.00 TOTAL DEPRFCIABLE PLANT 

$2.55 - LEVFLIZEB COST or SEk'VICI 

B.C. CONSTRUCTION IJMF 3 t1 Ak 

18300000.00 ERECTED PI ANT COS I 
265000.00 0F'E RA T [NC COS T/YEAH 
3 785000.00 THRUPU i/YE Ak 

0 . 1 0 COST o r Dl Bf 
0 . 1 5 (OST o r r o u n - ) 

0 . 6 0 0 0 F RAC r 3 ON BI B T E I NANt E B 
2 7 . 0 0 PI AiH" i i n - H AkS 

0 . 4 8 0 0 TAX R A I L 
1 9 6 1 7 6 0 0 . 0 0 rOTAI BI Pk'L ( I ABI F F'l ANI 

*1.'-r~S LI VEI 3/1 tl c o s r OF S E k V l L F 

. '3 B . L . CONSTkUMJUN T i rlF ' 1 F Ak, . 

18300000 00 
- ' 6 5 0 0 0 0 0 

1 7 8 5 0 0 O . U 0 
0 . 3 0 
0 . 1 5 

0 . 6 0 0 0 
2 7 . 0 0 

0 . 4 8 0 ' " ' 
20 2 / 0 4 0 0 . 0 0 

$ 2 . 0 4 

F REt: TLB P L A N ! C o M 
OF'LRAr jNC C O S ! / r'F Ak 
rHkUF 'U I , ^LAP 
COST OF BI BT 
COST o r I QUI ) 1' 
FRAf r i U N III E r F I NANCE B 
EL ANT I I I r H"nR ) 
TAX RAlF 
rUTAI Bid-EEC lAB I I FI AhH 

I i VEL17E B COS) UF SERVJl 

' 4 B . C . OPERA r i i - l b COS) ' J 

LkF CTLD i'l ANT 
OPERA TINS COSl 
THRUF'U ! / fEA I> ' 
COS! or B I .B ! 
COS! o r I QUI Tl 

0 . 6 0 0 0 FRACTION BI BT 
2 7 . 0 0 PI ANT I I I F 

TAX k'AIE 
TOIAL DFPkl C I ABi 

1 8 3 0 0 0 0 0 . 0 0 
130000 .00 

1785000 .00 
0.3 0 
0.3 5 

0 . 4 8 0 0 
, ' 0 ' . M 5 2 0 0 . 0 0 

CObl 
/ Y E A I ; 

M N A N C L B 
YCAkS 

d AN 1 
$ 2 . 0 3 L V L L J / F D COS) OF SERVICE 

F - 8 
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25 B.C SALVAGE VALUE FOR BASE GAS IN YEAR 27 

18300000.00 ERECTED PLANT COS! 
265000.00 OPERATING COST/YEAR 

-10700000,00 EXTRAORDINARY ONE TIME EXPENSE 
27.00 YEAR OF EXTRAORDINARY EXPENSE 

1785000.00 THRUPUr/YEAR 
0.10 COST OF DEBT 
0.3 5 COST OF EQUITY 

0.6000 FRACTION DFJO FINANCED 
2 7.00 PLANT I IFi- Ŷ  Af;0 
0.4800 TAX RAU-

209?;LK'00.00 TOTAL DL!'k! C] ABL 1. PLANT 
$2.0/ -= LFVEi i/ED COST Oh SERVICI-

F-9 
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1 DEPLETED FIELD H2 OPERATION TYPE 3 BASE CASE 

17300000.00 ERECTED PLANT COST 
285000,00 

2380000.00 
0.10 
0.15 

0.6000 
27.00 
0.4800 

J 9791200.00 
*1.51 

OPERATING COS?/YEAR 
THRUPUT/YCAR 
COST 01- DEBT 
COST OF EQUITY 
FRACTION DEBT FINANCED 
F'LANT LIFE - YFARS 
TAX KAIL 
TOTAL DEPRECIABLE PLANT 

LLVLLIZED COST OF SERVICE 

B , c . f * 4 H : 

15100000.00 
28C;000,00 

2380000 .00 
0 . J 0 
O .JO 

0 .6000 

U . 4 0 0 0 
1 / 4 4 0 ' ) , 0 0 

* 1 . 3 -"> 

fckLC fFD PLANT COST 
OPFRA TTNf) CObT /YFAk 
I H M i P l U / Y f A R 
COS! Oi- DEBT 
Ll)S,T OF L-aUlTY 
F I';AI r i O N DEBT FINANCED 
H AN) I.J r e - fLARS 
h^J^ iCA I t 
f ti r A i. D i: F' r< E L L A B L E P L A N T 

I i'.VEl J Zl n COST OF SF.kVJCF 

J H - f , . * J ' . j H.' 

?7M)Q 
PlUi 

2 3 8 0 

,^i .''•;i 

lOOO. 0 0 
1000.0 ' - ' 
' 0 (>0 .00 

0 . J ') 
0 . 1 ' j 

0 , ^ 0 0 ' ' ' 
' . 0 0 

0 .ABOO 
20 ' ) . ' " ' 0 

f Kl C, IFKi PLAHI COEJI 
(II-1 KA! i i \ ib c n n r / Y F A k 
rHKUl 111 - ' fLAk' 
COS! OF UFB! 
U l lS l OF L-QUIIY 

FJNANCfcli 
I'I A N ! I Jl r - rfcrik 
lAV I M I I F 

lUTAI 01 k k k f lABLF. PLAN r 
*: '<31 r V L L r / l -D COST OF SFkVJCF 

4 B . C . ? JNUrNTOkr F X I L N 3 I : HJ BASE GAS 

1 0 / 0 0 0 0 0 . 0 0 
1 0 8 0 0 0 0 . 0 0 
2 3 8 0 0 0 0 . 0 0 

0 . J 0 
0 . 1 ' ) 
6 0 0 0 

' / . O O 
4 8 0 0 

0 

0 
' 4 0 t : U ' 0 . 0 0 

* 1 . 3 1 

E k l c r i n I I AN I COS) 
O F F R A H N G ( O & I / Y F A k 
TFIkUkUI /YEAR 
COST OF Dl B I 
COST OF F Q U l l Y 
F RAC T ] UN BF.B T F J NANCfc. D 
PLANT I I I IE YFARS 
TAX k A i r 
T 0 1 A1 n I !-• R E C J A B L L" PLANT 

L E V E L ! ZED COm" OF SERVICE 

F-10 
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5 INVENTORY EXPENSE H2 BASE 6ASr$4 H2 

10700000.00 
815000,00 

2380000.00 
0.10 
0.15 

0,6000 
27.00 

0.4800 
J2240800.00 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPUT/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBT FINANCED 
PLANT LIFE - YEARS 
TAX RAfE 
TOTAL DEPRECIABLE F'LANT 

$1.20 •= LEVELIZED COST OF SERVICE 

6 INV. F:XF'. H2 BASE GASf*15 H2 

10/00000.00 FRECTLD PLANT COST 
22/4000.00 HF'I RAI [NO COST/YEAR 
2300000.00 THRUPU!/YEAR 

0.10 COSl OF DEBT 
0.1'J LOST OF EQUITY 

O.eOOO I KACTJON DEBT FINANCED 
2/% 00 PLANT LIFE YEARS 

0.4800 TAX KAIL 
12240B00.00 rOTAI DtPRECFABLE PLAN! 

*i.81 - LFVtLIZED COST OF SERVICF. 

H.r.f J.3*WELLS 

18600000.00 ERFCTED PLANT COS I 
285000.00 

2380000.00 
0. J 0 
0.15 

0.6000 
2/.0(' 
0.4800 

2 l 2 / £ ! 4 0 0 . 0 0 
*1.61 

OPbkAnNO COST/YLAR 
rHKUPUf/YEAR 
CUSif Ur LiCHT 
COST OF EQUITY 
fkACTJON DLBT FINANCED 
ILANT LIFE - YEARS 
TAX KAIE 
rOFAL DLPRECJABLF PLANT 

LEVEL]ZFD COST OF SERVICE 

8 B.C., 1.3*C0HPRESSiaN COST 

1B100000.00 
205000.00 

2380000,00 
0.1 0 
0.15 

0.6000 
27.00 
0,4000 

20/0e)400.0<, 
* 1.5/ 

ERECTED PLANT COST 
OPERATING COS I/YEAR 
THRUPUF/YEAR 
COS! OF DEB I 
COS! OF I: QUI I Y 
FRACIJON DEB! FINANCED 
PLAN! i IFfc - YEARS 
1AX RATE 
IOTA! DEPRECIABLE PLANT 

LEVELIZED COST OF SERVICE 

F-11 



9 B.C.? 1.3*LINES 

17600000.00 ERECTED PLANT COST 
285000.00 OPERATING COST/YEAR 

2380000.00 TIIRUPUl/YEAR 
O.iO COST OF DEBT 
0.15 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
2/.00 PLANT LIFE - YEARS 

0.4800 TAX KAIE 
201?fl100,00 TOTAL DEPRECIABLE PLANT 

$1.53 -- I.FVELIZED COST OF SERVICE 

!0 B.C. .0./*L]Ni:S 

l / O O O u u O . o O LRi-CTLD PLANT COST 
2 8 5 0 0 0 . 0 0 OFl RATING COST/YLAR 

2 3 « ' > 0 0 0 . 0 0 I H k U i ' U I / Y E AR 
0 . 1 0 r O M UF DEB? 
•) , 15 t,0'.>! 01 EQU3 lY 

<',.-.000 r F A f l J U N DEBT FINANCED 
,', .00 I i A N ! L I F E - YEARS 

C . 4 3 0 0 h'lK RA! ! : 
! V44 in , "V , . ,0 ' ) r u !AI HLPRLCIABLE PLANT 

J 1 . 4 i ! I EVE L I ZED COST OF SERVICE 

I I i , . L . . 1 . 3 * r n r A L 

,\v„jOv'<> -lO I k l Cl ' l . r i PLANT COST 
2o^^".>.-'<.V^ O F M - A I I N G C 0 3 r ' Y E A R 

.• ' . - .0 ' " . V r n k i i r i i ! 'YEAk 
') V> CUS) U! DF B7 
',' U ' L'i)'>l 0! i lQU] FY 

•• .^OOO I K A C n O N DFB! FINANCED 
' , , 0 0 11 ANT L I F F - YEARS 

(' ! - U J O |A< l ;A !E 
, ' A A ' . , ' K ' ) V ()''< l i j r A I U F P k E C I A B L t PLANT 

^ - 1 . •.-. - I i OIL 1 ZED COST OF SFRV3CL 

i ' i i , - W h r kA f k --[JX 

1 . ̂ •"J•^uu,00 kkLCFED 1-1 ANT COST 
•';;',.-.0v).O0 OPFRAIfNG COST/YEAR 

2 •):;',i"">).00 THRUPUT/YEAR 
0.05 COS? 01 DFB! 
'.15 COS ! 01 I: QU I! Y 

0 .'.000 FRACIJON DEBT FINANCED 
,.'/.00 PLAN! LIFE ~ YEARS 

0, 'SrS'jO TAX RATF 
JV Jo ' V-i'^.-'u rOTAI DtPRLClABLE PLANT 

j-!.2,j - IFVFLIZED COST OF SERVICE 

F-12 
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13 DEPLETED FIELD H2 TYPE 3»DEBT RATE =15% 

17300000.00 
285000.00 

2380000.00 
0,15 
0.15 

0.6000 
27.00 
0.4800 

20414000.00 
*1<8] 

ERECTED PLANT COST 
OPERATING COST/YEAR 
THRUPU!/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBT FINANCED 
PLANT LIFE - YEARS 
TAX RATE 
TOTAL DEPRECIABLE I'LANT 

LEVELIZED COST OF SERVICE 

14 DEBT kATE-=20% 

1 /300000 .00 
285000.00 

2300000.00 
o.ro 
0.15 

.6000 
v . o o 
.4.300 

0 

0 
21036800 .00 

*2 .1 2 

ERFCTED PLANT COST 
OPI RATING COST/YEAR 
THRUPUr/YFAk 
COST OF DEBT 
COST 01 EQUITV 
FkACTJON DEBT FJNANCED 
F'LANT LJI E - YEARS 
TAX RATE 
rOIAI n iPktCJABLE F'LANT 

-I.VELIZED COST OF SERVICE 

15 i i F u r 1 

1 / 3 0 0 0 0 0 . 0 0 
2 8 5 0 0 0 . 0 0 

2 3 8 0 •" '00. 0 0 
0 . 0 0 
0 . 1 5 

0 , 0 0 0 0 
2 / . 0 0 

0 . 4 8 0 0 
1 7 3 0 0 0 0 0 . 0 0 

<ArF -Of DEBT FRACTJON-O 

ERbCTLD PLANT fOST 
01'F RAT I NO C O S r / Y E A k 
!HkU I 'UT /YFAR 
COST OF DEBT 
COaT OF EQUJ Tr' 
1 RACTJON D F B ! FJNANCED 
F'LANT L J F L rEARS 
TAX KAIE 
TOTAI DEPkEC lABLF PLANT 

52, 02 IFViElJZFD rOhT OF SERVICI 

IiFBT FkACTJON Ô.L' 

1 /30 
28 

2Mi 

00 OK) 

5000 
00')0 

0 
0 

0.: 

0.4 
1 S26.';'-'u>o 

.00 ERECTED PLANT COST 

.00 OPLRATFNG COST/YEAR 

.00 THRUPU T/l'EAk 

.10 COST OF DEBT 

. 15 COST 01 EQUITY 
000 FRACTJON DEBT FJNANCED 
.00 F'l ANT L IFE - VEARS 
800 TAX RAIF 
.0', ' rOTAI DEPKECJABLE F'L AN! 
J.dL-: - I IVFLJZED COST OF SERVJCI 

F-13 



17 DEBT FRACT10N=0.5 

17300000.00 ERECTED PLANT COST 
285000.00 OPERATING COST/YEAR 
2300000.00 THRUPUl/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUITY 

0,5000 FRACTION DEBT FINANCED 
.\',00 PLANT L I F E -• YEARS 

0 . 4 8 0 0 TAX KATE 
1V4<.,2500<00 JOTAL DEPRECIABLE PLANT 

* 1 . 6 1 - L E V E L ] Z L D COST OF SERVICE 

10 Df BI FkACTJON - 0 , 8 

l. '^OOOOO.OO I ' kECrED PLANT COST 
2 U 5 0 0 0 . 0 ( ' U l T R A T l N G COST/YEAR 

. 3 8 0 ' i ' . ' , '0 iHkU i 'UT /YEAR 
" . 1 0 CObl OF DEBT 
' ; , J ' . I ()• ! 01 EQUITY 

" , iOOO F I'Ji'iCTlON DEBT FJNANCED 
,' ' . 0 0 PI U N T I J F L - YEARS 

',' 4.:'.'0 lAX KATE 
•,,, 44 >.,, , ,-„ ' , r U i A l f iFPRLCJABLE F'LANT 

J I . 2 ' - I I VEI J ZED COST OF SERVICE 

i ' k > FCHU 1 ) KATE --5% 

I Z-^...)..,,.,.'>'„' I k l n i II FLANT COS! 
, ; ) ' " , " . "> 00 OFLF 'AnNG COST/YEAR 

. M , M , ) , ^ , , , 0 0 THkUl 1)I /YE AR 
0- 10 C l i j ) 01 DE BT 
' 0\. COol OF E Q U l T t 

" -rO', ' i - kML !J i )N JifcB! FINANCED 
- . 0 ' ) I I AN! L J F L - YEARS 

O, A-~i'jO TAA kATF 
l ( .'•; ' " , ' O ,' r O i A L DFI 'kECJABLE F'LANT 

I'. ' .V'., - M -VLLJZLD COST OF SERVJCE 

2',' J M . EQUJ Ti ' RAFF - 1 0 Z 

1 / 3 ' > 0 0 0 0 . 0 0 ERECTED PLANT COST 
2 ) ;5u ' , *0 .00 OF'ERATING C O S ! / r E A R 

2 U! • 0 ' ) 0 . 0 0 THRUr 'Ur /YLAR 
•J . 10 COST OF DEBT 
O. 10 COS! 01 EQUITY 

'"•..'.O'^O I PACTION DEBT FJNANCED 
2 / . 0 0 PLANT I I F E - YEARS 

' , ' . 4 i ! 0 0 TAX RATF 
W Wo''V'j,Ov TOTAI DEPRECIABLE PLANT 

'J J . 2 2 - L F V I L J Z E D COST OF SERVJCE 

F - U 
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21 B.C. EQUITY RATE =:20% 

17300000.00 ERECTED PLANT COST 
285000.00 OPERATING COST/YEAR 

2380000,00 THRUPUI/YEAR 
0,10 COST OF DEBT 
0.20 COST OF EQUITY 

0.6000 FRACTJON DEBT FINANCED 
2/.00 F'LANT LIFE - YEARS 

0.4800 TAX RATE 
20206400.00 TOTAL DEPRECJABLE PLANT 

$1.82 -= LEVELIZED COST OF SERVICE 

?:> CONSTkUCTJON TIME YEAî ' 

1/300000.00 ERFCTED PLANT COST 
285000.00 01'I RATING COST/YEAR 

2300000.00 !HkUPUI/YEAR 
0 . 1 0 c o ; ; r o r D E B T 

0.-ir< LOST OF EQUITY 
0 . 6 0 0 0 F RAC T J ON Dl B T F J NANCED 

2 7 . 0 0 I 'LANT I I F E - t'l: ARS 
0 . 4 8 0 0 TAX R A I L 

10545e>00 .00 TOTrtl DEPRtCJABLL F'LANT 
$ 1 , 4 - I . I V F L J / F D COST OF SERVJCF 

IS CONSTRUC TJON TJMF 'YEARi 

1 " ' 3 0 0 0 0 0 . 0 0 L k E C l F D PLANT COST 

119-1 

2 8 5 0 ' H - ' . 0 0 
L ' 3 8 0 0 0 0 . 0 0 

I-'. 1 0 

0.15 
0,6o00 

0 . 4 8 0 0 
1 0 0 . 0 0 

OF'I RATFNG COST. 
T H k U P U I / r t A k 
COS! 01 DLBT 
CO .T OF EQUITY 
I k A L T l O N DLBT I 

YEAR 

J NANCE li 
PLAN r L 11 
TAX RATE 
TOTAL DEI 

YEARS 

•RECJABLF F'LANT 

ti .4o LEVELJ ZED COST OF SERVJCI 

24 B . C . OF'EKATING C 0 S ! / 2 f DEF'. F I E L D H2»TYPE 3 

/ 3 0 0 0 0 0 . 0 0 
140000,00 

2,Ui0000.00 
0 . 1 0 
0 .1 5 

0 .6000 
2 7 . 0 0 

0 .4000 
9 / 9 1 2 0 0 . 0 0 

* 1 . 4t 

ERECTED I'LANT COST 
OPERATING COS!/YEAR 
THRUF'U r/YEAk 
COST OF DEBT 
COST 01 FQUITr 
1 RACnON DEBT FINANCED 
I'LANT 1 IFE - YEARS 
TAX K'ATE 
TOTAI DEPRECIABLE PLANT 

'< - LFVELJ/ED COST OF SERVICE 

F-15 



25 B.C, SALVAGE VALUE FOR H2 BASE GAS IN 

17300000.00 ERECTED PLANT COST 
285000,00 OPFR'ATING COST/YEAR 

-6630000.00 EXTRAORDINARY ONE TIHE EXPENSE 
27,00 YEAR OF EXTRAORDINARY EXPENSE 

2380000,00 THRUPUl/YEAR 
0,10 COST OF DEBT 
0,15 COST OF EQUITY 

0.6000 FRACTION DEBT FJNANCED 
2/.00 PLANT LJFE ~ YEARS 
0.4S00 TAX RATE 

19/91200.00 TOTAI DEF RE C J ABLE F'LANT 
$1,49 .: LEVFLJZED COST OF SERVJCE 

F-16 
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AQUIFER H2 BASE CASE %6 H2 COST 

53300000.00 ERECTED PLANT COST 
1025000.00 OPERATING COST/YEAR 
1/00000.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUITY 

O.toOOO FRACTION DEBT FINANCED 
2/,00 PLANT LIFE - YEARS 

0.4800 TAX RATE 
60y/5"00.00 IOTA! DEPRECIABLE PLANT 

*6.5V - LEVELIZED COST OF SERVICE 

2 BASF LASL ,$4H2 

46200000.00 ERfcCTED PLANT COST 
10.5000.00 OPERATING COST/YEAR 
I /OOOOO.'.JO T H R U F ' U T / Y E A R 

0.1') C0-3T OF DEBT 
(>.15 005 T OF EQUITY 

0.-)',>0u I PACTION DEBT FINANCED 
:; 00 PLANT LIFE - YEARS 

').4800 \f\\ kATE 
52052L!','('.00 !0!AL DEPRECJABLE F'LANT 

I'l. -̂  ILVLLJ7ED COST OF SERVICE 

3 H.I . .*I5 H2 

n4500'-)0'(>.0'"> LRFC TED PLANT COS! 
1 0 2 5 0 ' ) " . ' J O HFFRATING COST/YEAR 
1 -i>K>^>0" ' ) ( ) I H k U I ' U ! ' f F A k 

0 , 1 0 L t i ; ! ! OF DEBT 
J . 15 CO'JT OF EQUITY 

0.:,0<K,' F R A I I I O N DEBT FINANCED 
2 / . 00 PL ANl i Jl E - YEARS 

':,.-!;-."•;' !A~- I;A!L 
.>666fvOOO,'>0 lOlAL DEPRECIABLE F'LANT 

*J'''.09 - LEVEL J/ED COST OF SERVJCE 

4 },._,>• JNVINrOkV EXPENSE H2 BASE UAS 

3J r̂̂ '.-O'"-' OK! ERF L TED PLANT COST 
44')5,";',>.00 OPERA! I NU COS!/YEAR 
I "';'0'J'J<0':' THRUI UT/YEAR 

O.JO COST 0! DEBT 
O.J 5 C05T OF EQUITY 

'•'.fOOO ! RAC T ION DEBT FJNANCED 
./.OO PLANT IJFL ~ YEARS 

0, 4800 TAX k'ATE 
/„.,4/ ,.,n,;> .')<) TOTAI DEPRECJABLE PLANT 

M. .'> IIVLLJZED COST OF SERVJCE 

F-17 



5 JNV. EXP. BASE H2 GAS?$4 H2 

31900000.00 ERECTED PLANT COST 
2810000.00 OPERATING COST/YEAR 
1700000.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0,15 COST OF EQUITY 

0.6000 FRACTION DEBT FJNANCED 
27.00 PLANT LIF-E - YEARS 
0.4800 TAX RATF 

36493600.00 TOTAL DEPRECIABLE PLAN! 
$5.24 = LEVELIZED COST OF SERVICE 

6 JNV rXP. BASE GASr *15 H2 

31900000.00 LkECTLD PLAN! COST 
/451000.00 OPEkA TING COS T/YEAk 
1 /OOOOO . 00 THkUPU I / f'EAR 

0.10 GUST OF DEBT 
0.15 COST OF EQUJ 1Y 

0.6000 FkACTJON DEB! FINANCED 
2/. 00 PLANT I JFE - YEARS 

0.4800 lAX kA!E 
3A4y ̂oOO.'J'.' lOlftI "uLPRLCiABLE FLANT 

$/,••>/ - I.LVII JZLB COST OF SEkVJCE 

• X.C.I . J*WLI 1. LOrfl 

5 4 0 0 0 0 0 0 . 0 0 I IRI .CILD I'I ANl l,OS, T 
1 0 2 5 0 0 0 . 00 01 L KA F i No t UU I / r'LAk 
l . ' . 'O ' . '0( ' . i ; / ' ) THkUl U I / f E A k ' 

0 . 10 LOST OF Dl BF 
0 . 1 5 COS! OF L Q U I T f 

0 < 6 0 0 0 F kAL r J (JN Dfc B I F J NANCE i( 
2 / . 00 PLANT LJF I - I'l ARS 

0 . 4 0 0 0 I AX k A I I 
6 1 / / 6 0 0 0 . 0 " TOTAL HFPkECIABLF F'LANT 

$ 6 . 6 ' • I . L V f c l l Z f l i COb! OF SERVICE 

t. L .Cv J . 3 * ( . 0 h l ' k ' L b 5 J 0 N c o b r 

5 3 o u 0 0 0 0 . 0 0 I k l CI El l PI ANT COST 
1 0 2 5 0 0 0 . 0 ' ) OP IkAJLNG C O S l / Y E A k 
1 /OOOOO . 00 1 HkUl 'U I /YEAR 

0 . 1 0 COST OF D L B ! 
0 . 1 5 COST OF EL«J1 TY 

0 . 6 0 0 0 FRACTION TiEBT FINANCED 
2 / . 0 0 PLANT I I F L YEARS 

0 . 4 8 0 0 TAX RATE 
6 U ) J 8 4 0 0 . 0 0 TOTAL DEPRLf I ABLE FLANT 

$6,62 L E V E L I / L I i COST OF SERVICE 
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9 B.C. 1 .3«LINE COST 

59200000 .00 ERECTED F'LANT COST 
10.25000.00 OPERAFfNG COST/YEEAR 
1700000.00 THRUPUT/YEAR 

0 . 1 0 COST OF DEBT 
0 . 1 5 COST OF EQUITY 

0 ,6000 FRACTION DEBT FINANCED 
2 7 . 0 0 PLANT L IFE - YEARS 

0 .4800 TAX RATE 
6 / 7 2 4 8 0 0 . 0 0 TOTAL DEPRECIABLE PLANT 

$ / . 2 5 .= LEVELIZED COST OF SERVICI 

10 B . C , 0 . 7 * L I N E COST 

4 / 4 0 0 0 0 0 . 0 0 ERECTED PLANT COST 
1025000 .00 OPERATING COST/YEAR 
3 700000 .00 THRUPUl/YEAR 

0 . 1 0 COST OF DEBT 
0 , 1 5 COST OF EQUITY 

0 . 6 0 0 0 FRACTION DEBT FJNANCED 
2 / . 0 0 PLANT L IFE - YEARS 

0 . 4 8 0 0 TAX RATE 
54215600 .00 TOTAL DEPRECIABLE PLANT 

$ 5 , 9 3 = LEVELIZED COST OF SIERVICI 

I I B .C. 1.3*T0TAL 

62900000 .00 FRECTLD PLANT COS! 
1025000 .00 OPERATING COST/YLAR 
1 /i 0 0 0 0 . 0 0 THRUI 'U I /YEAR 

0 . 1 0 COST 01 DEBT 
0 . 1 5 COST OF EQUITY 

0 , 6 0 0 0 FRACTION DEBT FINANCED 
2 7 , 0 0 I'LANT LJFE - YEARS 

0 .4B00 !AX RATE 
' 1 9 5 7 6 0 0 . 0 0 TOTAL DEPRECIABLE PLANT 

$ 7 . 6 / .= LIEVELIZED COST OF SERVICE 

12 B .C . DEBT RArE-5% 

53300000 .00 ERECTED PLAN! COST 
1025000 .00 OPERATING COST/YEAR 
1^00000.00 THKUPU!/YEAR 

0 . 0 5 COST OF DEBT 
0 . 1 5 COST OF EQU3 TY 

0 . 6 0 0 0 FRACTJON DEBT FINANCED 
2 7 . 0 0 PLANT LJFE YEARS 

0 . 4 8 0 0 TAX RATE 
5 9 0 5 6 4 0 0 . 0 0 TOTAL DEPRECIABLE PLANT 

$ 5 , 4 1 = LEVEL[ZED COST OF SERVICI 
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13 B.C. DEBT RATE = 15Z 

53300000.00 ERECTED PLANT COST 
1025000.00 OF'ERATING COST/YEAR 
I 700000.00 THRUPU T/YEAK 

0.15 COST OF DEBT 
0.15 COST OF EQUITY 

0.6000 FRACTJON DEBT FJNANCED 
2/.00 PLANT LIFE - YEARS 
0.4800 TAX RATE 

6.'fc!V4000.00 TOTAI DEPRECIABLE F'LANT 
^4/,0/ =- LEVELIZED COST OF SERVICE 

14 h'.( , DFB I kA!F =20% 

5 3 ^ ( ^ 0 0 0 0 . 0 0 EkECTFD PLANT COST 
J ' j " , " ' ) ' ) , 0 0 OI'L RATING C O S ! / Y E A k 
1 • 0 0 ' H , ' 0 „ ' ' ) 0 T H R U P U T / Y E A R 

0 . 2 0 L O O I OF D E B T 

O . J ' ' . . O h ! OF EQUJ TV 
',>..'O'^'O I k ' A l ' l J O N DEBT FINANCED 

, ' / , 0 0 I L A N ! L I F E - /EARS 
0 < iciOO I AX RATE 

.- . .4M2:.0 ' „ ' . '^0 l O i A l DEPRECJABLE I'LANT 
'ly..'l, L L V L I . J / E D COST OF SEkVJCE 

J ' . HI I- I k n l L « D F B ! I k A C l J O N - 0 

5 u(. . , ' . . , " ( ' I |.| I IL 0 PI ANT CObT 
l ' , ) . •^^)" ' ' ' , " 'J U l ' F k A T l N b COST/YLAR 
I Kn K' IFIkllF U T / Y L A k 

" . ' , 0 t O b ! 01 DEBT 
" . 1 5 COS! OF EQUITY 

" oO'^O I k A i TJON DEBT FINANCED 
' / . ' > 0 PLANT I J F L YEARS 

" , ' ! . ! " ( , I AX FAIL 
5^.O' .) . )0 '^.^; ' ' • TDFi-.L UKI 'RECl ABLE PI AN ! 

1 - ! ' . . ^ ^ I LULL J ZLD COS! OF SERVJC 

1.- DLBT I k A C J I O N - . 2 

. 5 3 3 0 0 0 0 0 . 0 0 EkECTFD PLAN? ( ,0G! 
1 0 2 5 0 0 0 . 0 0 01 'F RA T LNG COS ? / Y F AR 
1 /OOOOO.00 THRUI U ! / Y E A k 

O .JO COST OF D E B ! 
0 . 1 5 COST OF FQUlTY 

0 . " ' 0 0 0 FRACTJON D I B ! M NANCED 
2 / . 0 0 F'LANT L J F E - YEARS 

0 . 4 B 0 0 TAX k A I F 
5 . ->JB4000 .00 ! 0 ! A L DEPRECIABLE PI ANT 

i>'-\ I' '! I I VI 1 [ZLD COS! OF SERVJC 
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17 B . C . DEBT F"RACTION = .S 

5 3 3 0 0 0 0 0 . 0 0 ERFCTED PLANT COST 
L025000.00 
1700000 .00 

0 , 1 0 
0 . 1 5 

0 .5000 
2 7 . 0 0 

0 . 4 8 0 0 
5 9 9 6 2 5 0 0 . 0 0 

OPERATING COST/YEAR 
THRUPU! /YEAR 
COST OF D E B ! 
COS! OF EQUITY' 
FRACTION DEBT FJNANCED 
P L A N ! L I F E - YEARS 
TAX RATE 
TOTAL DIEPRkCJABLF PI ANT 

$ 7 . 0 3 -- L E V E L J / L D COS! 01 SE|.,'VJCF 

18 B . C . DEBT I PACTION - O . H 

5 3 3 0 0 0 0 0 . 0 0 I RFC TED PLANT COST 
1 0 2 5 0 0 0 . 0 0 OPERATING COST/YEAR 
J 7 0 0 0 0 0 . 0 0 THRUI'(IT /YL AR 

0,U> CO.ST OF DLBT 
0 . 1 5 COfST 0! EQUJ ! 1 

0 . 8 0 0 0 FRACTJON UEB? FINANCFK 
2 7 . 0 0 PLANT I IFF - Yl ARb 

0 , 4 8 0 0 TAX k A ! L 
6 2 6 8 0 8 0 0 , 0 0 1 0 ! Al di I k H ; J ABI I I ' lAFM 

$5 .66 L I VEL l / m r(V-,i 01 SI k ' . ' l l I 

19 B . C . I (RJI TY kATF =! 

53300000.00 
1025000.00 
1700000.00 

0.10 
0.05 

0.6000 
2/. 00 

0.4B00 
58416000.00 

$ 4 , 1 J. 

ERECTLD PL ANT COb! 
OPERA! ING i ; O S ! / r E A R 
THRUPU T / rF AT' 
COST 01 OLB! 
COST OF 1 QUI !r-
I RAC T i l IN DLBT i I N A N i ; n i 
PLANT L I F L r i Ak" . 
TAX RATF 
TOIAI DLPkFPJABLE I'LANT 

I kVFI L/l II COS! 01 E>l kVJi I 

2 0 B . C . L Q U M f k A l l --J O'̂ ;! 

53300000.00 ERI CTED PLAN! COS! 
1025000.00 OPERA TINO COS ! ''r'l Ak 
I /OOOOO. 00 THRU! 'U I / rF AR 

0.10 COST 01 DFB! 
0.10 COST OF LQUI 1 )' 

0.6000 FRACTION DLi. T I I iJANCL D 
27.00 PLANT LJFL ,'l AF.'.. 
0.4800 TAX k'AIF 

59696000,00 TO ! AL DF I 'RL C I ABLE I 'LAN I 
55. •?3 I F VFI F7ED r i i M 01 SI F.'VJCI 
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Z% B.C. EQUITY RATE =20% 

53300000.00 ERECTED PLANT COST 
1025000.00 OPERATING COST/YEAR 
1700000.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0,20 COST OF EQUITY 

0,6000 FRACTJON DEBT FINANCED 
27.00 PLANT LIFE - YEAR<; 
0,4800 TAX RATE 

62254400.00 TOTAL DEPRFCJABLF PI ANT 
$7.95 =• I COLLI ZLD COST OF SERVJCE 

1^ B.C. CONSTRUCnON T3ME.= 1 YEAR 

5 3 3 0 0 0 0 0 . 0 0 
1 0 2 5 0 0 0 . 0 0 
1 7 0 0 0 0 0 . 0 0 

0 . 1 0 
0 . 1 5 

0 . 6 0 0 0 
2 / . 0 0 

0 . 4 8 0 0 
5 7 1 3 7 6 0 0 . 0 0 

$ 6 . 2 1 

EkFCTLD PLANT COb'! 
OPERATING COBl/YIEAR 
T l l k U F U I / t l 'AR 
COST OF DEBT 
COST OF LQUITY 
FRACTION DiEBl F J NANC 
PLANT n i l - YFAk". 
TAX k A I I 
TOTAI DEI 'kTCJABI E FL 

•^ LFVL ! [?FD l~Ob! 01 
iNl 
S! kVICI 

2 | B . C . CONS ! kUC TJON Tf HE - 2 'i\ AF. 

5 3 3 0 0 0 0 0 . 0 0 EkECTFD PLANT COS! 
1 0 2 5 0 0 0 . 0 0 OPFRATIN i ; ( O B T / Y E A k 
1 /OOOOO.00 THRUPU T/YE Ak 

0 . 1 0 COST OF DEBT 
0 . 1 5 COb'I OF FQULLY 

0 . 6 0 0 0 F R A P ! I O N D IBT FJNANCFD 
2 7 . 0 0 PI A N ! L I I I 'r I AF'b 

0 . 4 8 0 0 TAX k 'AIF 
5 9 0 5 6 4 0 0 . 0 0 TOTAI D I F P F i I ABLE I I A i H 

$ 6 . 4 0 ^ LFVFI l / l Jl TOBl 01 SERVJCI 

2 4 B . C . OPERATING C O S r / 2 

5 3 3 0 0 0 0 0 . 0 0 ERECTED PLANT COST 
5 0 0 0 0 0 . 0 0 OPERAT[NO COST/YEAR 

L/OOOOO.00 THRUPUT/YEAR 
0 . 1 0 COST OF D F B ! 
0 . 1 5 COST OF I Q U I T r 

0 . 6 0 0 0 FRACTION DEBT FINANCED 
2 7 . 0 0 PLANT I JFL YEARS 

0 . 4 8 0 0 TAX RATE 
6 0 9 7 5 2 0 0 . 0 0 TOTAL DEPRECJABLF PLANT 

$ 6 . 2 8 = L E V E L L / F D COST OF SERVICE 
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1^ B.C. SALVAGE BASE GAS IN YEAR 27 

53300000.00 ERECTED PLANT COST 
1025000,00 

"21420000.00 
27.00 

1700000,00 
0.10 
0.15 

0.6000 
27.00 
0.4800 

60975200,00 

OPERATING COST/YEAR 
EXTRAORDINARY ONE TIMF EXPENSE 
YEAR OF EXTRAORDCNAKY EXPENSF 
THRUPUT/YEAR 
COST OF DEB! 
COST OF EQUITY 
FRAC riON D! B I F J NANt;C D 
PLANT LIFF - YEARS 
TAX RATE 
TOTAL DFPRECIAB! E PI AN! 

$ 6 . 5 2 - LEVFLL/ED COS! OF SFRVJCI 
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SALT DOHE H2 STORAGE BASE CASE (B.C.) 

21000000.00 ERECTED PLANT COST 
350000.00 OPERATING COST/YEAR 
1438000.00 THRUPUI/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
27.00 PLANT LIFE - YEAFCS 
0.4800 TAX RATE 

24024000.00 TOTAL DEPRECIABLE PLANT 
$3.03 = LEVELIZED COST OF SERVJCE 

B.C. (.$4 H2C0ST 

19500000 ,00 ERI CTED PLANT COST 
350000 .00 OPERATING COGT/YEAK 

143B000. 00 THRU! 'U T/YEAk 
0 . 1 0 COS? OF DEBT 
0 . 1 5 COB! OF EQUITY 

0 . 6 0 0 0 FRACTION DEBT FINANCED 
2 7 ,00 i'l ANT LJFE - YEARS 

0 , 4 8 0 0 TAX RATF 
22303000 .00 TOTAI DFI'RICIABLE F'LANT 

$ 2 . 8 3 - LEVELIZED COST OF SERVICE 

3 B.C. $15 H2 COST 

28000000 .00 EkLCTED PLANT COST 
« 0 0 0 0 . 0 0 Oi'FKATLNG COST/YEAR 

143B000.00 THRUPU!/YEAR 
0 . 1 0 COBT OF DEBT 
0 . 1 5 COST OF EQUITY 

0 , 6 0 0 0 FRACTION DLBT FINANCED 
2 / . 0 0 PLANT L IFE - YEARS 

0 . 4 8 0 0 TAX kATE 
32032000 .00 TOTAL HFPkCCJABLE PLANT 

$ 3 , 9 6 = LEVELIZED COST OF SERVICF 

4 B.C. INVENTORlf- EXPENSE BABE GAS 

16400000 .00 ERECTED PLANT COST 
9 1 0 0 0 0 . 0 0 OPERATLNG COST/YEAR 

J 43B000 .00 THRUPUT/YEAk 
O.JO COST OF DEBT 
0 . 1 5 COST 0! EQUITY 

0 . 6 0 0 0 FRACTJON DEBT FINANCED 
2 / . 0 0 PLANT L IFE - YEARS 

0 .4300 lAX RATE 
1 8 / 6 1 6 0 0 . 0 0 TOTAL DEFRICJABLL F'LANT 

$ 2 . 8 1 .̂  LEVELIZED COST OF SERVICE 
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5 B.C. INVENTORY EXPENSE BASE GAS? $4 H2 

16400000.00 ERECTED F'LANT COST 
720000.00 OPERATING COST/YEEAR 
1438000.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
2 7 . 0 0 PLANT L IFE - YEARS 

0 . 4 8 0 0 TAX RATF 
l B / 6 1 6 0 0 . 0 0 TOTAL DEPRECIABLE PLANT 

$ 2 . 6 8 - LEVELIZED COST OF SERVICE 

6 INVENTORY EXPENSE BASE GAS $15 H2 

16400000,00 
1750000 .00 
1430000.00 

0 . 1 0 
0 . 1 5 

•:)..->ooo 
2 7 . 0 0 

0 .480( ' 
18 /61600 .0 ' ^ 

$ i . 5*' 

ERECTED PLANT COST 
OF'ERA T FNG COS T/YEAR 
THkUPUT/YEAk 
COST OF DEBT 
COB! OF EQUITY 
FRACTJON DFBT FJNANCED 
FLAN! I JFE - YEARS 
TAX RATE 
TOTAL DEPRECJABLE PLANT 

LEVELIZED COST OF SERVIl.r 

/ B.C.» 1,3*WELL& 

_'3500C)00.00 L PLC TED PLANT COST 
35000'^ . 00 OPE RA T ING COS 1 /YEAR 

1 43B0V0 . 00 THRU! 'U T /YEAR 
0 . 1 0 rOBT OF DEBT 
0 . 1 5 COST OF EQUITY 

U.6000 FRACTJON DFBT FINANCED 
2 / , 0 0 I'l ANT L IFE - YEARS 

0 .4000 TAX RATE 
'6BB 4000 . 00 TO TAL DFPk'EC J ABLE PLAN T 

$ 3 . 3 6 - LEVELIZED COST OF SERVJC 

8 B. C. 1 . 3>i(C0HPRESS I ON COS T 

22900000.00 
350000.00 
1438000.00 

0.10 
0.15 

0.6000 
27.00 
0,4800 

2 6 1 9 / 6 0 0 . 0 0 
$ 3 . 2 8 

ERECTED PLANT COST 
OPERArCNG COST/YEAR 
THRUPUT/YEAR 
COST OF DEBT 
COST OF EQUITY 
FRACTION DEBT FJNANCED 
PLANT I IFE - YEARS 
TAX RATE 
TOTAL DEPRECIABLE F'LANT 

LEVELIZED COST OF SERVICE 
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9 B.C. 1.3*LINES» SALT DOME H2 

21900000.00 ERECTED PLANT COST 
350000.00 OPERATING COST/YEAR 
1438000.00 THKUPUT/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
27.00 PLANT LIFE - YEARS 
0.4800 TAX RATE 

25053600.00 TOTAL DEPRECIABLE PLANT 
$3.J 5 = LEVELIZED COST OF SERVJCE 

10 B.C.» 0./*LJNES 

20300()00,00 FRFC TED PLANT COST 
350'')00.00 OFERATENG COST/YEAR 
I 4 )! iOO'). 00 THRUPU T/ YEAK 

O.JO LOB! OF DFBT 
0.15 I'UBI OF EQUITY 

>'•' .*000 i KACTJON DEBT FINANCED 
2 ' 00 PLANT I JFE ~ YEARS 

'). 1H00 TAX KATE 
.'322 .̂.'•"'O.O''' 10 TAL DEi"'KFCI ABLE F'LANT 

$"','-'4 - IF VEI I ZED COST OF SERVICE 

J I I- .C. V 1 . « TO TAL 

' 6 0 0 ( ' 0 0 0 . 0 0 E k I C T F D PLANT COST 
3 5 0 0 ' ' " ; . 0 0 OF'I k A l FNG COST/YEAR 

1 4 ^ B O 0 ( ' '.'0 THRUF'UT/YEAR 
0 . I(> COB! OF DEB? 
0 . r . COB? OF EQUITY 

0..->000 FRACTION DIED? FINANCED 
2 , >00 n ANT I ll--k YEARS 

.) AP,K>0 lAX KATF 
' 7440 ' ) ' , ' . 0 ( ^ TOTAI DLPRFCIABLE F'LANT 

\-'>,'•<} I F VEL I ZED COST OF SERVJCE 

12 B.I . » DF BI kATF .=5';!; 

2 1 0 0 0 0 0 0 . 0 0 ERECTED PLANT COST 
3 5 0 0 0 0 . 0 0 OPERATING COST/YEAR 

1 4 ^ 0 0 0 0 . 0 0 THRUF'U ? / YEAR 
0 . 0 5 COST OF DEBT 
0 , 1 5 COST OF EQUITY 

0 . 6 0 0 0 FRACTJON DEBT FINANCED 
"', 0 0 PI ANT L I F E -- YEARS 

0 . ^B'O'"' TAX RATE 
2 3 , ' 6 B 0 O 0 . u . ) TOTAI TiEPk'ECI ABLE F'LANT 

$ 2 4B -- L E V E L I Z E D COST OF SERVJCE 
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13 B.C,» DEBT RATE=15% 

21000000.00 ERECTED PLANT COST 
350000.00 OPFRATING COST/YEAR 
1438000.00 THRUPUT/YEAR 

0.15 COST OF DEBT 
0.15 COST OF EQUITY 

0.6000 FRACTJON DEBT FINANCED 
2/.00 PLANT LIFE ~ YEARS 
0,4800 TAX RATE 

24780000.00 TOTAL DEPRECIABLE PLANT 
*S,63 • LEVELIZED COST OF SERVJCE 

14 B.C. . DFBT RATF-=20% 

21000000.00 I RFC TED PLANT COST 
350000-00 OPFRATING COST/YEAR 
J 43B000. 00 THk! IPU T /YEAR 

0<:>0 CObl 01 DEBT 
0.15 corr 0! EQUITY 

0 .6000 I RAC r1 ON OF B T F J NANCED 
2 7 . 0 0 PLANT I JFE - rEARS 

0 . 4 8 0 0 TAX RATF 
25536000 .00 TOIAI. DLPRCCJABLF F'LANT 

$ 4 , 2 / I EVE I J ZED COBT OF SFRVICF 

15 B . C . . DEBT F'AIF -O^DLBT FRACTJON ^0 

2 l000000. . , ;0 Fk'FCTFD FIANT COST 
350000 .00 OPI kA r1NG COB T/YEAR 

1438<'0'; '.'O THRUPU r/YFAk' 
0 , 0 0 COB! OF DEBT 
0.3 5 COB! OF EQUJ!Y 

0 .0000 FRACTION DFB! FINANCED 
2 / , 00 F'l ANT LJFE - iTEARS 

0 . 4 8 0 0 TAX RA!L 
21000000 .00 TOTAL DFPkECJABLE F'LANT 

$ 4 . 0 6 -- LEVEL J ZLD COST OF SERVICE 

J 6 B . C , . DF B r FRAC T1ON =0 .2 

21000000.00 LRECTE'D PLANT COST 
350000,00 OPERA!INO COS!/YEAR 
1438000.00 THRUPUl/YEAR 

0.10 COST OF DLBT 
0.15 COST OF EQUITY 

0.2000 FRACTION DEBT FINANCED 
E'/.OO PLAN! I JFE - YEARS 

0.4800 TAX RAJE 
J? J 76000,00 TO TAL DEPKE C J ABLE F'LAN T 

$3.77 - LEVELIZLD COST OF SERVJCE 
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17 B.C.. DEBT Fi%'ACTI0N-0.5 

21000000.00 ERECTED PLANT COST 
350000.00 OPERATING COST/YEAR 

1438000.00 THRUPUT/YEAR 
0.10 COS! OF DEBT 
0.15 COST OF EQUITY 

0,5000 FRACTION DEBT FINANCED 
27,00 PLANT LIFE ~ YEARS 

0.4800 TAX RATE 
23625000.00 TOTAL DEPRECIABLE PLANT 

$3.24 = LEVELIZED COST OF SERVICE 

18 B.C. 5- DEBT FRACTION-.8 

21000000.00 F!?ECTFD PLANT COST 
350000.00 OPERATLNG COST/YEAR 

1 438000 . 00 THRU! 'U T / Y EAR 
0.10 COST OF DLBT 
0.15 COBT OF EQUJ TY 

0.8000 FRACTION DEBT FINANCED 
27,00 PLANT I JFE - YEARS 

0.4800 TAX KATIE 
24696000.00 TOTAL DEPRECJABLE F'LANT 

$2,60 LEVELIZED COST OF SERVICE 

L9 EQUITY RATE 5'2fB.C. 

21000000.00 EkFCTLD PLANT COST 
350000 . 00 I )l 'I RA TI HG COS T/YEAR 
1438000.00 1HRUPU ?/riAk 

0.3 0 COST OF DLBT 
0 05 CO IT OF EQUITY 

0.6000 FRACTION DEBT FINANCED 
2 7.00 PI ANT LJFE - YEAkS 
0.4800 TAX RATE 

2301o000.00 TOIAI DEF REC3 ABLE F'LANT 
$1.93 .:: LEVELIZED COBT OF SEkVJCE 

20 LOUJir RATE 10%, B.L. 

2100'.'000.00 Ei\'Et TED PLANT COST 
350000.00 OPFRA T[NO COS 1/YEAR 
1438000.00 THRUF'UT/YEAR 

0,10 COST OF DEBT 
0.10 COST OF EQUITY 

0.6000 FRACTION DLBT FJNANCED 
2/.00 PLANT I IFE - YEARS 
0.4800 TAX RATF 

23520000,00 TOTAL DEPRECIABLE PLANT 
$2.44 =• LEVELIZED COST OF SERVICI 
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2 1 B . C . ? EQUITY R'ArE~202i:rSALT DOHE H2 

2 1 0 0 0 0 0 0 . 0 0 ERECTED F'LANT COST 
3 5 0 0 0 0 , 0 0 0!-'ERATlNG COST/YEAR 

1 4 3 8 0 0 0 , 0 0 THRUPUT/YEAR 
0 . 1 0 COST OF DEBT 
0 , 2 0 COST OF EQUITY 

0 . 6 0 0 0 FRACTION DEBT FINANCED 
2 7 , 0 0 PLANT L J F E - YEARS 

0 , 4 8 0 0 TAX RATE 
2 4 5 2 8 0 0 0 , 0 0 TOTAL DEPRECJABLE PLANT 

$ 3 . 6 / ~- L E V E L I Z E D COST OF SERVJCE 

2 2 B . ! . . CONSTRUCTION n M E = 1 YEAk 

23 0 0 0 0 0 0 . 0 0 EkFCTLD PLANT COST 
3 5 0 0 0 0 . 0 0 OPERATING COBT/YEAK 

I 4 3 B 0 0 U . U 0 THkUl 'UT/YEAR 
0 10 COBT OF DLBT 
0 , 3,5 CObl 01 EQUJ TY 

0 . 6 0 0 0 FRACTION DEBT FJNANCFD 
2 / - 0 < ' I'l ANT I I F L - rEARS 

0 .4 .H00 TAX RATI 
2 2 5 1 2 0 0 ( J . 0 ( ) TOTAL DFPkLCJABLE F'LANI 

$ 2 , f . 6 I L V I L I / F D COBT OF SERVICE 

?A B . C . .- C ONB 1 kUL TI ON ! J ME - 2 YFARS 

23 OOOOO''). 00 lERICTED PLANT COBT 
3 5 0 0 0 0 . 0 0 OF I RATING COST/YEAk 

1 4 3 0 0 ' ) ' ' ' . 00 THkUF U ? / YEAR 
0 . 3 0 GOBI 01 DEB? 
0 . 3 5 COBT 01 EQUI TY 

0 . 6 0 0 < ' I R A C r i O N DLB? FINANCED 
2 7 . 0 0 I'L ANl L3FE - YEARS 

0 . 4 8 0 0 TAX KATE 
2 3 2 6 f ! 0 0 0 . 0 0 TOTAI UEPRECIABLL F'LANT 

$ 2 . 9 4 - L t VF L J ZED C OB T OF SEkV J CE 

?•• SALT DOhl OPERATING C 0 h ? / 2 . H , ' 

2 J 0 0 0 0 0 0 . 0 0 EKFCTLD FLAN l COS? 
1 / 5 0 0 0 . 0 0 OPERATING COST/YEAR 

1 4 3 0 0 0 0 . 0 0 THRUPU T/YFAF.' 
0 . 1 0 COST OF DFBT 
0 . 1 5 COST OF FQ in TY 

0 . 6 0 0 0 FRACTION DEBT F I N A N C I D 
2 7 . 0 0 PLANT I I F F - YFARS 

0 , 4 8 0 0 TAX KATF 
- . ' 4 0 2 4 0 0 0 . 0 0 TOTAL DEPRECJABLE PI ANT 

* 2 , 9 3 -- LFVFI I Z F D Cf)B! OF SERVICE 
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2/80 

^ : .SALT DOME H2 BABE GAS SALVAGE IN YEAR ?7 

21000000 .00 
3 5 0 0 0 0 . 0 0 

- 4 6 5 0 0 0 0 . 0 0 
2 7 , 0 0 

1438000.00 
0.10 
0 , 1 5 

0 , 6 0 0 0 
2 7 , 0 0 

0.4800 
24024000.00 

$3 .01 

ERECTED PLANT COST 
OPERA ?INC COS T/YkAR 
EXTRAORDINARY ONE TIME FXPFNBk 
YEAR OF EXTRAORDINARY EXPINBF 
THRUF'UT/YEAR 
COST OF DEBT 
CO.ST OF EQUJ TY 
FRACTION DEBT FJNANCED 
PLANT L IFE - YEARS 
TAX RATE 
TOTAL DEFRECIABI E l-'l ANT 

= LEVELIZED COST 0!- Bfk'VJCF 
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2/80 

EXCAVATED CAVERN 

53750000. 
425000. 

2030000. 
0. 
0, 

.00 

.00 

.00 
,10 
.15 

0.6000 
27. .00 
0.4800 

61490000, 
$̂  
.00 
5.2; 

ERECTED 

BASF 

PLANT 
OPERATING COS 
THRUPU!/ 
COST OF 
COST OF 

'YEAR 
DEB I 

CASE H2 

• COST 
II/YEAR 

EQUITY 
FRACTION DEB! 
PLAN! 1 JFL -
TAX RAIL 
TO TAi D|-
' = LEVEL 

T'KkCJ 
. L ZED 

• 1 I NANCE 
YEARS 

:D 

ABLE PL AN 1 
COBT OF SERVICE 

2 B.C. $4 \K> 

52500000.00 
425000.00 

2030000.00 
0.1 0 
0.15 

0.6000 
2 7.00 
0.'4800 

6006000U.00 
$ 5 . 1' ' 

EKI C r i D P L A N ! COB! 
OPFkATINO COS! /YEAR 
THRUPU!/- I FAR 
COST OF DEBT 
COBT OF L 
FRACTJON 
PLANT I IF 
TAX RATF 
TOTAL DF 

m I T 'I 
Dl BT FINANCE 
E - lEAKB 

I 'REl ' IAOI.L FLANl 
I FVI I TZLD COST OF BLk 'V I l I 

3 B . C . $3 5 H2 

59400000.00 
425000.oO 

2030000.00 
0.1 0 
0.1 5 

0.6000 
2 7.00 
0.4800 

67953600,00 
$ 5 . 8 0 

EKECTLD I'l ANT COST 
OPFRA! INt ' CO 
THkUPUT/YF Ak 
COBT 01 Dl BT 
COBT OF E Q U I I f 
FkAC TFON 111 BT I 
Pi A N ! I I F L YL 
TAX RATE 
TO f i l l DLPkFL I AMI 

>! •' YF i ' i k 

JNANCL 
Ak'B 

I I AN 1 
LE VFLLZFD COBT OF bl I,'" 11 L 

$ B . C . INVFNTORr' FXPI NBL 3 !iii ,r GAB 

50000000.00 
875000.00 

2030000.00 
0.10 
0.15 

0.6000 
27.00 
0,4800 

5/200000.00 
$ 5 . 3 3 

ERECTED P L A N ! COS! 
OPERATING COOT/YEAR 
THRUPUI/YEAR 
COBT OF DEBT 
COST OF E Q U I ! t 
FRACTION DEB I FINANCI D 
PLANT L I F F - I'EARS 
TAX RATE 
TOTAL DEPRFC1ABI 1 P L A N ! 

L E V E L I Z E D COS! 01 BF|..'V1CE 
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//»U 

5 B.C. EX. CAVERN INV EXPENSE H2 !'$4 H2 

50000000,00 ERECTED PLANT COST 
725000.00 OPERATING COST/YEAR 
2030000.00 THRUPUT/YEAR 

0.10 COST OF DEBT 
0.15 COST OF EQUITY 

0,6000 FRACTION DEBT FINANCED 
27.00 PLANT 1 IFL - YEARS 
0.4800 TAX RATE 

57200000.00 TOTAL DEPRECIABLE PLANT 
$5.06 = LEVELIZED COB! OF SJERVJC! 

6 B.C. INV EXP. BABE GAS H-12 t.J5 

5 0 0 0 0 0 0 0 . 0 0 ERFCTLD FLANT COST 
J 5 5 0 0 0 0 . 0 0 OPE k'A TING COB!- 'YEAR 
2 0 3 0 0 0 0 . 0 0 THRUPUI /YEAk 

0 , 3 0 COBT OF DLBT 
0 , 3 5 COST OF I QUI I i' 

0 , 6 0 0 0 F R A C ! I O N DFB! FINANCED 
2 7 . 0 0 I'l ANT I JFL - Yi ARC 

0 , 4 8 0 0 TAX k ' l i lF 
5 7 2 0 0 0 0 0 . 0 0 TOT A L D F F' i ; k i J A BI I F' L A i-J I 

$ 5 . 4 7 = L L V L L I Z E J i COB? 01 -JFF'VJC 

7 B . C . 1 .3*BURFACI l l ^ J I P h F N l 

5 5 2 5 0 0 0 0 , ' , ' 0 I k L C J i n PLAN! COBT 
4 2 5 0 0 0 . 0 0 OPEkA? LNG COBl /Y iEAk 

2 0 3 0 0 0 0 . 00 THRUI 'U I / fEAk' 
O . JO COST 01 DFBT 
0 , 1 5 COB! 01 LQUI ?Y 

0 , 6 0 0 0 i " k A C ? i o N d i m M N A N C F D 
2 / , 0 0 PLANT I IF IE Yl Ak'B 

0 . 4 8 0 0 TAX k'A IE 
6 3 2 0 6 0 0 0 . 0 0 TOIAI . D F I k E C I A B I I I L A N ! 

$ r . . 4 3 -- L I V I L L E F U COB? 01 BL|..'V3l 

8 B . C . 0 . / * B U k F A C I I QUI I 'M IN I 

5 2 2 5 0 0 0 0 . 0 0 ERECTED PLAN! COST 
4 2 5 0 0 0 . 0 0 OPERATING COB T/YEAF; 

2 0 3 0 0 0 0 . 0 0 THRUPLl I / Y L Ak 
0 . 1 0 COST OF DFB! 
0 . 1 5 COST 01 EQUI IV 

0 . 6 0 0 0 FRACTJON Dl B1 i*1NANi;fcD 
2 7 . 0 0 I'l ANT L I F F YfcARB 

0 . 4 8 0 0 TAX R A I L 
5 9 / 7 4 0 0 0 . 0 0 TOIAI . DFPk'ECJABLE Pi ANl 

$ 5 . 1 3 - LLVEI I Z F D COBT OF SERVJC 
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RUNS 9 AMo 10 OMITTED FROM ANALYSIS SO THAT SUBSEQUENT NUMBERED 
RUNS CORRESPOND TO THOSE OF OTHER FIELD TYPES. 

11 B.C, 1,3* TOTAL 

68750000.00 
425000.00 

2030000.00 
0.10 
0.15 

0.6000 
27.00 
0.4800 

78650000.00 
$ 6 . 6 8 

ERECTED PLANT COST 
OPERAT[NO COST/YEAR 
THRUPU!/YEAR 
COST OF Dl B ! 
COBT OF EQUFIY 
FRAC H O N D F B ! I 1 NANCED 
PI ANT I JFL YFARS 
TAX RATE 
TO ! A! DEPk'E CI ABI E F'L AN T 

LEVEL LZFD COBT OF SFRVH I 

12 B . C . DEBT k'ATC--5'i 

5 3 / 5 0 0 0 0 , 0 0 ERECTLD P L A N ! i ;OS! 
4 2 5 0 0 0 . 0 0 OPFRA! LNG COST/ 'vLAk 

2 0 3 0 0 0 0 , 0 0 T H k U P U I / r E Ak 
0 , 0 5 COBT 01 DLB ! 
0 , 1 5 COBT OF FQU, I ,' 

0 . 6 0 0 0 FKAC n ON TU B? I JNANi' l D 
2 7 , 0 0 i'l ANT I IF I - Yl ARC 

0 . 4 B 0 0 TAX k A I I 
5 9 5 5 5 0 0 0 , 0 0 TOTAL D F P R E U A B I L I 'LAN I 

$ 4 . 2 7 - I I VLI J ZED COS? 01 SFRVJCI 
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2/80 

13 B .C. DEBT RATE -=15% 

53750000 .00 
4 2 5 0 0 0 . 0 0 

2 0 3 0 0 0 0 . 0 0 
0 . 1 5 
0 . J 5 

0 .6000 
2 7 . 0 0 

0 , 4 8 0 0 
63425000 ,00 

ERECTED PLANT COST 
OPFRAT CNG COS F/YEAR 
THR'UPUI/YfcAk 
COST 01- DEB I 
COST OF EOUT FY 
FRACnON DEB I I 3 NANCE D 
PLANT L l t - i : - YLARS 
FAX RAII-
TOIAL DEPRirCJABf F I'LANF 

* f t . 3 5 =• LLMfcLIZEIi CUiU" Or SEK'M]CL 

14 DE'BT RAFF = 20'^ 

53750000.00 
425000.00 

2030000.00 
0. 20 
0,5 5 

0.6000 
27.00 
0.4800 

65360000.00 
1.7.51 

l -RECirn PLANT COST 
OPFK'ArrNG COST/YE AH 
THRUfli l /YEAR 
COtiT 01 HEBf 
COST OF E aUI 1 r 
FRACITON IiFKiT F ] NANCLfi 
PLANT 1 11 I: - YEAkE, 
FAX RAIL 
FOTAL l i i :PRFi; iAWJ PLAN I 

Lf ML I IZEIi COHF 01 ;-)FF;VH1 

15 IiFBT RATI. ' IKACI I t iN D l f f l 0 

53750000.00 
4 2 5 0 0 0 , 0 0 

2030000 .00 
0 . 0 0 
0 . 1 5 

0 . 0 0 0 0 
2 7 . 0 0 

0 . 4 8 0 0 
53750000 . 0(' 

$ 7 . 1 2 

ERi c n D PI AN! i,o;n 
0|•^KATIN^^ CObl 'rFAR 
THRUh UT/YEAR 
C05! 01 Diiru 
co ' j r ui I a m i Y 
F'KAi;i ION Hi HI I li'ANt FD 
PI Afjr I I N Yl ARo 
TAX Ki'ilE 
TOTAL FiFi'K1:( 1 ABI I- \H 1 

I r o i L i . r r i i rohT o r !SFF;gn i 

3 6 FRACTION HI Bl 0.̂ ' 

53750000.00 ERECTED PLANT COST 
425000.00 

2030000.00 
0.10 
0.15 

0.2000 
2 7.00 
0.4800 

56760000.00 

OPFRATING COST'YEAR 
FHRUPUr/YLAk 
coGF OF i i r m 
COSF OF I QIIM ,' 
FRACFJON til hi FINHNri D 
PLANT M F F ~ 1'LAKo 
TAX RAFF 
FOfAL DEPRFt lABLL PI AN 1 

* 6 . 6 1 -- LLVFLI /CH COSF 01 SEK'VJCL 
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17 FRACTION DEBT -=0.5 

53750000.00 ERECTED PLANT COST 
425000.00 OPERATING COST/YEAR 

2030000.00 THRUPUT/YEAR 
0.10 COST OF DEBT 
0.35 COST OF EQUITY 

0.5000 FRACTION DFBF I 3 NANCED 
27.00 PLANF LIFE - YEARS 

0.4800 TAX RATE 
60468750.00 FOFAL DEPREClABIt PLANT 

%l.,63 = LEVELIZED COSF OF SliRVld-

18 FRACTION DEBT-0.0 

5 3 7 5 0 0 0 0 . 0 0 ERECTED PLANT COST 
4 2 5 0 0 0 . 0 0 OPERATING L,OSF/YEAR 

2 0 3 0 0 0 0 . 0 0 FHRUPU F/YE AR 
0 . 3 0 rOHF OF DFBF 
0 . 3 5 COSF !)i I UUI 1 Y 

0 . 8 0 0 0 FRACFIUN Dl B I I" I NANUfc D 
2 7 , 0 0 PLANF I IFF. YEARS 

0 . 4 8 0 0 FAX Iv'AIL 
6 3 2 1 0 0 0 0 . 0 0 FOTAL ULPRECIAB I I PLAN! 

* 4 . 4 8 - L I V E I 3 Z L D COSF UI S I R y U ; ! 

19 EQDI FY RATI"-5/ . ' 

5 3 7 5 0 0 0 0 , 0 0 FKLC1LD F I A N F COSF 
4 2 5 0 0 0 . 0 0 OPFRAT CNG CUST-'r'fcAP 

2 0 3 0 0 0 0 . 0 0 THRUF U T -• 1 CAR 
0 . 3 0 COSl 01 ULBT 
0 . 0 5 LOi)T OF LOU J F i' 

0 . 6 0 0 0 FRACTION DEUF I INANCLD 
2 7 . 0 0 PLANT I I F F - fEARS 

0 . 4 3 0 0 TAX R A i r 
5893 0 0 0 0 . 0 0 FO FAI DFPRCL } ABI L PL AN F 

1>3.23 L I ' V L U Z E I i COST 01 ' i l R V l C I 

2 0 EQUITY RAFi - 10% 

5 3 7 5 0 0 0 0 . 0 0 ERECFCD PLANK COSF 
4 2 5 0 0 0 . 0 0 OPERATING COST/YFAR 

2 0 3 0 0 0 0 . 0 0 FHRUPU T /YLAK' 
0 . 3 0 COSF OF DEBF 
0 . 3 0 COSF OF LQUIFY 

0 . 6 0 0 0 FRACTIfJN DEBT IJNANCFD 
2 7 . 0 0 PI ANF L 3 F L - YEARS 

0 . 4 8 0 0 FAX RATE 
6 0 2 0 0 0 0 0 . 0 0 FOFAL DCPREClABLr PLAN) 

* 4 . 2 0 = LEMEL3 /ED COST 01 SERMICI-
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21 EQUITY RATE = 20 5̂  

53750000.00 ERECTED PLANT COST 
425000.00 OPERATING COST/YEAR 

2030000.00 THRUPUT/YEAR 
0.10 COSr OF DEBT 
0.20 COST OF EQUITY 

0.6000 FRACFION DEBT FINANCED 
27.00 PLANT LIFE - YEARS 

0.4800 TAX RATE 
62780000.00 TO FAI. DEPRECIABLE PLANT 

*6.42 = LEVELIZED COST OP SERVICE 

22 B.C. CONSFRUCFION TIME =3 YFAR 

53750000.00 LRrCFED PLANF COST 
425000,00 OPERAFING COST/YEAR 

2030000,00 FHRUPUT/YEAR 
0.3 0 COST OF DEBT 
0.3 5 COS! 01 EUUi TY 

0 . ibOOO !• RAC T 3 ON Dl BT F J NANCE D 
27.00 PI ANT LIFF - YLAF". 

0.4800 TAX RATE 
57620000.00 FOTAL DFPRLCJABIL PLAN I 

f.4,95 LLVELI/ID COST Dl SH>'V3(, 

?3 B.C. CONriFKUt ) ] ON T 3 Mi t'L AR5 

53/50000. 
425000, 

2030000< 
0. 
0, 

.00 

.00 
,00 
.30 
. 15 

0.6000 
27, .00 

0,4800 
595r,5000, 

*! 
00 
.,3 3 

i: K'i-CTLD PLANT COSF 
01 •! RAFING COST/YEAI-; 
THRUPUF/YE AR' 
COST OF DEB) 
ro'iF or I:QU] T> 
FRAf T ION DEBT I JNANLED 
PLANl LIFT - ^EAR'.> 
TAX RATI 
TOTAL DFFFa-CTABLE PLANl 

L CMEl 3ZFD COS) 01 SFRVJCL 

24 2500 rT> DfcI TH IXCAVATIUN BASE CASE 

56 750000 .00 Fk'ECTED PLANT COSF 
425000 ,00 

23 5 0 0 0 0 , 0 0 
0 . 3 0 
0 . 3 5 

0 . 6 0 0 0 
2 7 , 0 0 

0.4800 
64922000.00 

$5.24 

OPERAFING COSF/YFAR 
THRUPUT/YEAR 
COST or DEBT 
COSF 01 I. '.JUT ) r 
FRACTION DEBT I INANLED 
PLANF I.TFF - YEARS 
TAX RATE 
FOTAI DET'RECIABI.E FLAN) 

LEVELIZED COST Of SFRV3C 
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B . C . 2 5 0 0 F F . WITH ROCK AND MINER CREDITS 

5 1 7 5 0 0 0 0 . 0 0 ERECTED PLANT COST 
4 2 5 0 0 0 . 0 0 OPERATING COST/YEAR 

2 1 5 0 0 0 0 . 0 0 THRUPUT/YEAR 
0 . 1 0 COST OF DEBT 
0 , 3 5 COST OF EQUITY 

0 , 6 0 0 0 FRACFION DEBF FINANCED 
2 7 . 0 0 PLANT L I F E - YEARS 

0 . 4 8 0 0 TAX RATE 
5 9 2 0 2 0 0 0 . 0 0 FOTAI DEPRECIABLE PLAN) 

$ 4 . 7 9 -•= L E M F U Z F D COST OF SERVILE 

2 6 BASE CASr 4 5 0 0 F T. DEP TH 

5 0 7 5 0 0 0 0 . 0 0 Ek'ECTED PI ANT COST 
4 2 5 0 0 0 . 0 0 OPERATING COG I /YEAR 

1 9 4 0 0 0 0 , 0 0 THRUP l l I /YEAk 
0 , 3 0 COST OF DEBT 
0 , 1 5 COS) OF EQUITY 

0 , 6 0 0 0 FPACT]ON DEBT FJ NANCED 
2 7 , 0 0 PI ANT L I F E Yl AkS 

0 , 4 0 0 0 TAX RATI 
5 8 0 5 8 0 0 0 , 0 0 TOTAL DEFREC3ABLE PLANl 

1 .5 .21 - L E V E L ! . / I D COST OF S IRVTCL 

27 B . C . 4500 r i . WITH ROLL AND liJNLk L K I D i r ; , 

4 5 7 5 0 0 0 0 . 0 0 EkECTFD PI ANT COST 
4 2 5 0 0 0 . 0 0 OPERA) lNt5 i ; 0 ' > I / r 'EAP 

1 9 4 0 0 0 0 . 0 0 THRUPUI /YL Ak 
0 . 3 0 COST 01 DFB) 
0 . 3 5 COST OF E Q U I ) Y 

0 . 6 0 0 0 FRACTTON DEB I FINANCED 
2 7 . 0 0 PLANT LTFF YT Ak > 

0 . 4 8 0 0 FAX RATI 
5 2 3 3 8 0 0 0 . 0 0 FOTAI D E P k r c i A B L L PI AN) 

$ 4 . 7 2 -- LEVFI I / I D CuST OF SbPVJCI 

2 8 BASE CASI" 3 5 0 0 F F . Ul FH CPFDIT;) 

4 8 7 5 0 0 0 0 . 0 0 ERECFED PLANT COST 
4 2 5 0 0 0 . 0 0 OPERAFING COST/YEAR 

2 0 3 0 0 0 0 . 0 0 THRUPU T/YE AR 
0 . 3 0 COST 01 DI'B) 
0 . 3 5 COS) OF EQUI Ti 

0 . 6 0 0 0 FRACTION D r B I F 3 N A N r i D 
2 7 . 0 0 PLANT L I F F Y fAPS 

0 . 4 8 0 0 FAX RATF 
5 5 7 7 0 0 0 0 . 0 0 FOTAL DEPk'FCJABI.i PI AN I 

$ 4 . 8 0 •= LEVFI CZI-D COST OF SI'RVJCE 
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2 / 8 0 

B . C . 3 5 0 0 FT OPERATING C O S r / 2 

5 3 7 5 0 0 0 0 . 0 0 ERECTED PLANT COST 
2 0 0 0 0 0 . 0 0 OPERATING COSF/YEAR 

2 0 3 0 0 0 0 , 0 0 THRUPUT/YEAR 
0 . 3 0 COST OF DEBT 
0 . 1 5 COST OF I : Q U 3 TY 

0 . 6 0 0 0 FRACFION DEBT FINANCED 
2 7 . 0 0 PLANT L I F E - YEARS 

0 . 4 8 0 0 TAX RATE 
63 4 9 0 0 0 0 . 0 0 TOTAL DEPRECIABLE PLANT 

$ 5 . 1 5 = L F V E L T / E D i;OST OF SCRVJCb 

B . C , 3 5 0 0 FT OPERATING COS 1*2 

5 3 7 5 0 0 0 0 , 0 0 l-'RFC TFD PLANT COST 
8 5 0 0 0 0 , 0 0 OPERATING C O S l / r L A k 

2 0 3 0 0 0 0 , 0 0 THRUPLIT/YLAk 
0 , 1 0 COST 01 DFBI 
0 , 3 f . Ca'')r OF EQUI IY 

0 . 6 0 0 0 F R A O I O N TirOT M N A N l f D 
2 7 . 0 0 PI ANT L ] F r r i AF,;i 

0 , 4 8 0 0 TAX k'ATE 
6 3 4 9 0 0 0 0 , 0 0 TOTAL D E P k F C l A B I I FLAN) 

$ 5 . 4 7 - L i : V L L l / L D COST OF S l I k V l C L 

B . C . 3 5 0 0 I 1 SALVAGE VALUE FOR BASF GAS I 

5 3 7 5 0 0 0 0 , 0 0 E k E C T I D PLANT COST 
4 2 5 0 0 0 , 0 0 OPF RAT INF, COST/YEAR 

- 3 7 5 0 0 0 0 , 0 0 EXTkAORDrNAkY ONI TIME l < P F N S I 
2 7 . 0 0 YFAR OF EX TRAORD I NAkY FXI'FNSF 

2 0 3 0 0 0 0 . 0 0 T H R U P U ) / r i Ak 
0 . 3 0 COST DF U L M 
0 . 1 5 COST OF I QUI ) i' 

0 . 6 0 0 0 PRACrJON DrHT I INANCLD 

2 7 . 0 0 PLANT L I F F Yl AkS 
0 . 4 8 0 0 TAX RATF 

6 1 4 9 0 0 0 0 . 0 0 TOTAL DEPRECJABI I i I AN I 
$ 5 , 2 5 - L r V F L [ / I D l"(L.( OF SFk'VJCI 
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