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INTRODUCTION

The Nation has embarked on an aggressive program to develop its
indigenous resources of geothermal energy. For more than a decade,
geothermal energy has been heralded as one of the more promising forms
of energy alternate to oil and gas for electric power generation, but
during the last fifteen years, the total capacity in the U.S. has
reached 502 MWe, about half the size of a single modern nuclear power
plant. And yet, the United States, especially its western and Gulf
coast states, is believed to possess a vast resource base of geothermal
heat at depths up to 3 to 10 km. Many estimates of these potential re-
sources suitable for the production of electric power have been pub-
lished and they range over a spectrum of more than a factor of 100.
This variation suggests that the potential is essentially unknown.

Table 1 gives a range of published forecasts for the year 1985 and
the equivalent potential in number of 1000 MWe power plants and in oil
consumption in millions of barrels per day. In view of the estimated
construction of about 200 to 250 nuclear power reactors by 1985-90, the
pessimistic forecasts clearly show that the contribution of geothermal
energy to the Nation's energy supply may indeed be small. The optimis-
tic forecasts represent more than 15% of the total electric power re-
guirements estimated for the year 1985. The Task Force for Geothermal
Energy, in the Federal Energy Aministration Project Independence Blue-
print report of November 1974, established a national goal for 1985 of
20,000 to 30,000 MWe , the latter value representing an equivalent en-

ergy supply of one million barrels of oil per day. This goal was
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clearly a compromise between what is worth a national effort and what
might be realistically achieved. The potential for adding or replacing
the equivalent of some 25 nuclear power plants or for conserving one
million barrels of oil per day should be an adequate incentive for the
Nation to accelerate the development of a viable geothermal industry.

A puzzling enigma appears. |If the potential resource base of geo-
thermal energy is so vast, why has significant utilization not occurred?
The entire U.S. production of electric power from geothermal resources
occurs at one location, the Geysers in California, where over a 15-year
period starting in 1960, generating capacity has grown from 12 MW sup-
plied by Unit No. 1to the total of 502 MW attained with the startup
of the 106-MW Unit No. 11 in May 1975. The Geysers is the largest geo-
thermal electricity generating station in the world. The entire world-
wide capacity of electric power generation by geothermal resources is
slightly more than 1000 MW, the equivalent of the capacity of a single
modern nuclear power plant.

Utilization of geothermal fluids for thermal energy in the US. is
almost negligible. And yet throughout the country, fossil fuels are
consumed in large gquantities to boil water for heating and electric
power generation, both at very low thermal efficiency. Some countries
already use geothermal fluids for its thermal energy, notably Iceland,
where municipal heating is an important utilization. Several countries,
responding to increased public awareness that future supply of fossil
fuel may be very limited, are examining the potential use of indigenous
thermal waters for industrial and municipal heating.

How is this enigma to be solved; how is the United States (and

other countries) endowed with potentially-bountiful geothermal resources
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going to develop these natural resources as a significant contribution

to its energy supply? The attainment of a national goal to contribute
an equivalent of one million barrels of oil per day from geothermal re-
sources clearly requires accelerated development of a geothermal industry
capable of providing 20,000 to 30,000 MW of electric power and thermal
energy in the next ten to fifteen years. And this objective will require
a national effort to accelerate and coordinate development in three
parallel tasks: (1) the discovery, proving, and extraction of geothermal
resources to provide a significant supply of hydrothermal fluids for
direct utilization and to produce more than 5 X 1012 kWh of electricity
over the amortization period of the investment in resource development
and power plant construction, (2) the technology to convert the resources
as found in its various natural forms and qualities into electricity,

and (3) the removal of unnecessary institutional constraints to the
rapid development of a cost-effective and environmentally-acceptable
industry.

A major factor which helps create the enigma of vast resource base
and little utilization is the variability of geothermal resources. The
geothermal energy cycle, although simple compared to other alternate
energy sources, Is actually complex in that geothermal resources occur
in many types of geologic, thermodynamic, hydrodynamic, and chemical
quality. As a result, the major problems in the energy cycle vary by
type of resource. Table 2 lists the key aspects of the cycle from
exploration to utilization that must be evaluated for each type of
resource.

Several general reviews of the state of the art of geothermal en-

ergy resources and technology are listed in the Bibliography. One is
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TABLE 2

PROBLEM AREAS [N THE DEVELOPMENT OF THE
GEOTHERMAL ENERGY CYCLE

VARIABILITY OF GEOTHERMAL RESOURCES
LOCATION OF SUBSURFACE RESERVOIRS
RESERVO IR EVALUATION

EXTRACTION TECHNOLOGY

CONVERSION TECHNOLOGY

POTENTIAL FOR MuLTIPLE UTLIZATION
ENvIRONMENTAL ImPACT CONTROL

LEGAL AND INSTITUTIONALCONSTRAINTS




the proceedings of the 1970 United Nations symposium on the development
and utilization of geothermal resources. Another is the 1973 compila-
tion of an Ad Hoc Working Group convened by UNESCO. A general introduc-
tion to geothermal energy is the proceedings of the American Nuclear
Society conference on geothermal resources, production, and stimulation
held in 1972. Among other compilations of papers on geothermal energy
are the proceedings of the second and third All-Union conferences on
geothermal energy organized by the Scientific Council for Geothermal
Investigations of the USSR Academy of Sciences. Translations of these
proceedings are not generally available, but much of the technical con-
tent is given in the Soviet papers of volume 2 of the United Nations
Symposium and in the ARPA reviews of Soviet literature in geothermal
energy. The proceedings of the Second United Nations Symposium held

in San Francisco in May 1975, adds another major contribution to the

literature of geothermal energy.

GEOTHERMAL RESOURCES

The upper 10 km of the earth's crust may contain more than 3 x 1026
cal of heat, a resource base readily classified as vast. However, much
of this energy is too diffuse to be exploitable as an energy source.
Geothermal resources may be defined as localized deposits of geothermal
heat concentrated at attainable depths, in adequate volumes, and at tem-
peratures sufficient for commercial exploitation.

The only geothermal resources presently used for electric power
generation are high-quality hydrothermal convective systems which con-
tain high-enthalpy geofluids suitable for transferring the geothermal

heat to the surface for direct use in low-efficiency steam turbines.
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Unfortunately such resources have been discovered at only a few places
on earth. More than 75% of the world's geothermal electric power capac-
ity results from vapor-dominated hydrothermal systems which produce dry
or super-heated steam for direct conversion. The remaining capacity re-
sults from high-temperature , low-salinity, water-dominated hydrothermal
systems in which the geofluids are flashed on production, and only the
separated steam is used for electric power generation. The liquid frac-
tion is either wasted or reinjected into the ground. These systems are
commercially less desirable because only a small fraction of the water
flashes to steam, thermal efficiencies are low, and plant operational
problems are more severe.

Liquid dominated hydrothermal systems are expected to be many times

more abundant than vapor-dominated hydrothermal systems. Moderate-to-

high salinity hydrothermal resources may be more abundant than low
salinity resources. And other types of geothermal resources, such as
hypersaline brines, geopressured fluids, volcanic and magmatic deposits,
and impermeable hot-rock massives, which are not yet commercially ex-
ploitable, may be even more abundant than the currently exploited hydro-
thermal resources. Thus the answer to the utilization enigma may lie not
so much with the magnitude of the resource base, but more with the abil-
ity to locate suitable concentrated deposits of geothermal heat and the
technology to extract the energy in quantities which areeconomically and
environmentally feasible.

Although estimates of the geothermal resource base are available,
the magnitude of the potential reserves is not yet well defined. The

location of underground deposits of geothermal heat, especially where



thermal manifestations are not visible at the surface, is a difficult
task. Over one million acres of "hot spots,” areas of known geothermal
energy, were identified as early as 1967 by the U.S. Department of the
Interior in designated Federal lands in five western states as having
current potential value as geothermal resources. An additional 86 mil-
lion acres of land in thirteen states were designated as prospectively
valuable for geothermal resources. Since then several other inventories
of known geothermal resource areas (KGRA) have been compiled. A current
assessment of U.S. geothermal resources has been completed by the U.S,
Geological Survey and a summary of the resource base, by resource type,
is given in Table 3.

Exploration for geothermal resources has been undertaken by industry
on private lands, and through the Federal Leasing Act of 1970, on Fed-
eral lands by competitive and non-competitive leasing under supervision
of the Bureau of Land Management. Although total values are difficult to
ascertain, it is estimated that about 100,000 acres on Federal public
lands and about 200,000 acres on Federal Indian lands were under lease
for geothermal exploration in mid-1975.

Resource exploration and assessment of potential reservoirs of
geothermal energy are made by the variety of earth science methods
listed in Table 4. Details of these methods are available in the general
references listed in the Introduction. The final phase of geothermal
exploration is the drilling of exploratory wells. 1t is from these
wells that data for evaluating the suitability of the resource as a pro-
duction reservoir are obtained, Major factors in the economics of ex-

ploration and production of geothermal fields are the success of




TABLE 3

SUMMARY OF GEOTHERMAL RESOURCE BASE OF Tt E UNITED STATES*

EsTIMATED HeaT ConTent (10% 8CAI_)

IDENTIFIED PoTENTIAL
HYDROTHERMAL CONVECT@N SYSTEMS
VAPOR-DOMINATED (STEAM) 26 50
Hich T - HoT WATER (T > 150°C) 370 1,600
Moo T - HoT water (90° - 150°C) ——345 —1.400-
ToTAL 740 3,000
HOT IGNEOUS SYSTEMS
MAGMA AND HOT ROCK 25,000 100,000
GEOPRESSURED BASIN PART OF
REGIONAL CONDUCTIVE SYSTEMS —10,920 — 44 000
TOoTAL RESOURCE BASE 36,660 147,000

*

FRom D. F. W= anp D. L. WiLLiavs, EDS., ASSESSMENT OF
GEOTHERMAL RESOURCES OF THE UNITED STATES - 1975, U. S.

GEoLoGICAL SURVEY CIRCULAR 726, 1975,




TABLE 4
GEOTHERMAL EXPLORATION METHODS

EXPLORATION SURVEYS
AIRBORNE
AEROMAGNETIC SURVEY
THERMAL INFRARED SURVEY

GEOLOGICAL
TecTon ICS AND STRAT IGRAPHY
RECENT FAULTING
DistriBuTION AND AGE OF VoLcaAnIC Rocks
THERMAL MANIFESTATIONS

HYDROLOG IC
SURFACE DISCHARGE OF GEOFLUIDS
TEMPERATURE OF FLUIDS
CHEMICAL ComMPOSITION OF FLUIDS
GROUNDWATER HYDROLOGY
METEOROLOGY

GEOCHEMICAL
CHLORIDE CONCENTRATION
S10, CONTENT
Na-K-CA RaT10S
|soTop1c CoMPOSITION OF HYDROGEN AND OXYGEN

GEOPHYSICAL
GEOTHERMAL GRAD IENT
HEAT FLow
ELECTRICAL CONDUCTIVITY
Seismic AcTiviTy

EXPLORATION HOLE DRILLING
RESERVOIR CHARACTERISTICS
TEMPERATURE-DEPTH PROFILE
PRESSURE-DEPTH PROFILE
LITHOLOGY AND STRATIGRAPHY
PERMEABILITY LoG

PorosITY Loc
FLutD CoMPOSITION
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techniques available for surface exploration of potential resources and
exploratory drilling of potential reservoirs. Improvements and novel

methods for reducing costs in these two initial phases of the geothermal
energy cycle are thus of great importance. In order to achieve the goal
of providing an equivalent of one million barrels of oil per day by geo-

thermal resources, it is evident that exploration for geothermal re-

sources, especially hydrothermal, must receive a very high priority by
the U.S. energy resource industry.

The magnitude of hydrothermal resources required can be estimated
frcm the following calculation for a 100 MWe generating plant operating
with flashed steam of 555 kcal/kg (1000 Btu/1b) heat content. The re-
quired geofluid production rate for a hot-water system yielding 10%
steam on flashing with a thermal efficiency of 20 percent, would be
7.75 X lO6 kg/h (1.7 X 10’ 1b/hr). The amortization of the 100 MWe
plant over a period of thirty years would require a total production of
2.1 X 1012 kg hot water, and a mean reservoir porosity of 10 percent
would require a geothermal reservoir volume of about 2 km3. At a 50
percent condensation efficiency, the plant would discharge a hot water
supply of about 100,000 m3/d (2.5 x 107 gpd) .

For a national capacity of 20,000 MWe, these values are multiplied
by a factor of 200. Thus reservoirs supporting 200 units of 100 MWe
generating plants must be located. These reservoirs will produce about
1.5 X 109 kg/h of hot water. For a mean well production flow rate of
250,000 kg/h a total of 6,000 production wells will be needed, and for

a mean spacing of 100,000 m2/well (25 acres/well), a total reservoir

area of 6 X 108 o2 (1.5 x 105 acres) of geothermal resources must be



found. It IS evident that if hydrothermal systems are to provide the
nation with 20,000 MWe, very high priority for resource exploration and

assessment IS indeed required.

UTILIZATION TECHNOLOGY

Utilization of geothermal energy varies with the quality of avail-
able resources. It has been noted that the present geothermal industry
kas focused on high quality hydrothermal resources. Extraction and con-
version technologies for dry-steam reservoirs are sufficiently advanced
to be commercially attractive. Conversion technologies for hot-water
resources are more complex, and for hot brines, geopressured basins, and
hot dry rock formations, they are even more complex; commercial utiliza-
tion is still further away. Since these latter types of resource hold
great promise, technology to exploit them must be developed.

Stimulation of geothermal energy production can be achieved by re-
search and development to (1) increase the modes of resource utilization,
(2) improve energy conversion technology, and (3) provide advanced
methods of energy extraction. Increased efficiency in each of these
three aspects of the geothermal energy cycle is attainable.

Development of a geothermal field generally involves the geofluid
characteristics, steam separation and gathering facilities, turbine and
generator equipment, cooling systems, and condensate disposal methods.
Such development presupposes that electric power generation is the sole
purpose of the field development. It may turn out, however, that for
many geothermal reservoirs, non-electric utilization of the resource may
make the reservoir economically feasible, with significant conservation

of* fossil and nuclear fuels. Several modes of utilization of geothermal
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resources are listed in Table 5. Hydrothermal fluids with temperature
or enthalpy too low for economic electric power production may be use-
ful for water or mineral sources and for industrial, agricultural, and
municipal hearing. However, since major interest in geothermal energy
is for the production of electric power, combined or total utilization
may help make many geothermal reservoirs submarginal in power production
alone become economically feasible. The possibility of building a com-

muniity around a geothermal resource, with municipal heating, an industrial

park of process firms requiring hot water and concomitant electric power
production appears feasible. Thus, research for methods stimulating
geothermal resource utilization in all forms is well warranted.

General methods for producing electricity from geothermal fluids are
surmarized in Table 6 and are described adequately in the several cited
references. The choice of a conversion cycle is generally dependent on
the thermodynamic and chemical properties of the geofluid. Present com-
mercial plants utilize low-salinity hydrothermal systems with steam or
water at temperatures above about 200°C in the single-stage direct steam
turbine conversion system. To utilize lower temperature fluids, inves-
tigations are underway to develop other conversion systems; among these
are multiple-flash low-pressure steam turbines, single and multiple
stage binary cycle systems, and hybrid systems combining these two.

The binary system appears to be the most promising for utilization of
geofluids with temperatures between 100°C and 200°C. However only one
experimental facility, the Pauzhetlca station in the Kamchatka peninsula
of the USSR, has been constructed to date. The binary system most
likely to be successful in the U.S. will require a downhole pump to

prevent flashing, a heat exchanger which can operate without excessive
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TABLE 5
UTILIZATION OF GEOTHERMAL ENERGY

ELEcTRIC Power ProDUCTION

DIRECT USE OF DRY STEAM
FLASHING OF HOT WATER TO STEAM
SURFACE FLASHING
IN-SITU FLASHING
BINARY AND HYBRID CYCLES
INNOVATIVE SINGLE-WELL CONVERTERS

DIRECT Use ofF THERMAL WATERS

AGR ICULTURE
AQUICULTURE

SPACE HEATING

I NDUSTRIAL PROCESS ING
MED ICAL THERAPY

BYPRODUCTS

MINERAL EXTRACTION
WATER RESOURCES
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TABLE 6
TYPES OF GEOTHERMAL POWER PLANTS

HEAT SOURCE CENERATION MoDE
DRY STEAM STEAM TURBINE
Hot Water (T >180°C) STEAM TURBINE
Hot Water (T <150°C) BINARY CYCLE
Hot WATER
(MODERATE SALINITY) HyBrRD CyCLE
HoT BRINE (PRESSURIZED) BINARY CYCLE
Hot BRINE (FLASHED) I MPACT TURBINE

HELICAL ScRew EXPANDER
BLADELESS TURBINE
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corrosion and deposition, and a circulation system which allows for re-
injection of the geofluids for environmental control purposes,

Several types of downhole pumps are under development, involving
design concepts which use (a) in-situ heat to operate a closed steam-
generator-turbine to drive the pump, (b) a high-speed, high-temperature
high length-to-diameter electric-motor driven pump, or (c) a hydraul-
ically driven unit with hydraulic power from the surface. Heat exchanger
concepts include fluidized sand beds to enhance heat transfer rate and
maintain clean surface, and liquid-liquid systems with direct contact
of immiscible fluids, tray-tower contactors, or subcritical or super-
critical power cycles.

Flash and binary systems are useful in large power plants having
capacity in excess of 50 MWe. They require complexes of multiple-well
field development and extensive networks of gathering lines. Innovative
conversion systems are under development in which small power plants, in
sizes of 1 to 15 MWe, may be installed at individual wells. These sys-
tems may involve a total flow concept in which both the thermal and
kinetic energy of the geofluid is used for production of electricity.

One of these is the impulse turbine, in which the thermal energy is
converted to kinetic energy through a converging-diverging nozzle, and
the high-velocity output drives a hydraulic impulse turbine operated at
low pack pressure. Calculations indicate that a large unit (e.g.,

220 MWe) might be feasible for the Salten Sea geothermal brines, which
contain as much as 230,000 ppm total dissolved solids, The material
handling problems of such brines are indeed enormous, but the dissolved
solids may also represent a source of valuable minerals, such as lead,

manganese, and copper, if they can be processed economically.
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Another total-flow concept is the helical rotary screw expander
which expands the vapor from hot saturated liquids by continuous pres-
sure reduction in the expanding screw, in essence creating an infinite
series of flashing stages. A small 62.5 kV prototype model was tested
successfully with moderate salinity geofluids with indications that it
can accept the total flow of untreated brines. Still another concept is
the bladeless turbine, in which a series of closely-spaced disks are
rotated by viscous drag exerted by geofluids introduced by a nozzle.

The device seems simple and self-cleaning, but the overall efficiency
may be small.

Increased extraction efficiency represents a major means to stimu-
late geothermal energy production, especially for non-hydrothermal reser-
voir systems. Calculations show that hot-water reservoirs contain a
larger amount of available energy than stem-filled reservoirs under the
same reservoir conditions because of the much larger mass of water; but
in either system, the heat contained in the rock formation is much
larger than the heat in the fluids. Thus recovery of the formation
heat would be of major economic significance. Extraction of formation
heat must be a non-isothermal process, which can be achieved either by
flashing geothermal liquids to steam within the formation or by recycl-
ing colder fluids back into the formation. Laboratory investigations
and theoretical calculations of reservoir models are underway to deter-
mine the extent of heat extraction from fractured reservoir formations.

The natural extraction efficiency of energy from impermeable hot
dry rock formations is extremely small. And yet hot dry rock in the up-

per 10 km of the earth's crust represents a major potential resource of
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geothermal energy. The volumetric energy extractable from hot dry rock,
calculated for average expected properties and possible technical extrac-
tion efficients, is of the order of 1.2 X 109 kvsl‘n/km3 of fractured rock,
equivalent to a volumetric power extraction of 1.4 MW/km> for one century.
The technical challenge is the ability to fracture such volumes of hot
rock massives and achieve an extraction efficiency of the order of

10 percent.

Fracture stimulation methods are useful for many types of geothermal
reservoirs. In vapor-dominated systems, stimulation may restore declin-
ing pressure or connect dry holes in commercial steam fields to producing
sections. In liquid-dominated systems lacking sufficient productivity
for economic power generation, fracture stimulation may provide larger
wellbore diameter for increased flow rate, greater surface area for heat
transfer, or restore porosity or permeability around wells having depos-
ited silica, calcite, or other precipitated minerals. In dry geothermal
systems, stimulation is needed to provide large fracture volumes for
heat transfer to an artificial convective extraction system.

Several fracturing methods are under study; these include hydraulic
fracturing, thermal stressing, and chemical and nuclear explosive frac-
turing. Hydraulic and explosive fracturing methods have already proven
successful in stimulation of natural gas reservoirs.

Experiments to evaluate the potential for hydraulic and thermal
stress fracturing for recovery of geothermal energy from hot dry rock
formations are underway. In this concept a large diameter vertical
crack is created hydraulically at the bottom of a boreholde in the geo-

thermal formation. A second hole is drilled to intersect the upper part
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of the fracture, and a pump iS used to initiate artificial heat-
extraction circulation. It is hoped that pumping can be discontinued
if a natural convective circulation is achieved. The major technical
problems are the attainment of a vertical crack of about 2 km diameter
with sufficient fracture area, the creation of additional fracture
area by thermal stress of cold water injection, and the ability to
achieve a natural convective circulation without undue losses of
water, especially in arid regions. Calculations indicate that under
favorable conditions, the system might provide an average power of

about 100 MW (thermal) for twenty years.

INSTITUTIONAL ASPECTS

Although much remains to be done in locating adequate reserves
and developing adequate technology to meet the goals for exploiting
the Nation's geothermal resources, there is great confidence that these
will be achieved. These problems involve advances in physical research
and technology. Institutional problems however, also exist. Such
problems are complex; they involve public acceptance, vested interests,
historical precedents, existing regulations from other resources, over-
lapping jurisdictions, and economic and financial factors. These prob-
lems are often more difficult to resolve than are engineering problems,
and they may in the long run be the major constraints to an accelerated,
but orderly development of geothermal resources. The solutions to many
institutional problems may require broad public interaction, changes in

regulations and legislation, and perhaps changes in traditional invest-

ment and marketing procedures.
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Economic factors affect all forms of energy supply; they involve
total capital costs per installed power unit and operational costs per
unit of energy production. For geothermal energy, both of these cost
factors are strongly dependent on the specific characteristics of indi-
vidual reservoirs and the size of the installed power plant units.
Important capital costs include the investments for exploration, drill-
ing and completion of wells, gathering lines and waste handling systems
for all utilizations. For thermal energy applications, they also in-
clude the distribution system, and for electric power production, they
include the power plants and the transmission network. The production
costs are influenced by the cost of capital, operations and maintenance,
and plant utilization factor. |In the United States, additional costs
must also be added for environmental pollution control.

Factual cost data for geothermal electric power production in the
United States are available only for the Geysers field. The electric
utility purchases steam from only one supplier, but has negotiated to
purchase steam for future plants from additional suppliers. 1In the
development of future geothermal power stations, an option exists for
an integrated operation from exploration to power production in contrast
to the traditional roles of an electric utility purchasing steam or hot
water from an independent supplier. The general effect would be an in-
creased investment cost per kilowatt hour of energy.

Data for costs of recently-constructed power plant units at the
Geysers are sparse, but estimates for the original plants range from
about $100 to $150 per kW. Production costs were estimated at about
7 mill/kWh of which about 3.5 mill/kWh was the price of the purchased

steam. These estimates included a cost of 0.5 mill/kWh for injection
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of water condensate as a disposal method. With escalation of drilling,
construction, and environmental reporting costs over the past few years,
these cost values are not useful for estimating costs of new facilities,
especially for reservoirs which do not produce dry steam. Recent esti-
mates indicate installation costs may range from $500 to $700 per kW
and operating costs for binary conversion systems of the order of 20 to
40 mill/kWh. These costs, of course, are hypothetical, and more precise
costs will be generated as other major reservoirs and plants are devel-
oped and operated. A large uncertainty in the total cost is the fixed
exploration cost for the resource, which is independent of plant capac-
ity, and the average drilling costs of the production, dry, and injection
wells. Computer models to evaluate the relative importance of these re-
source and utilization costs are under development.

Because of large uncertainties in the technical costs of explora-
tion and drilling, conversion efficients, and stimulation techniques,
and because of the rapid escalation rate of these costs, it is difficult
not only to estimate costs on an absolute basis, but even to compare
costs of other forms of electric power generation. Besides the costs
affected by these technical factors, other factors more social in
nature must be considered. Among these are public acceptance and govern-
ment stimulus for accelerating the development of geothermal energy in
relation to other energy sources, the interpretation of compliance with
the National Environmental Protection Act of 1969, and the availability
of investment capital for development of geothermal resources and elec-
tric and thermal power plants. These socio-economic factors may require
much public and government deliberation before general philosophies are

widely accepted in practice.




Although geothermal energy is considered to be one of the least pol-
luting of the many forms of energy available, it should be assumed that
the public will insist that the environmental impact of producing geo-
thermal energy in all of its natural and stimulated forms, be thoroughly
investigated in accordance with NEPA and any additional requirements
under state and local legislation. Furthermore, in addition to environ-
mental impact, it is also evident that assessment will be required of
the operational aspects of the various types of resources which affect
personnel safety and plant maintenance.

In the evaluation of a benefit-risk analysis, geothermal energy is
expected to compare favorably with respect to other energy resources,
especially when viewed over the entire fuel cycle. Since geothermal
energy must be utilized or converted in the vicinity of the resource,
the entire "fuel cycle™ from reservoir to transmission is located at one
site. This is in contrast with material fuels in which the cycle in-
volves mining, storage, refining, transportation, reprocessing, and
waste disposal, many or all of these at different locations. Further-
more, increased utilization of geothermal energy may result in a cor-
respondingly reduced demand for material fuels in short supply, such as
natural gas, oil, coal, and uranium. And still further, geothermal
fluids may provide byproduct sources of water with reduced demand for
cooling water.

Geothermal energy, nevertheless, has its array of potentially
deleterious environmental impacts. A list of potential environmental
impacts is given in Table 7. A review of the more important ones has

recently been completed in a workshop sponsored by the National Science
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Foundation (see [7] in Bibliography) as the basis for a program to sup-
port research for baseline data and technology for monitoring potential
impacts and controlling actual hazards. The major impacts include
gaseous emissions, liquid waste disposal, and geophysical effects such
as seismicity and subsidence. Other concerns involve thermal releases,
surface water contamination, land use planning, cooling water consump-
tion, and visual and noise pollution.

An array of legal problems associated with geothermal resource
development also exists, These have been reviewed in another workshop
sponsored by the National Science Foundation (see {8] in Bibliography).

The legal problems of geothermal resources begin with resource
definition, which varies from state to state. For example, in Cali-
fornia geothermal resources are defined as “the natural heat of the
earth, the energy--which may be extracted from naturally heated fluids--
but excluding oil, hydrocarbon gas or other hydrocarbon substances."
This definition leaves open the question whether geothermal resources
are legally defined as water, mineral, or gas resources, and results in
large uncertainty with respect to Federal, state, and local jurisdictions.
On the other hand, the State of Hawaii considers geothermal resources as
minerals, whereas the State of Wyoming has declared them water resources.
As water resources, they would be subject to the very complicated set of
state laws concerning water rights and regulation. As minerals, they
would be subject to mining laws and such problems as ownership, depletion
allowances, and write-off of intangible drilling costs. Geothermal re-
sources have already been classified in court decisions in different

ways. In one case a U.S. District Court in San Francisco treated the
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Geysers geothermal resource as "nothing more than superheated water' and
therefore not a mineral, but in another case, the resource was held to be
a gas within the meaning of the Internal Revenue Code provisions for de-
pletion allowance and intangible drilling costs.

Ownership rights is also a serious institutional problem. The Fed-
eral govermment has given some 35 million acres of land to the home-
steaders, States, and railroads, but generally reserved the mineral
rights to the Federal government. However some State grants included
mineral rights and thus many problems exist in the ownership aspects of
Federal and State lands under the leasing of these lands for geothermal
energy development. Land utilization for geothermal resources also
comes under the jurisdiction of local governments, except for resources
on State or Federal lands.

Other institutional guestions at the State level include the acreage
level for commercial development, the need for long-range financial and
land use planning, and the overlapping of State regulatory agencies with
each other and with jurisdictions of local governments for permits, li-
cences, taxation, and especially environmental control. The latter may
be affected at the Federal, State, regional, county, or city government
levels. For example, in some areas, authority may be divided between
such agencies as a Regional Land Development Commission and a County Air
Pollution Control Board.

The institutional aspects of licensing and regulation of power
plants is very complicated; they cover the spectrum from Federal to local
jurisdictions. Regulations already exist with respect to the exploration,

drilling and operation of water and mineral wells in all states. The




extension to geothermal wells should be relatively simple. Yet the need
to satisfy the provisions of NEPA and any specific State environmental
requirements may make geothermal resource development a slow process.
For example, in California, the State Lands Commission, before it can
lease any lands under its jurisdictions, must make a finding at a public
meeting that the lease will not have significant detrimental environ-
mental effect and must prepare an environmental impact report available
to the legislature and the public. The corresponding problems of en-
vironmental impact from geothermal resources in private lands are not
yet fully resolved.

Once the field is developed to the point where a utility contracts
to purchase the resource and construct a power plant, other regulatory
agencies come into the picture, such as the Federal Power Commission and
corresponding state and local agencies. Site selection and environ-
mental analysis criteria are becoming of major importance in power plant
licensing for all types of energy resources and their effect on geo-
thermal energy development will probably be determined by solution of
these problems on a generic basis, rather than specifically for geo-
thermal energy alone.

Institutional problems thus involve many social, legal, environmen-
tal, and economic questions. The problems become more complex for land
use planning when geothermal resources span Federal , state, and private
lands. They involve capital investment problems for geothermal develop-
ment which may be considered to be high-risk and involve long-delay times
until they become income producing. They involve inter-industry arrange-

ments when multi or total utilization is needed to support economic
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development of electric power generation, thermal power heating, desal-
ination and mineral recovery. And they involve multi-government arrange-

ments in the realms of regulation, licensing, and environmental control.

NATIONAL GEOTHERMAL PROGRAM

Although significant growth of the one natural steam field in the
United States has occurred since 1960, it has become apparent that a
major national effort of industrial development supported by Federal
stimulation is needed to develop the potential of geothermal resources
in its several forms as an alternate energy source. Early efforts to
achieve a coordinated Federal program for the support of research and
development were undertaken by an informal Interagency Panel for Geo-
thermal Energy Research. From these efforts evolved a 5-year program
whose objective was the rapid development of a viable geothermal in-
dustry for the utilization of geothermal resources for electric power
production and other products. The goals and plans for this program
were prepared by the Interagency Task Force on Geothermal Energy under
direction of the National Science Foundation in the Federal Energy Ad-
ministration "Project Independence Blueprint™ (see [9] in Bibliography).
The task force evaluated two alternate strategies. The first was
""business-as-usual™ which assumed continuation of current policies af-
fecting levels of geothermal production. The second was ""accelerated
demand" which assumed specific changes that would result in a more rapid
expansion of potential production.

The task force estimated that under the "business-as-usual' assump-
tions, electric power capacity could reach 4000 MWe by 1985 and perhaps

59,000 MWe by 1990, The corresponding numbers for the "accelerated
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demand' assumptions were 20,000 to 30,000 MWe by 1985 and 100,000 MWe by
1990. These latter values were adopted as the primary goal of a pro-
posed National Geothermal Energy Research Program, which was directed
towards (1) providing the necessary technological advances to improve
the economics of geothermal power production, (2) expanding the knowledge
of recoverable resources of geothermal energy, and (3) providing care-
fully researched policy options to assist in resolving environmental,
legal, and institutional problems.

The major research funding agencies which contributed to the task
force program were the Atomic Energy Commission, the Department of the
Interior, and the National Science Foundation which served as lead
Federal Agency. The status of the research carried out under support
from these agencies is described in the proceedings of a conference on
research for the development of geothermal energy resources (see [10]
in Bibliography).

During 1974, two acts of Congress resulted in a marked change in
direction for the national development of geothermal energy. The first
was PL 93-410, the Geothermal Energy Research, Development, and Demon-
stration Act of 1974, which established a Geothermal Energy Coordination
and Management Project. The Project was given responsibility for the
management and coordination of a national geothermal development program
which included efforts to: (1) determine and evaluate the geothermal

resources of the United States; (2) support the necessary research and

development for exploration, extraction, and utilization technologies;
(3) provide demonstration of appropriate technologies; and (4) organize
and implement the loan guarantee program authorized in Title II of the

Act.
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The second law was PL 93-438, the Energy Reorganization Act of 1974,
which established the Energy Research and Development Administration,
ERDA, with responsibility as lead Federal agency for activities related
to R&D of all energy sources. The Act abolished the AEC and trans-
ferred the geothermal development function of the AEC and NSF to ERDA.
On January 19, 1975, ERDA assumed responsibility for the national pro-
gram of geothermal energy development. 1t has also assumed direction of
the Geothermal Energy Coordination and Management Project which has com-
pleted the Final Report required by PL 93-410 (see [11]). In addition,
ERDA, in response to Congressional requirements and internal needs, pre-
pared a comprehensive R,D&D plan (see [12]) for developing energy tech-
nology options. The geothermal section of the plan built upon the
predecessor plans of the Task Force for Geothermal Energy and the Geo-
thermal Project and has based the goal for the national program on the
rational given in Volume 2 of the Plan.

The objectives being considered in the ERDA program for geothermal
energy include methods to stimulate the industrial development of indige-
nous hydrothermal resources to provide the Nation with 10,000 to 15,000
MW of electric power and thermal energy during the 1985 to 1990 period
and to develop new and improved technologies for cost-effective and
environmentally-acceptable utilization of all types of geothermal re-
sources as a long-term alternate source of energy.

The strategy of the program which might accomplish such objectives
would be to accelerate industrial development of the nation's geothermal
resources by (1) coordinating efforts for exploration and assessment
of geothermal resources necessary to establish reserves by 1978-1980

which can support production of 20,000 to 30,000 MW of power,
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(2) demonstrating near-term and advanced technologies needed to utilize
many types of geothermal resources in a cost-effective and environmentally-
acceptable manner, and (3) fostering rapid development of a viable geo-
thermal industry by appropriate incentives, timely reduction of institu-
tional impediments, and direct participation of the private sector in
development and demonstration of geothermal energy technology.

Although ERDA assumes overall responsibility for effective manage-
ment and coordination of Federal geothermal activities, the scope of the
Federal program includes the efforts of many Federal agencies. The
Geothermal Steam Act of 1970 authorized the Department of the Interior to
lease Federal lands for geothermal resource exploration, development, and
production of energy and useful byproducts (such as methane, desalinated
water, and valuable minerals). The leasing program is conducted by the
Bureau of Land Management which is responsible for selecting lands for
lease and holding lease sales and the U.S. Geological Survey which
classifies the lands by appraised value.

The U.S. Geological Survey's geothermal research program is focused
on the characterization end description of the nature and extent of the
geothermal resources of the United States. The output of the U.S. Geo-
logical Survey's program is the determination of the magnitude of the
geothermal resource base on a national and regional basis. The Survey's
program includes development of exploration technology, methodology for
estimating energy potential of geothermal systems, environmental effects
of geofluid withdrawal, and geochemical aspects of reservoir permeability.

Some of the problems that have retarded the delineation of the

Nation's geothermal resources through the leasing of public lands include
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the lack of reliable information regarding suitable resources, even on
lands classified as KGRAs, insufficient requirements €or early explora-
tion and development of leased lands, andlegal problems involving owner-
ship and control of use of geothermal resources. Under a national
program, coordinated effort by ERDA and the Department of the Interior
would help to accelerate the establishment of geothermal reserves by
the resource industries. Potential actions include (1) accelerated
estimation by the U.S. Geological Survey of the available resources by
geologic type, (2) improved technology for resource exploration and
assessment and for reservoir evaluation, (3) easing of leasing impedi-
ments by better methods for designating KGRAs and establishing minimum
acceptable bids, (4) incentives for early development of leased lands,
and (5) recommendations for legislation to resolve legal uncertainties
pertaining to geothermal resources.

The second part of the strategy for the Federal program would ten-
ter on ERDA efforts for demonstration of near-term and advanced systems
for resource utilization, development of supporting research and tech-
nology, and execution of the Federal loan guarantee program. Demonstra-
tions of utilization technology could occur as (1) commercial-scale
demonstration plants to provide the public sector with operational ex-
perience with full-scale electric power plants capable of generating
energy at design production cost under pertinent environmental and
institutional conditions, (2) pilot-plant facilities to prove technical
feasibility, provide preliminary economic data, and provide capability

for testing new and improved extraction and conversion systems for

electric power production, and (3) field test facilities to improve
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reservoir assessment technology, evaluate reservoir characteristics and
performance, test and evaluate energy extraction and conversion components
and processes, evaluate material compatibility with geothermal fluids,
and test environmental control technologies. A supporting research and
development program could provide for development of hardware systems,
components, processes, and control techniques for installation in the
demonstration facilities and field testing of reservoir evaluation tech-
nologies for the range of resource types. Supporting research and devel-
opment program could also provide advanced research and technology to the
geothermal industry and its supplier and support industries for improved
productivity and utilization.

Implementation of the Loan Guarantee program should be coordinated
with the Bureau of Land Management's geothermal leasing program and
ERDA's research, development, and demonstration program. The program
could involve venture capital companies, reservoir developers, and lease
holders to maximize the impact of the loan program in stimulating early
development of commercial electric and thermal power facilities. The
Loan Guarantee program might be used primarily for income-producing
projects, such as field development and power-plant construction.

Smaller industrial firms could benefit from guaranteed loans by gaining
access to necessary private capital. Regulations and procedures govern-
ing the implementation of the loan guarantee program are currently being
drafted in coordination with other Federal agencies, such as the Small
Business Administration and the Economic Development Administration.
Approved regulations and operating procedures setting forth specific
information requirements to be met by the applicant and criteria govern-

ing the approval process should be widely publicized as early as possible.
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The third part of the strategy of the Federal program would involve
several Federal agencies, notably the National Science Foundation, in-
volved in assessing environmental, legal, and institutional problems of
advanced energy technology under its RANN program, the Environmental
Protection Agency, involved in environmental emission standards, moni-
toring, and control technologies, and the Federal Energy Administration,
involved in institutional aspects of the national energy situation.

With the mutual efforts of the Federal program and the geothermal
industry, the attainment of the National electric and thermal energy
goals for geothermal resources could add a significant alternate energy

source to the national economy before the end of the present century.
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