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ABSTRACT OF CONCLUSIONS

The geothermal resource base is defined as all the heat
above 15°C in the earth’s crust, but only a small part of this
resource base can properly be considered as a resource. The
magnitude of the geothermal resource depends on the evalua-
tion of many physical, technological, economic, environmental,
and governmental factors. The physical factors that control
the diztribution of heat at depth can be evaluated, at least
rudely. More tenuous are the assumptions of technology, eco-
nomics, and governmental policy. These assumptions are eri-
tical to geothermal resource estimation, and differences
“among them are in great part responsible for the vast range
in magnitude among different geothermal resource estimates.

Utilization of a greater proportion of the geothermal re-
source base depends on achieving one or more of the fol-
lowing items:
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1. Technological advances that would allow electrical gen-
eration from low-temperature reservoirs.

2. Breakthroughs in drilling technology that would permit
low-cost drilling of holes to depths greater than 3 km. -

3. Development of techniques of artificial stimulation that
would increase the productivity of geothermal reser-

voirs.

4, Expansion of the use of low-grade geothermal resources
for such purposes as space heating, product processing,
agriculture, and desalination.

INTRODUCTION

Geothermal energy, in the broadest sense, is the
natural heat of the earth. Temperatures in the
earth rise with increasing depth. At the base of
the continental crust (25-50 km), temperatures
range from 200°C to 1,000°C (Lachenbruch, 1970) ;
at the center of the earth (6,371 km), they range
perhaps from 3,500°C to 4,500°C. Most of the earth’s
heat is far too deeply buried ever to be tapped by
man. Although drilling has reached 715 km and may
some day reach 15-20 km, the depths from which
heat might be extracted profitably are unlikely to
be greater than 10 km. Even in this outer 10 km,
most of the geothermal heat is far too diffuse ever
to be recovered economically (White, 1965). Conse-
quently, most of the heat within the earth, even at
depths of less than 10 km, cannot be considered an
energy resource. _

Geothermal energy, however, does have potential
economic significance where heat is concentrated
into restricted volumes in a manner analogous to
the concentration of valuable metals into ore de-
posits or of oil into commercial petroleum reser-
voirs. At present, economically significant concen-
trations of geothermal energy occur where elevated
temperatures are found in permeable rocks at depths
less than 3 km. The thermal energy is stored both
in the solid rock and in water and steam that fill
pores and fractures. This water and steam serve to
transfer the heat from the rock to a well and thence

251

UNIVERSITY OF UTAH
RESEARGH INSTITUTE
EARTH SCIENGE LAB.



252

to the ground surface. Under present technology,
rocks with too few pores, or with pores that are not
connected, do not constitute an economic geothermal
reservoir, however hot the rocks may be.

Water in a geothermal system also serves as the
medium by which heat is transferred from a deep
igneous source to a shallow geothermal reservoir at
depths shallow enough to be tapped by drill holes.
Geothermal reservoirs are located in the upflowing
parts of major water convection systems. Cool rain-
water percolates underground from areas that may
consist of tens to thousands of square kilometers.
At depths of 2-6 km, the water is heated by contact
with kot rocks (in turn probably in contact with
molten rock). The water expands upon heating and
then buoyantly upward in a column of rela-
tively resiricted cross-sectional area (1-50 km?).
The driving force of these large circulation systems
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is gravity, effective because of the density differer
between cold downward-moving recharge water a
hot, upward-moving geothermal water.

EXPLOITATION

The primary use of geothermal resource to d:
is for the generation of electricity (fig. 27). Und
existing technology, geothermal steam (after seg
ration of any associated water) is expanded into
low-pressure (5-7 bar) turbine which drives a cc
ventional electrical generator. Geothermal heat
also used directly (table 49) in the heating and a
conditioning of buildings, in the heating of h
houses and soil for agricultural purposes, and
product processing. In addition, warm waters frc
springs and wells are widely used for bathing, r¢
reational, and therapeutic purposes, particularly
central Europe and in Japan (Komagata and othe:
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Mountain Arsenal well in Colorado by Healy, Rubey,

Griggs, and Raleigh (1968).

Bowen (1973) correctly pointed out that “To
understand properly the impact of the production
of electric power on the environment, it is necessary
to evaluate more than just the power plant, whether
it is geothermal, nuclear, or fossil fueled; the entire
fuel cycle from mining, processing, transportation,
and the disposal of spent wastes must be consid-
ered.” When viewed in this light, the environmental
impact of geothermal generation does indeed appear
to be minor compared with fossil-fuel or nuclear
generation. The environmental impact of geother-
mal generation is restricted to the generating site,
whereas much of the environmental impact of other
modes of gm-:—*"ﬁng takes place at other sites
(mines, processin Iams, disposal sites) and is
commonly nesgiscied in the evaluation of environ-
mental impact of 2 power piant.

. ENVIRONMENTS
voirs ars the “hot spots” of
the flow of heat from depth in
5 times the worldwide aver-
ruare centimeter per
heat flow commonly
nd mountain build-
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: sither new material
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. water.

There are two major types of geothermal sys-
tems: (1) hot water (White, 1970, 1973) and (2)
vapor dominated (“dry steam”) (White and others,
1971 ; Truesdeil and White, 1973 ; White, 1973). In
a hot-water geothermal system, the fluid in the rock
at depth is water alone. Steam is produced by boiling
as the fluid moves up a well to the surface, and a
mixture of steam and water is produced at the sur-
face; the water must be removed from the steam
before the steam is fed to a turbine. Vapor-domi-
nated geothermal systems, on the other hand, con-
tain both water and steam in the reservoir at depth.
With decrease in pressure upon production, heat
contained in the rock dries the fluids first to satu-
rated and then to superheated steam, which can be
piped directly into a turbine. Among geothermal

systems discovered to date, hot-water systems are
perhaps 20 times as common as vapor-dominated
systems (White, 1970).

Potentially recoverable geothermal resources also
occur in some regions where the normal heat flow
of the earth is trapped by insulating impermeable
clay beds in a rapidly subsiding geosyncline. For
example, along the gulf coast of the United States,
temperatures of 150°C-273°C are found at depths
of 4-7 km in geopressured zones (Jomnes, 1970).
Waters in these geopressured zones are not circulat-
ing meteoric water; they are produced by compac-
tion and dehydration of the sediments themselves.

RESOURCES AND PROBLEMS

Estimates of the geothermal resources of the
United States and of the world differ by as much as
six orders of magnitude. White (1965, p. 14) stated
that “existing worldwide utilization equivalent to
about 1 million kw * * * probably can be increased

| at least 10 times [that is, to 10* Mw] under present

economic conditions and maintained for at least 50
years.” Banwell (1967, p. 155) estimated a potfen-
tial heat production of 2)10° kg-cal/sec from geo-
thermal energy associated with “Pacific type vol-
canism.” At 14 percent thermal efficiency, this rate
of heat production could sustain electrical generat-
ing capacity of about 10° Mw. Rex (1971a, p. 54)
stated that he and his colleagues “ * * * are esti-
mating the western [conterminous] U.S. geothermal
potential from 10° to 10" megawatts.” White (1965)
and Muffler and White (1972) estimated that the
world geothermal resource to a depth of 3 km for
electrical generation by proven techniques is ap-
proximately 2 X10'° calories (equivalent to 58,000
Mw for 50 yr). Rex (1972a) stated that “ * * * the
present recoverable [geothermal] resource for the
western third of the continental United States, ex-
cluding Alaska, is of the order of 10° megawatt-
centuries. This figure could be expanded by another
factor of 10 by the inclusion of the eastern two-
thirds of the United States and another factor of
10 [that is, to 10 megawatt-centuries] by improve-
ments in technology.” * John Banwell and Tsvi Mei-
dav (oral presentation, Ann. Mtg. Am. Assoc. Adv.
Sci., Philadelphia, 1971; ms. supplied by Tsvi Mei-
dav) stated that “The geothermal energy reserves
of the world are orders of magnitude greater than
the total reserve of any other form of fossil energy.”

The wide variance among these resource estimates
reflects several factors—predominantly, the defini-

1If one assumes 14 percent thermal efficiency (as in Rex, 1972b), this
electricity is produced from 4.93 X 10% cal. or approximately eight times the

estimate of White (1965, p. 2) for the total heat stored under the
United States to a depth of 10 km.
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productivity are unlikely to be abundant. White ] 3. Research at the LASL (Los Alamos Scientifi

(1965) estimated resources recoverable as elec-
tricity to 3 km to be 2 X 10*° calories (=2.3210%3
kwhr). This energy is less than one ten-millionth of
the total amount of heat above 15°C in the outer
10 km-of the earth (White, 1965, p. 2).

Utilization of a greater proportion of the heat |

stored in the outer 10 km of the earth depends on |

achieving one or more of the following items:
1. Technological advances that would allow elec-
trical generation from low-temperature reser-
. VOIrs.

‘2. Breakthroughs in drilling technology that would
permit low-cost drilling of holes to depths
greater than 3 km.
veiopment of techniques of artificial stimula-

n that would increase the productivity of

rmal ressrvoirs.

on of the use of low-grade geothermal

roughs may occur in the
i they do, the recoverable
{1965) will have to be
:ct the major changes in
possible breakthroughs de-
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currently being paid to the
t electricity from low-
al waters, using a sys-
ermal heat is used in a
; boil 2 secondary fluid such as
;v freon. This low-boiling fluid (as a
ives a turbine, is condensed, and then
returns te the heat exchanger (Jonsson and
others, 1969). A generating unit based on the
heat-exchange principle and using intake wa-
ter at 81°C is reported to be in pilot operation
at Paratunka, Kamchatka, U.S.S.R. (Facca,
in press). U.S. industry interest in this gen-
erating mode is high (Anderson, 1973), al-
though no pilot or prototype plant has yet
been built.
~ Successful demonstration of the technical feasi-
bility of geothermal self-desalination (U.S.
Bur. Reclamation, 1972) could greatly en-
hance the economic position of geothermal
resources. Particularly in water-short parts
of the world, geothermal energy may be the
preferable energy source for desalination,
either of the geothermal brine itself or of other
saline waters near the geothermal develop-
ment. ‘

2

Do

Laboratory) has recently been focused on ths
development of a nuclear drill that would bor:
holes in rock by progressive melting rathe:
than by chipping, abrading, or spalling
(Smith, 1971). If development of this “nu
clear subterrene” is successful and its use is
relatively inexpensive, extraction of geother}
mal energy from depths as much as 10 kir
may become feasible.
4. One possible application of the nuclear subter-
rene proposed by LASL is to drill to depths
greater than 5 km in regions where tempera-%
tures may be abnormally high but where per_-‘
meability is low. LASL proposes to hydrofac}
the hot rock to increase permeability andi
expects that extraction of heat by water cir-
culated through the crack will result in
thermal-stress cracking and a continuouslyl‘
enlarging crack system (Aamodt and Smith,

1973; Harlow and Pracht, 1972). Geothermal

reservoir stimulation by various methods (in-
cluding nuclear devices) was recently the sub-

ject of a symposium of the American Nuclear|

Society (Kruger and Otte, 1973).

Another confusing aspect of geothermal resource
estimation involves the units of energy in which
the estimates are expressed by various authors.
Geothermal energy is heat, and the resource and

reserve estimates therefore should be expressed in|
calories, joules, or Btu’s. But historically the major|

use of geothermal energy has been o generate elec-
tricity, and resource estimates commonly have been
expressed in units of electrical energy (kilowatt-

hours or megawatt-years) or in terms of installed |

electrical capacity (kilowatts or megawatts). In
converting from calories to kilowatt-hours, how-
ever, one cannot blindly use the energy conversion
factors given in standard tables (for example,
Handbook of ‘Chemistry and Physics). These con-
version factors, although mathematically and physi-
cally accurate, do not take into account the ther-
modynamic inefficiencies in converting heat to

electricity via a turbine and generator. For exam- |

ple, in units 3 and 4 at The Geysers, Calif. (a vapor-
dominated geothermal system), only 14.3 percent
of the energy delivered to the turbine is actually
converted to electricity (Bruce, 1971). Almost all

the remaining 85.7 percent is discharged as heat |

to the atmosphere, with only a small fraction of
heat being returned to the reservoir in condensate
from the cooling towers.

The best fossil-fuel generating plants in the

United States have a thermal efficiency of about |
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quantitative importance cannot be evaluated without
making some estimate of the rate of exploitation of
the reservoir. If exploitation is very rapid, recharge

will have little significance, but if exploitation is |
' thermal exploration. The conductivity

very slow, recharge will be significant; thus, estab-
lishment of a steady balance between extraction and
recharge (both heat and water) may permit the
geothermal system to be exploited indefinitely.

The geothermal resources of the world, therefore,
lie somewhere between 2X10' cal (White’'s 1965
estimate of potential reserves to 3 km recoverable
as_equivalent siectrical energy using present tech-
- nology) and 5-10x10% cal (calculated from Rex,
1972a). Of thesse geothermal resources, perhaps
5-10 percent are in the United States (White, 1965).
The differences among the various resource esti-
mates will not be 'esohed until there is (a) better
knowledge of istribution of geothermal energy
in the eaztn {b) darmcation of the tech-
nological lir: upon gecthermal resource ex-
ploitation, 2 definition of uses.

CTING TECHNIQUES

nee geothermal ex-
oroad regions where
cater than 1.5Xx10-°
Sass and others,

The first
ploration ir
the heat flow
cal em—? sec—

1971). Mos of L;zn heat fiow are
in zones : and tectonic activity,
and m are charac asundant hot springs.

Tecl 3 tentially economic
con rgy within broad
regions not well developad.
Important ¢ 1de distribution of hot
springs, evatl og cal and tectonic

2

setting, and c¢h £ hot-spring fluids.
In particular, the content of SL’L»:. (Fournier and
Rowe, 1966) and the ratios of sodium, potassium,
and calcium (Fournier and Truesdell, 1973) provide
information about the minimum subsurface tem-
perature to be expected.

Several geophysical techniques have proved useful
in the final delineation of geothermal targets (Combs
and Muffler, 1973; Banwell, in press). Of these
techniques, perhaps the most unambiguous is the
direct measurement of temperature gradients at
depths of 25-100 meters (Combs, 1971; Burgassi
“and others, 1970). Temperature measurements at
shallower depths, however, can be very misleading,
owing primarily to the effects of seasonal changes
in temperature and to the shallow movement of
ground water (Banwell, in press). Thermal infra-
red surveys detect surface temperature anomalies,
but these anomalies can be caused by many factors

I
(
|
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other than geothermal heat flow (Banwell, in press;
Watson and others, 1971). =

Several techniques that measure the electrlcal
conductivity at depth have had great success in geo-
at depth
varies directly with temperature, porosity, salinity
of interstitial fluid, and content of clays and zeo-
lites. All these factors tend to be higher within
good geothermal reservoirs than in the surrounding
ground, and consequently the electrical conductiv-
ity in these geothermal reservoirs is relatively high.
BElectrical conductivity at depth can be measured
by electrical (galvanic) or electromagnetic (induc-
tive) methods. Among the electrical techniques, only
direct-current methods are reliable, owing to skin
effects attendant to alternating-current methods;
direct-current electrical arrays commonly used are
Wenner, Schlumberger, and dipole-bipole (Banwell
and Macdonald, 1965; Hatherton and others, 1966;
Risk and others, 1970; Macdonald and Muffler,
1972; Zohdy and others, 1973). Electromagnetic
methods (audiofrequency magnetotellurics, electro-
magnetic coil surveys, and loop-loop or wire-loop
induction surveys) have certain theoretical advan-
tages (Keller, 1970; Harthill, 1971) and are becom-
ing more widely used.

Passive seismic methods are proving of use in
locating fractured and permeable zones in geother-
mal areas. Microearthquakes at relatively shallow
focal depths are concentrated along fracture or fault
zones in many geothermal areas (Ward, 1972; Ward
and Bjornsson, 1971; Hamilton and Muffler, 1972).
In addition, some geothermal areas appear to have
a high level of seismic ground noise (Whiteford,
1970) ; analysis of the areal distribution of this
noise may outline prospective zones of geothermal
production (Goforth and others, 1972).

Several other geophysical techniques have proved
useful in special circumstances. Gravity surveys
may in some areas define positive anomalies that
are caused by alteration or metamorphism of sub-
surface rock (Hochstein and Hunt, 1970; Biehler,
1971), but in other areas they may define a nega-
tive anomaly that may represent an intrusive mass
at depth (Calif. Div.
Magnetic surveys in some areas define negative
anomalies that are caused by alteration of magne-
tite to pyrite (Studt, 1964), but in other areas they
define positive magnetic anomalies that are caused
by intrusions of magnetic igneous rock (Griscom
and Muffler, 1971). Active (explosion) seismology
is useful in defining subsurface geologic structure
(Hochstein and Hunt, 1970; Hayakawa, 1970), and
analysis of seismic attenuation across geothermal

Mines and Geology, 1966).
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