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ABSTRACT 

This report presents an introduction to 
geothermal energy and discusses its present 
and projected uses in terms of economics, 
current technology, and environmental impact. 
Both the advantages and disadvantages of geo- 
thermal energy and its conversion to elec- 
tricity are presented briefly. 



GEOTHERMAL ENERGY 

1.0 INTRODUCTION 

The total volume of the earth is about 260 billion cubic miles, and all but a thin 

c rus t  at its outermost surface is very hot. Exactly how hot is uncertain, but the 

evidence from lava flows -- and, less  spectacularly, from hot springs and geysers 

and fumaroles -- is that it is certainly hot enough to supply most of mankind's needs 

for energy. In fact, when the volume of the earth's interior and the specific heat of 

rock are taken into account, it becomes evident that this geothermal heat is by far 

the largest  reservoir of energy that is now available to man. Further, the energy 

which it contains is inherently clean energy. It already exists as heat, and it is 

therefore not necessary to burn a fuel o r  operate a reactor to produce that heat. 

In a few fortunate places nature delivers geothermal energy to the earth 's  surface 

in  the form of steam o r  of superheated water that flashes to steam, and this natural 

steam can be used directly to generate electricity. 

o r  wells is at least hot enough to heat homes and greenhouses, and to supply energy 

for low-temperature chemical processes. In general however, and particularly con- 

sidering the magnitude of the resource that it represents, the present worldwide usage 

of geothermal energy is in fact very small. 

Elsewhere the water from springs 

The ideas and most of the technology required to correct  this now exist. It appears 

quite possible that within a few yea r s  geothermal energy can be made broadly available 

at a cost  in money, effort, and environmental deterioration that men can afford. If 

so, this oldest form of energy will contribute significantly to solving two of the world's 

newest problems: a vanishing fuel supply, and an overwhelming burden of pollution. 

2 .0  APPLICATIONS 

Where natural steam o r  superheated water that flashes to steam is produced, the 

steam is simply passed through a screen to remove entrained particles, fed to a turbine, 

and thus used directly to generate electricity. The "fuel cost" of such a power plant 

is represented by the capital charges against the production wells and steam-collection 



system, and is low. The generating plant is also relatively inexpensive, since it requires 

no fuel-handling facilities, boiler-plant, o r  smokestack. Accordingly, in this conven- 

ient natural form, geothermal energy is a very economical source of electricity. It 

is unfortunate that occurrences of natural steam, o r  of water sufficiently superheated 

to produce it in useful amounts, so far appear to be relatively rare. 

Much more common a r e  natural reservoirs of hot water at temperatures below 

boiling, which a r e  the sources of most of the world's many hot springs. 

been used for thousands of years for recreational and religious and medicinal purposes, 

and for domestic heating. They are still used, very economically, for heating homes, 

greenhouses, resor t  hotels, and occasionally factories, mines, and even whole cities. 

In general they are an inexpensive source of low-grade heat, and their use has the 

great  advantages of conserving higher-grade energy sources for more demanding uses, 

and of minimizing pollution locally. 

These have 

Natural hot water at intermediate temperatures -- significantly above boiling, but 

not quite hot enough to be used economically as a steam source for a conventional 

generating plant -- occurs in large amounts in several parts of the world, notably in 

the Imperial Valley of California. The technology required to utilize this large geother- 

mal  resource is now developing rapidly, and demonstration plants which will desalinate 

brines and generate electricity in turbines driven by the vapors of low-boiling organic 

liquids will soon be operating in California. 

in the intermediate temperature range is in general used only locally, and again prin- 

cipally for space-heating. 

To this point, however, natural hot water  

No demonstrated system yet exists for extracting energy from the hot "dry" rock 

which composes so much of the earth's crust  but which -- for lack either of permeability 

o r  of a ground-water supply -- does not spontaneously yield useful amounts of either 

steam o r  hot water. However this energy reservoir is so vast, so broadly distributed 

and in many accessible places so hot, that it is now at last  being given the serious 

technical attention that it deserves. 
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3 . 0  HISTORICAL BACKGROUND 

Local use of natural geothermal 

history, but has expanded notably in 

and the U. S. S .  R. 

water for various heating purposes is older than 

recent years -- particularly in Iceland, Hungary, 

The first large-scale commercial use of natural steam was at Larderello, Italy, 

where it has been used to generate electricity since 1904. Development of the 

Wairakei geothermal area in New Zealand, where natural superheated water is flashed 

to steam, began in about 1950. In the United States the only commercial production 

of geothermal power is at me Geysers in Cg lifornia, where generation of electricity 

from natural steam began in 1960 and has since expanded steadily. A major geothermal 

power plant based on superheated water is now being constructed at Cerro Prieto in 

northwest Mexico, and there are very small geothermal generating plants operating 

elsewhere in Mexico, New Zealand, and Italy, and in Japan, the U. S. S. R. , and 

Iceland. At  this time, however, the total installed generating capacity of the world 
1 

deriving its energy from geothermal sources is less than 1000 M W  electrical , and 

thus is less than the capacity of one large fuel-fired o r  nuclear power plant. All  but 

a minute fraction of this capacity is based on the use either of natural "dry" steam 

o r  of ffwet'f steam flashed from naturally superheated water .  

There is now active exploration for o r  development of natural steam o r  superheated 

water fields in many parts of the world , and there is no real doubt that new geothermal 

sources of this type will be found and developed over the years, When they are ,  they 

will be economical sources of energy, and, locally, they may be of great importance. 

However, there is no evident reason to suppose that they will ever be found in very 

large numbers o r  that, individually, they will be much larger than are the similar 

fields now being exploited. Accordingly, i f  only "existing technology" is considered, 

there is an honest basis for  the commonly stated conclusion that geothermal sources 

can never satisfy a significantly large fraction of the country's o r  the world's total 

energy requirement. If, on the other hand, consideration is given to applications of 

present technology to new kinds of geothermal energy developments and to the 

probability that entirely new technologies may soon appear, then the forecast of 

geothermal energy's future contribution becomes much more optimistic. 

2 
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-- 4.0 SYSTEM CHARACTERISTICS 

There are still mysteries about "wet" geothermal reservoirs related, for example, 

b the natural flow of water into them, convective circulation within them, and many 

details of their geology and heat-flow. However, their general nature is reasonably 

well understood, and is illustrated schematically in Fig. 1. 

Apparently three lithologic features must exist bgether to create and maintain 

a wet geothermal field: (1)k large supply of usefully hot rock at  depth,which of course 

is the major heat source; (2) An aquifer o r  permeable formation above it, through 

which ground-water reaches the hot rock, and within which the heated fluid -- steam, 

hot water, o r  a mixture of the two -- circulates convectively and transports heat to 

a higher level; (3) An impermeable cap above the aquifer, to prevent the large-scale 

loss of fluid at the surface which otherwise, over the millenia, would have cooled the 

system sufficiently to make it uninteresting as an energy source. This cap appears 

often to have formed spontaneously through plugging of an initially permeable formation 

by minerals dissolved at depth and reprecipitated in cooler rock near the surface. 

When the fluid circulating in at least the upper part of the aquifer is steam, the 

natural system is now generally described as a "vapor-dominated" geothermal reser-  

voir . When temperatures are lower, pressures higher, o r  the concentration of dis- 

solved minerals greater, so that the circulating fluid is water o r  brine, then it is a 

3 

6 "liquid-dominated" reservoir . 
The surface evidence that a wet geothermal reservoir exists at depth is usually 

the natural occurrence of hot springs, geysers, o r  fumaroles. However, it is now be- 

lieved that many such reservoirs may exist with no evidence at the surface that they 

are present. Prospecting for  these hidden reservoirs will evidently be difficult. 

It is apparent that thermal energy is present in the hot rock even when no permeable 

reservoir o r  circulating fluid exists above it to transport the heat to the earth's surface. 

Frequently -- e. g., in Hawaii and other regions of recent vulcanism -- extremely hot 

rock is quite close to the earth's surface, and its energy content is impressive. Thus, 

as is suggested by Fig. 2, cooling 40 cubic miles of rock by 360°F would release 0.07Q 

of energy, which was just  the energy requirement of the United States for - all purposes 

4 



Fig. 1. Schematic diagram of a rrwetrl geothermal reservoir. 

/ \  
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For 40 cubic miles cooled 200 "C 
AH=l.Tx IO" cal = 6.23 x i d 5  B ~ u = O . ~ ~ Q  

Fig. 2. The energy extracted from 40 cubic miles of rock cooled 200°C (360'F). 



in 1970. In this form the energy would of course not be suitable for many purposes, 

such as smelting iron ores  and powering aircraft. It could, however, be used for 

many purposes, to conserve higher-grade energy sources for uses that geothermal 

energy itself cannot serve. And, while 40 cubic miles is a lot of rock, it is infinitesimal 

compared to the total volume of the earth's interior, o r  even to that relatively small 

fraction of the earth's interior that can now be reached by conventional drilling methods. 

The technology for producing and using either wet o r  dry steam for generating 

electricity is already highly developed, and is still improving steadily. That for 

lower-temperature waters and for concentrated brines is now being developed actively, 

and the use of this large resource for such other purposes as desalination will soon 

be demonstrated. The investigation of methods for extracting useful energy from the 

much more abundant "dry't geothermal reservoirs has just begun. 

4.1 GENERAL 

Economically, the most attractive geothermal reservoirs are the vapor dominated 

ones, which produce "dry" steam -- i. e., superheated steam, carrying with it minor 

amounts of other gases, but little o r  no water. Aside from mechanical removal of any 

d i r t  and rock carried out of the well by the steam, no treatment of it is ordinarily 

required, and in general the steam is piped directly to a turbine and used to generate 

electricity. Larderello in Italy, The Geysers in California, and Matsukawa in Japan 

are the principal dry-steam fields now being exploited commercially. Two small dry- 

steam fields in the Monte Amiata region of Italy are marginally commercial , and 
4 

several areas in Africa and in Central and South America now being investigated by 

the United Nations may be of this type. As  new dry-steam fields are discovered, 

industry and/or government will be anxious to develop and manage them. 

Considerably more common than dry-steam fields are the liquid-dominated o r  

superheated-water fields, from which "wet steam'' is produced. In these the tempera- 

ture at depth is above the normal boiling point of water, but the water o r  brine in the 

reservoir is kept from boiling by the pressure on it, which is greater than atmospheric. 

A s  the fluid is brought out of the reservoir its pressure is reduced, boiling occurs, 
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and a mixture of steam and hot water is produced from the well. Normally about 20% 

of the fluid is converted to saturated ("wet") steam, and only this steam is used to 

generate electricity. The other 80% of the fluid, hot water at the boiling point, is 

usually wasted. Wet-steam fields of this type are now being exploited at Wairakei 

and Broadlands in New Zealand and in smaller plants in Japan, Mexico, the U. S .  S. R . ,  

and Iceland. Much of the hot brine in the Imperial Valley of California is in this 

class, and a major plant now being completed at Cerro Prieto in northwestern Mexico 

will soon demonstrate commercial-scale generation of electricity from such brines. 

Still more common are natural reservoirs of hot water at temperatures below the 

boiling point. One small power plant on the Kamchatka peninsula is now generating 

electricity by using natural hot water at only 178°F to vaporize freon, and using the 

freon vapor to drive a turbine. A similar "two-fluid" system, using isobutane instead 

of freon, will soon be demonstrated in the Imperial Valley. Otherwise, natural hot 

water at  temperatures below boiling has so far been used only for space-heating and 

low-grade process heat. 

Most common of all are "dryff geothermal reservoirs, which yield no steam o r  

hot water either because they a r e  relatively impermeable to water o r  because the 

ground-water circulation does not reach them. In principle, dry hot rock at a temper- 

ature high enough to be useful as an energy source could be reached from any point 

on the earth's surface simply by drilling a deep enough hole. In practice, the difficulty 

and expense of drilling increase exponentially with hole depth. In most types of 

geology, holes are now drilled more o r  less routinely to depths of the order of 20,000 

feet, but each increment of depth below this becomes more of an adventure. Practically, 

then, with existing drilling technology, the dry geothermal reservoirs of interest are 

those within about 20,000 feet of the earth's surface. These vary widely in temperature 

and accessibility, the extremes being hot lava pools essentially at the surface with 

temperatures above 2000"F, and regions of extensive, geologically recent glaciation, 

where even at 20,000 feet the rock temperature may be less than 300°F. 

No demonstrated method exists for extracting energy economically from hot dry 

rock in the earth's crust. Several proposed systems for doing so are discussed below. 
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4 . 2  AVAILABILITY 

Dry steam fields with reserves sufficient to justify commercial development are 

now known to exist in less than a dozen places in the world, generally in regions of 

recent vulcanism. Systematic prospecting may discover a few dozen more, but the 

geological and thermal situation that produces a vapor-dominated geothermal reser- 

voir is evidently rare, and the individual vapor-dominated reservoirs in general 

do not appear to be large. 

Liquid-dominated systems capable of producing wet  steam in commercial amounts 

appear to be both larger and more common than vapor-dominated systems. They 

occur in many parts of the world, and represent a very large and relatively accessible 

energy resource. 

Natural hot water at lower temperatures is of course still more common and more 

readily available, and dry hot rock is the most common and accessible geothermal 

resource of all. 

4 . 3  ENERGY SOURCE 

Estimates of the amount of energy potentially available from vapor-dominated and 

liquid-dominated geothermal reservoirs of types now being exploited commercially vary 

widely with the degree of optimism of the person extrapolating the boundaries and long- 

term productivities of existing fields, predicting discoveries of new ones, and antici- 

pating technologies which may make them more broadly useful. One probably conser- 
1 vative estimate is that -- with present technology -- the identified, recoverable 

resource of natural steam in the United States is sufficient to support only 1000 W e  

of generating capacity for 50 years,  but that discoveries of new steam fields will 

probably make it possible eventually to support another 3000 to 6000 W e  of generating 

capacity, again for 50 years. Other estimates can be found which would increase the 

probably magnitude of the nation’s immediately useful reservoirs of natural steam by 

factors as large as 5 to 10. However, even the most optimistic of these estimates 

suggests that -- i f  only existing technology is used to expolit it -- the geothermal 

resource is indeed small relative to the total energy needs of the United States. 
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The degree to which the magnitude of this resource can be increased simply 

by improvements in technology is the subject of much speculation. To most specialists 

in the field, it would probably seem reasonable to assume that, during the next 5 to 

1 0  years, there will be: 

(1) Significant improvements in techniques of prospecting for imm diately usable 

geothermal reservoirs, so that more of them will be discovered than are now believed 

to exist; 

(2) Development of improved drilling equipment and of totally new drilling systems so 

that exploration, development, and production costs w i l l  decrease for reservoirs at 

normal depths, and much deeper reservoirs will become accessible and economical 

energy sources. 

(3) The chemical problems associated with relatively concentrated hot brines, such 

as those of the Imperial Valley, will be brought under control, vastly increasing the 

supply of superheated water that is directly useful for generating electricity; 

(4) Two-fluid generating systems, involving transfer of heat from natural hot water 

to a lower-boiling organic liquid, will have been demonstrated convincingly, making 

lowe r-tem pe rature geothermal reservoirs valuable for generating electricity ; 

(5) Non-electrical uses of the heat from natural hot water (and from power-plant 

coolants and condensates) will increase in such applications as domestic and industrial 

heating and air-conditioning, desalination of water, distillation of domestic and indus- 

trial wastes, recovery of minerals, and physical and chemical processing; 

(6) Increased understanding of the geology, hydrology, heat- and fluid-flow, chemical 

and mechanical behavior, and artificial stimulation of geothermal reservoirs of all 

types will significantly increase their productivity. 

The magnitude of the useful geothermal resource will  increase with the degree to 

which any of these technological advances is achieved, and a resulting total increase 

in the resource by a factor of 20 in the next 1 0  years would not be unexpected. Thus 

10 



1 
Peck et al. 

the United States sufficiently so that it can support a generating capacity of about 

440, 000 MWe for 50 years, in addition to its nonelectrical uses. Again, estimates 

5 to 1 0  times this large can be found elsewhere in the literature, but the Peck estimate 

alone exceeds the total presently installed generating capacity of the U. S. 

estimate that such advances may increase the geothermal resource of 

The further technological developments required to make possible the economical 

extraction of energy from dry hot rock would enormously increase the magnitude of 

the geothermal resource. Tke extent of the projected increase depends principally 

upon the assumptions made concerning the types and extents of geological structures 

in which suitable energy systems can be created, the minimum rock temperature 

that would be useful, the maximum depth to which the system might economically 

be extended, the costs associated with geochemical and other systems problems, and 

the anticipated life of the system. It seems probable that rock temperatures as low 

as 300°F will be useful, that depths to about 20,000 feet can be reached more o r  less  

routinely, that systems problems and costs will be no greater than for the utilization 

of hot brines, and that systems can be developed having lifetimes not less than 20 years. 

With such assumptions, the estimated generating capacity that might be supported by 

dry geothermal reservoirs in the United States becomes many millions of megawatts 

for at least a century. If even a fraction of one percent of this energy can in fact 

be extracted economically, it will satisfy a major part  of the nation's total energy 

requirements. The incentive to develop the required technology is therefore very great. 

4.4 OUTPUT FORM 

The direct output of any geothermal energy system is heat, normally contained in 

steam o r  hot water. If its temperature level is high enough, this heat can be used to 

drive a turbine, a screw-expander, o r  some other type of heat-engine, producing 

mechanical energy that can be used to generate electricity o r  do other useful work. 

A t  similar o r  lower temperatures the heat can be used directly for space-heating, air- 

conditioning, distillation and chemical processes, and a multitude of other uses. 

Multiple-use systems, in which the higher-temperature heat is used to generate elec- 

tricity and the rest is used directly as domestic o r  industrial heat, are particularly 

attractive. 
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4 . 5  EFFICIENCY RANGE 

While the temperatures of natural geothermal fluids vary over wide limits, in 

general they are below 400°F. 

and normal generating efficiency is correspondingly low. Power-conversion 

efficiency may be in  the vicinity of 20% for dry steam, but is likely to be 15% o r  less 

for a hot-water system. Efficiencies will be increased significantly if economical 

two-fluid generating systems are developed, to be used either alone o r  as a "bottoming 

cycle" in conjunction with a steam "topping cycle. '' Efficiencies will  also be higher 

i f  water temperatures can be increased, which appears possible with man-made dry- 

rock systems. 

This is relatively low for driving a steam turbine, 

In applications other than the generation of electricity, where part o r  all of the 

geothermal energy is used directly as heat, much higher efficiencies are possible 

than when the heat is used only for generating electricity. 

4 . 6  SIZE LIMITATION 

With existing technology, the natural unit size of a geothermal power plant is 

small  -- of the order  of 50  to 400 MW of electrical generating capacity. Principally 

this is because of the costs and inefficiencies associated with piping low-temperature 

steam over lang distances. Typically the power plant is built to handle the steam 

production of about 1 0  to 30 wells in its immediate vicinity. Then, instead of extending 

the collection system and enlarging the existing plant, another small generating plant 

is built to use the steam from the next group of wells that is developed. However, 

the disadvantages associated with small plant size are less for geothermal power 

than for most other energy systems. Because of the low temperature and pressure 

of the steam used, turbines are large relative to generating capacity, and their most 

economical individual size probably corresponds to about 50 MW electrical o r  less. 

The associated plant equipment is small and simple, since no fuel o r  ash handling, 

combustion system, o r  smokestacks are required. Accordingly, the cost of con- 

structing a new, small  plant is not much greater than that of enlarging an old one, 

and -- above a plant capacity of perhaps 100 to 150 Mwe -- the advantage of scaling up 

1 
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in plant size is not likely'to balance the increased costs and heat losses of an extended 

piping system. 

This picture may change somewhat as hot-water and pressurized dry-rock systems 

a r e  developed. Energy output per well may be much larger when hot water instead 

of steam is produced because, for a given pressure drop and temperature, a much 

greater  mass of liquid than of vapor is brought up the pipe, delivering a correspondingly 

greater amount of energy to the surface. Further, d i k e  steam, hot water at moderate 

pressure and temperature can be piped economically and efficiently over distances of 

many miles. Finally, because the organic vapors produced in a two-fluid system are 

much more dense than steam, the turbines required for a given generating capacity 

are much smaller. Therefore, as the technology of hot-water and dry-rock systems 

is developed, it may prove economical to use larger collection systems than are now 

used for natural steam. Combined with greater thermal output per well, this would 

result  in fewer power plants and larger generating capacity per plant, although if  two- 

fluid systems are used the physical size of the plant may not increase. 

4.7 UNIT SIZE 

The output of a single geothermal well varies widely with the nature, temperature, 

and quantity of fluid produced from it, and -- for geologic reasons that are not usually 

understood -- may differ greatly between adjacent wells in the same field. In general, 

a single steam well capable of supporting 20 Mw of generating capacity is unusual, and 

the average production per  well corresponds to less than 10 Mwe. 

greater mass  flow possible when hot water is produced instead of steam, the average 

energy output per well may be significantly higher for  hot-water and dry-rock systems 

than for natural steam. This, however, obviously depends upon the temperature at 

which the water can be delivered to the surface plant. 

Because of the 

4.8 POLLUTION PRODUCTS 

Natural steam brings with it to the surface a proportion of noncondensible gas 

that varies usually between about 0.5 and about 5%. Usually this gas is principally 

carbon dioxide, which is inoffensive. However, it also usually contains some 
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proportion of hydrogen sulfide, in particular, and minor amounts of such other species 

as methane and ammonia. The gas is commonly discharged to the atmosphere either 

directly o r  upon release from the condensate used in wet cooling towers. Hydrogen 

sulfide has a very offensive odor and, if  permitted to collect in low spots o r  confined 

areas, can be dangerous to human and animal life. Trace amounts of boron, arsenic, 

and other volatile compounds are commonly found in steam condensates which, i f  dis- 

charged into surface waters o r  permitted to escape as wind-blown droplets, can be 

damaging to plant life and may enter the food chain. If, as has been common, the 

condensate is discharged at an elevated temperature, then it also is a source of 

thermal pollution. 

In the production of wet steam from liquid-dominated geothermal reservoirs, 

usually about 20% of the mass-flow from the well is steam, which carr ies  with it normal 

amounts of the pollutants discussed above. The other approximately 80% is hot water 

which may contain higher concentrations of trace elements than does the steam, and 

typically has much higher contents of various dissolved minerals -- especially 

carbonates and silica. If discharged into surface waters, this geothermal water can 

be damaging to fish, animal, and plant life, and because of its larger volume it is 

a much more serious source of both chemical and thermal pollution than is the steam 

condensate. 

In two-fluid systems, the primary fluid produced by the well will  in general be 

passed through a heat exchanger and then reinjected into the underground reservoir 

through a second well. Since this circulation can be completely contained, such a 

system can in principle be completely nonpolluting. There will, however, be dissolved 

gases and minerals which will come out of solution as the pressure and temperature 

of the fluid are reduced, and these will present a disposal problem that may not always 

be solved by reinjection. Nevertheless, pollution Froblems should be much easier 

to control in hot-water and dry-rock systems than in natural steam systems. 

Natural steam systems also have an acoustic-pollution problem which is difficult 

to control. Superheated water flashing to steam produces an intense noise which can 

be muffled only by causing the flashing to occur in an acoustically designed chamber. 

Because shutting in a well o r  changing the production rate from it suddenly o r  drastically 



is very likely to damage the well, it is common to vent either wet o r  dry steam to the 

atmosphere continuously over quite long periods -- during testing of the well and its 

associated equipment, shut-downs elsewhere in the system, and the drilling of enough 

adjacent wells to supply a new power plant. This too produces an ear-splitting roar. 

Noise-suppressers capable of reducing the sound level to an acceptable value are 

available, but those which are effective are also expensive and are likely to wear out 

rapidly from abrasion by dirt, rocks, water drops, and precipitated minerals carried 

by the steam. Acoustic pollution is a continuing problem in natural steam fields. 

Because geothermal energy is normally produced at relatively low temperature, its 

use in heat machines is relatively inefficient. Therefore, a geothermal power plant 

has a major waste-heat problem, which of murse it shares with all other low-temperature 

power systems. The typically small size of a geothermal plant permits thermal 

pollution to be distributed, which mitigates the problem to some degree but of course 

does not solve it. 

Geothermal energy, then, presents a variety of pollution problems, some of which 

it shares  with other power systems. In general the problems of geothermal systems 

appear to be small compared with those of fuel-fired and nuclear plants, and to have 

straightforward engineering solutions. From an environmental standpoint, geothermal 

energy systems are probably the least objectionable of any power systems in existence o r  

so far proposed. It is also worth noting that geothermal energy is usually developed in 

regions where there already is abundant surface evidence of the presence of an under- 

ground thermal reservoir -- in the form of fumaroles, geysers, mineral hot springs, 

and the odors, noises, mineral deposits, and stream contamination associated with 

them. Aside from its visual impact, controlled development of a well-engineered 

geothermal energy system is in fact very likely to reduce the level of local pollution 

to below its original, natural value. 

4.9 PROBLEMS 

The problems of locating and evaluating wet natural steam fields are similar to 

those of prospecting for oil and natural gas, and are being attacked with similar 

geological and geophysical methods supplemented by geochemical, hydrologic, and 
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heat-flow studies. However natural steam and hot-water reservoirs a r e  even less 

well understood than are oil and gas reservoirs, and the correlation of geological 

structure and of any ground o r  aerial observation with the presence of underground 

steam o r  hot water remains very uncertain. Drilling is still the final and conclusive 

prospecting method and is still very expensive. The initial prospect drilling is commonly 

to depths of only a few hundred feet, to examine the local geothermal gradient, hydrology, 

and lithology. The sites for this drilling are usually selected on the basis of surface 

evidence of hydrothermal activity, supplemented by geochemical studies of natural 

waters and condensates, deep electrical resistivity measurements, microseismic 

observations, and other geophysical techniques. 

energy are developing rapidly, but further development is needed. 

Exploration methods for geothermal 

Drilling is still essential in prospecting for geothermal energy, evaluating discov- 

eries, and developing and producing the field. Except that high temperatures and hot 

fluids may be encountered, prospect drilling is now relatively routine, and would bene- 

f i t  principally from development of equipment and techniques that would reduce the 

costs of small-diameter exploration holes and permit them to be used without casings. 

Drilling of production wells has special problems associated with generally incompetent 

formationshigh temperatures and pressures,  and large flows of corrosive fluids. 

Production wells are now drilled more o r  less routinely in existing steam and hot- 

water fields, but the drilling is difficult, expensive, and dangerous, and more often 

than not the final hole depth is decided by an equipment failure rather than by a develop- 

ment plan. New drilling techniques and improved equipment could contribute greatly 

to geothermal exploration, development, and production. 

Down-hole geologic, geophysical, and hydrologic investigations are an essential 

part of a sound exploration and development program. Much of the existing hole-logging 

equipment was developed for oil-field use, and is not designed for the temperatures 

encountered in geothermal wells. This severely limits the down-hole observations 

that can be made and the reservoir information that can be collected. Improved high- 

temperature logging equipment and techniques a r e  now being developed, and it is 

important that this development continue. 
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Since wet geothermal reservoirs are not yet well understood, the analyses and 

models that are the bases of sound reservoir engineering are not yet fully developed. 

Well  spacings and arrangements, drilling sequences, production rates, and reinjection 

procedures are still guided more by intuition and local experience than by real under- 

standing, and are probably not optimum. Good reservoir models, and methods of 

producing them, are still lacking in the gsothermal industry, and must be developed. 

Geochemical problems and the pollutants involved in them have been considered 

above. An important trend in the industry is to dispose of steam condensates and 

excess water, together with as much as possible of their dissolved gases and minerals, 

by reinjecting them into the producing formation through unproductive wells o r  holes 

drilled specifically for that purpose. This returns most of the chemical pollutants 

to their source, avoids thermal pollution of surface waters, replenishes the fluid 

supply in the reservoir, and reduces the danger of surface subsidence caused by fluid 

withdrawal from the reservoir. However it is expensive, and involves the risk of plugging 

the formation in the vicinity of the injection hole with particles o r  precipitates from the 

injected water. Corrosion,scaling and plugging of drilling equipment, borehole casing, 

and surface plumbing are often serious problems with the hot, mineral-laden solutions 

produced from geothermal reservoirs. Until chemical methods of controlling these 

problems are developed, they will be handled principally by using expensive corrosion- 

resistant materials for surface-plant construction and by shutting down occasionally 

to rework wells and to clean out o r  replace surface plumbing. 

Man-made, dry-rock geothermal-energy systems, as they are developed, will 

involve several of the problems of wet systems plus some peculiar ones of their own. 

Prospecting for them should be relatively simple, since only high temperature and a 

desirable lithology are required. Exploratory, development, and production drilling 

should also be generally less difficult than in wet geothermal reservoirs, since only 

high temperature -- which can be controlled by circulation of adequate coolant -- 

will normally be encountered, and not strong flows of hot, high-pressure, corrosive 

water  o r  steam. The major problems will be the engineering ones associated with 

extraction of energy from hot dry rock in a useful form, at a usefully high rate, and 
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at a cost competitive with other energy systems. The principal basis for these 

problems is the fact that rocks in general are very poor conductors of heat. 

Unless heat is carried into a dr i l l  hole by the mass flow of water o r  steam, it 

must be brought in by conduction through the rock, and this is very slow. The common 

idea of simply drilling a hole and lowering a heat-exchanger into it to extract energy 

from the earth is impractical except in the rare places where there is a strong horizon- 

tal flow of hot water through the formation containing the hole. In general, when heat 

enters the hole only by conduction through the rock, it does so at a rate so low that -- 
even if  it could be brought out of the hole at perfect efficiency and zero cost -- its value 

would not be sufficient to amortize the cost of drilling the well. Drilling a larger 

hole would not materially change this situation, since drilling cost increases with hole 

diameter at about the same rate as does the surface area of the hole produced. To 

extract energy economically and at a usefully high rate from hot, dry rock evidently 

requires that a large heat-transfer area be created in the rock by some means less 

expensive than drilling a large number of holes, and that a large volume of fluid be 

circulated over this new surface to extract energy from it. 

heat must then be recovered and brought to the surface, where in general the thermal 

energy will be extracted in a heat-exchanger, and the cool fluid returned to the under- 

ground circulation system to extract more heat. There have been several suggestions 

The fluid with its conhined 

for  developing energy systems of this general type. 

In arid regions o r  where porous o r  fractured formations a r e  overlain by imperme- 

able strata, there is undoubtedly hot rock which does not produce hot water  o r  steam 

simply because no water reaches it. Here it may not be necessary to produce new 

surface, but only to introduce water, permit it to percolate through the formation, 

and then recover it as superheated water o r  steam. A water-flooding technique, such 

as that used in secondary recovery of petroleum, should permit very large amounts 

of heat to be recovered from such a formation. This would involve drilling a systematic 

a r ray  of holes, injecting cool water into some of them, and recovering hot water o r  

steam from the others. Since hot water is less viscous than cold water, the cool water 

should sweep essentially all of the heated water ahead of it toward the recovery holes, 
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and energy extraction should be very efficient. Such a system would involve a high 

drilling cost and a long development period, but in suitable geology could produce 

very large amounts of energy for a very long time. 

More generally, in hot dry rock, it will be necessary to produce new heat-transfer 

surface as well as to introduce, circulate, and recover a heat-transfer fluid. A 

method frequently suggested for accomplishing this is to detonate high explosive in 

the borehole in order to fragment the rock around it, and then to introduce cool water 

either through the borehole o r  through an insulated pipe down its center. The water 

would circulate convectively through the rubble, and would be recovered as either hot 

water o r  steam through a second hole o r  through the annulus around the insulated pipe. 

Unfortunately, to produce a usefully large volume of broken rock would require an 

intolerably and uneconomically large amount of explosive. Accordingly, the use of 

nuclear rather than conventional explosives has frequently been suggested. An excellent 

Plowshare study concludes that the use of nuclear explosives for this purpose would 

become economical only if a rather large number of very high-yield nuclear devices 

were detonated sequentially in a systematic, three-dimensional array. In addition 

to the difficulty of permanently containing the radioactive debris from these explosions, 

the ground-shock produced would be so intense that it could not be tolerated in most 

parts of the world. However, there may be solutions to these problems, and the 

Plowshare geothermal concept has not been abandoned. 

5 

An alternative method now being investigated is the use of hydraulic fracturing to 

produce the connected permeability and heat-transfer surface required to extract 

energy at a high rate from hot, dry rock. This is a standard technique of well- 

completion in oil and gas fields, used to increase the permeability of the producing 

formations around the well. It involves the use of a high-pressure pump at the 

surface to develop fluid pressure in the borehole sufficient to crack the rock and then 

to open and extend the crack. A s  is illustrated schematically in Fig. 3, the proposed 

method would involve drilling a hole to the depth required to penetrate usefully hot 

rock, and then producing a very 1 arge, pancake-shaped hydraulic fracture extending 

outward from this hole. The underground circulation system would be completed 
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Fig. 3 .  A dry-rock geothermal-energy system developed by hydraulic fracturing. 
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either by inserting an insulated pipe in the original hole or ,  as shown in the sketch, 

by drilling a second hole that intersects the crack system. Cool water injected through 

the deeper hole would be heated in its passage through the fracture and, because of 

its reduced density, would rise bouyantly through the second hole (or through the 

annulus around the insulated pipe) -- so that circulation could probably be maintained 

continuously without pumping. The possibility exists that cooling of the rock near the 

bottom of the injection hole will  develop tensile stresses sufficient to cause new cracks 

to form, extending the circulation system outward and downward in three dimensions. 

If this occurs, new surface may be developed in the hot rock at a rate sufficient to 

compensate for cooling of the original crack surfaces, in which case the energy-extraction 

system will  be self-perpetuating. 

There a r e  obvious problems associated with the creation and operation of such a 

system. Very large hydraulic fracturing has not been demonstrated in hot crystalline 

rock, and represents a significant extrapolation of the state of the art. Creating and 

maintaining interconnected circulation channels of sufficiently low impedance to permit 

bouyant circulation of a large volume of fluid may be difficult, and the possibility 

exists of short-circuiting of cool water from the injection hole directly to the recovery 

well. If the formation containing the fractures has an appreciable permeability, the 

rate of fluid loss from the system may be too high to permit operation of the pressurized- 

water loop described above. Presumably this could be avoided by permitting the water  

to flash to steam at any desired level in the system. 

danger of plugging the crack system with minerals dissolved at some lower level, 

and would also greatly reduce the rate at which heat was carried upward through the 

recovery well. Alternatively, a down-hole pump might be used in the recovery well, to 

maintain pressure in the upper part  of the hole sufficient to prevent boiling while the 

rest of the system was kept at a reduced pressure. Unfortunately, the high-temperature 

down-hole pumps required by such a system have not yet been developed. 

This, however, introduces the 

Other circulation systems and operating modes are evidently possible to inject 

cool fluid into dry geothermal reservoirs and recover it after it has been sufficiently 

heated by the rock. In general such systems will be completely contained, and therefore 
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essentially nonpolluting. To some degree, however, they will all be faced with the 

same chemical and corrosion problems as will the natural hot-water and steam 

systems discussed above. 

Perhaps the greatest problems facing the large-scale development of geothermal 

energy in the United States are not the scientific and engineering ones so far considered, 

which a r e  straightforward, but rather are traditional, organizational, financial, and 

legal problems, which a r e  very complex. For example, where surface, mineral, 

and water rights exist separately, i t  is not clear who owns the geothermal energy o r  

how this ownership can be established o r  transferred. A large fraction of the known 

geothermal resource of the United States is on public land, where prospecting in 

private is virtually impossible and for which a geothermal leasing system is still being 

developed. Local, state, and federal laws, tax structures, and licensing and regulatory 

systems a r e  incomplete, overlapping, occasionally contradictory, and generally un- 

correlated and incompletely interpreted. Legal requirements on public utilities re- 

quire that a reliable, long-term fuel supply be certified before a new power plant is 

built. In the case of geothermal energy, this now requires that enough production 

wells to support the plant be drilled and demonstrated by venting to the atmosphere -- 

for months o r  years  -- before construction of the power plant can begin. This l3ng 

delay in securing a financial return makes the financing of a geothermal development 

very difficult. There are other '9nstitutional" problems facing the geothermal industry 

of the United States, and in sum they are formidable. 

5 . 0  COSTS 

The major cost  of exploring for, developing, and producing a geothermal energy 

supply is that of drilling and casing large, deep holes in hot formations, which is very 

expensive. However, to compensate for this, the surface plant required to use the 

thermal energy taken from the earth is in general relatively simple and inexpensive. 

An electrical generating plant powered by geothermal heat does not require fuel- 

handling space o r  equipment, boilers, smokestacks, o r  a smoke-abatement system, 

so that the plant cost per kilowatt of installed generating capacity is low. If the system 
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is to be used simply as a heat-source, for example for desalination, the surface plant 

is principally plumbing and heat-exchangers and the plant cost  per thermal kilowatt 

again is low. In either case the subsequent "fuel" cost is the capital charge against 

the wells and collection system, which is generally low relative to the costs of fossil 

fuels o r  of producing and reprocessing fuel elements. Operating and maintenance 

costs again are typically low because of plant simplicity and relatively low operating 

temperatures and pressures. In general, then, for "conventional" geothermal energy 

systems, both plant and generating o r  heat costs are low. 

u 

In the United States, the only firm cost experience with geothermal power systems 

is at The Geysers, in California. Based principally on that experience, Bowen and 

Groh have produced the cost estimates listed in Table I for developing, building, and 

operating a 110 W e  natural-steam power plant. In Table I1 these costs are compared 

with those similarly estimated for other power systems. Both this comparison and 

the commercial success of "The Geysers operation indicate that a geothermal power 

plant using natural steam is at least  competitive with plants of other types. This is 

confirmed by the long and successful history of the natural-steam system a t  Larderello, 

6 

Italy. 

No comparable cost information is available for  wet-steam systems. Undoubtedly 

both plant and generating costs are higher than for dry-steam systems because more 

production wells are required per unit of generating capacity, plant equipment is larger, 

chemical problems are more serious, and a very large volume of hot water -- produced 

with the steam -- must be separated, handled, and disposed of by reinjection o r  some 

other means. However the cost increment is generally estimated to be small, and 

wet-steam power plants in New Zealand and elsewhere have been very successful. 

American industry will be watching with particular interest the operating experience 

of a wet-steam plant just being completed at Cerro Prieto in northwestern Mexico, 

where the superheated geothermal water is a relatively concentrated brine very 

similar to that in some parts of the Imperial Valley of California. 

Very little information is available concerning the U. S. S. R. plant on Kamchatka, 

and there is no U. S. operating o r  cost experience with contained hot-water geothermal 
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Steam winning : 

Wells  necessary to produce steam for 

110,000-kw. plant (16 wells at $150,000) 

steam transmission lines at $10/kw. 

Total 

Overhead charges: 

Annual fixed charges at 14 % 
Royalty payment to landowners 

Total annual 

Heat cost: 

Steam winning cost  in mills/kwh. 

Exploration, mills/kwh. 

Disposal charge, mills/kwh. 

Total energy cost, mills/kwh. 

Conversion cost  : 

Fixed charges, mills/kwh. 

Operating cost, mills/kwh. 

Total power cost, mills/kwh. 

$2,400,000 

1,100, 000 

3,500,000 

$490,000 

175,600 

665,600 

0.80 

0.33  

0.02 

1.15 

1.95 

0.25 

3.35 

Table I. Costs  associated with a 110 MWe natural-steam power plant. 

An exploration cost of $2 million is assumed to find the natural-steam 

field. ( F r o m  Bowen and Groh, Ref. 6.) 
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Plant investment, $/kw. 

Fixed charges, 14%/year/kw. 

Fixed charges, mills/kwh. 

Operating costs, mills/kwh. 

Energy costs, mills/kwh. 

Total costs: 

Variable load factor, mills/kwh. 

90% load factor, mills/kwh. 

Electric Power Costs 
Geothermal Nuclear Hydropower Coal 

$110.00 $225.00 $250.00 $150.00 

15.40 31.50 35.00 21.00 

1.95 4.00 6.10 4.36 

0.25 0.50 0.10 0.25 

3.00 2.66 2.00 --- 

4.86 

4.86 

6.50 

6.50 

6.20 7.61 

4.55 5.92 

Table II. Plant and generating costs for several types of power plants in the 

United States in 1970. ( F r o m  Bowen and Groh, Ref. 6.) 
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systems, use of relatively low-temperature geothermal water for generating electricity, 

o r  two-fluid power plants in this type of service. However a 1 9  W e  isobutane-turbine 

demanstration generating plant is now being built in the Imperial Valley. If it is success- 

ful, it will undoubtedly lead to a rapid development of low-temperature geothermal 

power systems and of contained two-fluid systems in general. 

Cost projections for dry-rock systems are of course still more uncertain than 

those for natural hot-water systems, since none has ever been built o r  operated. 

However, reliable estimates are available for the costs of drilling, fracturing, and 

constructing the surface plant. Mineral and gas contents of the circulatirig fluid and 

the accompanying scaling, plugging, corrosion, and pollution problems should be less 

than with most superheated natural brines. Accordingly, if  such a system can be made 

to operate at all, its plant and operating costs should be no greater than those of 

natural wet-steam and hot-water geothermal systems, which a r e  expected to be at least 

competitive with fuel-fired and nuclear power plants. 

6.0 STATE O F  THE ART 

Natural dry-steam and wet-steam geothermal power systems are demonstrated 

commercial successes, as are space-heating and chemical-processing applications 

of lower-temperature geothermal waters .  Industrial-scale investigations of a relatively 

low-temperature, two-fluid power plant and of the use of geothermal heat for desalina- 

tion of water are in progress in California and, i f  successful, should lead to a rapid 

expansion of geothermal-energy utilization in the United States. Experiments leading 

to the first demonstration of a large-scale, dry-rock, energy extraction system 

are also in progress, and may lead to a very large increase in the nation’s geothermal 

resource. 

7 .0  REQUIRED DEVELOPMENTS 

The problems facing geothermal-energy systems of various types have been outlined 

above. The most formidable and baffling of these are the ones related to financing, 

leasing, marketing, licensing, regulation, and legal requirements, which a r e  not 

peculiar to the geothermal industry but are now particularly acute for it. These of 
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course have no scientific o r  engineering solutions, and perhaps no immediate solutions 

of any kind. However, concerted efforts to enact new, rational, coordinated legislation 

to control and encourage development of geothermal energy are obviously required. 

Otherwise, the extension and expansion of geothermal-energy extraction and 

utilization require principally education, intelligent application of existing equipment 

and techniques, and incremental improvements in and extrapolations of present technology. 

Along list of problems facing the industry can be developed, but it is evident that in 

general these have straightforward engineering solutions and that they are almost 

trivial compared with the problems faced by power systems based on the use of fossil 

fuels , fissionable materials, and controlled thermonuclear reactions. 

8.0 ENVIRONMENTAL IMPACT 

No power system will have zero impact on its environment. However, of those so 

far in existence o r  proposed, geothermal systems appear to be the least objectionable 

in this respect. 

With regard to land usage and effect on the landscape, a geothermal power plant 

will have the disadvantages of any power plant, mitigated by a typically small plant 

s ize  and the absence of fuel-storage and handling yards, combustion equipment, and 

smokestacks. A steam- o r  water-collection system will be required and, like that for 

a municipal water system o r  an oil o r  gas field, it can be either unobtrusive o r  very 

unsightly according to local environmental regulations and the conscience of the 

operator. 

Noise and odors from geothermal systems can be dealt with, although some tech- 

nological development will be required before this can be done effectively in natural 

steam fields at a cost that the industry can afford. Here completely contained hot- 

water and dry-rock systems will have an advantage. 

Concentrations of undesirable minerals in steam condensates and in unflashed 

water  from wet-steam fields have traditionally been disposed of by draining the 

mineralized water into the nearest body of surface water. This has usually resulted 

in a high degree of both chemical and thermal pollution, and in most developed 
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countries it is no longer acceptable. The energing solution is to reinject this water 

into the producing formation through unproductive wells o r  injection wells drilled 

especially for that purpose. By replacing part  of the fluid removed from the reservoir, 

this should also reduce the danger of significant surface subsidence. 

Subsidence is a common problem wherever a large amount of any material, including 

water o r  steam, is removed from beneath the earth's surface. Dry-rock systems, 

unless developed by water-flooding of a large area, are expected to affect only a 

deeply buried region of limited lateral extent, and are unlikely to produce a detectable 

subsidence of the ground surface above them. Wet systems, however, in general 

involve larger areas, shallower formations, porous rock, and withdrawal of large 

volumes of fluid, so that for them the probability of subsidence is high. Fortunately, 

oil-field experience indicates that reinjection of a volume of fluid sufficient to maintain 

the reservoir pressure can prevent significant subsidence. This may not always be 

possible in  geothermal fields, but it will certainly be attempted. 

Microearthquake activity seems commonly to be concentrated in potentially pro- 

ductive geothermal regions and may, in fact, be a useful guide to their locations. 

Earthquakes intense enough to cause even local damage at the surface seem if  anything 

to be less common in geothermal reservoirs than in geologically similar regions 

elsewhere, perhaps because the small energy releases associated with microearthquakes 

prevent accumulation of the large amount of stored energy required to produce a major 

shock. The only real danger of triggering earthquakes appears to be that associated 

with reinjection of fluids into natural geothermal reservoirs and of fluid pressurization 

in the creation and operation of man-made systems. Studies by the U.S. Geological 

Survey and others of the Denver earthquake experience and of controlled earthquake 

experiments at Rangely, Colorado, suggest that significant earthquake activity can be 

induced only i f  very large volumes of fluid are injected under relatively high pressures 

into active fault systems. In general this combination of conditions can be avoided, and 

the possibility of initiating a damaging earthquake by developing o r  operating a geothermal- 

energy system appears to be very remote. 
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9.0 BENEFITS -- ADVANTAGES AND DISADVANTAGES 

Geothermal energy, the natural heat of the earth’s interior, is the largest energy 

reservoir  that is directly accessible to man. Where nature delivers energy from this 

reservoir  to the earth’s surface in  the form of steam o r  superheated water capable 

of producing steam, its direct conversion to electricity has proven to be economical 

and to produce minimal environmental damage. Active prospecting for new geothermal 

reservoirs  of this type is in progress in many places, and new ones will undoubtedly 

be found -- although probably never in large numbers. Where they a r e  found, industry 

will be anxious to develop and produce them, and the technology for doing so exists -- 
although incremental improvements in  it are still badly needed. 

Natural hot-water reservoirs at lower temperatures a r e  both larger and more 

common than dry- o r  wet-steam systems, and the attention of the geothermal community 

is now being refocussed on them. Wherever a hot spring exists o r  hot water flows into 

a drilled hole, the possibility of extracting useful geothermal energy is demonstrated to 

exist. To this point, such low-temperature geothermal energy is being used almost 

exclusively for space-heating, and in the United States even this usage is small. 

Nevertheless this type of use is important and should be encouraged, particularly because 

it saves higher-grade heat sources for higher-temperature uses, and can significantly 

reduce the balance-of-payments and national-security problems associated with impor- 

tation of fossil fuels from abroad. 

Typically, hot-water systems a r e  both lower in temperature and higher in dissolved 

mineral content than a r e  natural steam systems, which presents problems with regard 

to their use for generating electricity. However, the engineering and geochemical 

developments required to solve these problems a r e  easily defined and straightforward, 

and a r e  now being pursued vigorously. Growth of this type of system into a major 

producer of electrical energy can be predicted with confidence, and the time scale for 

it can be short. 

The individual units of wet geothermal energy systems a r e  naturally small, which 

has both advantages and disadvantages. Because steam cannot economically be 

transported over long distances, a geothermal steam plant is necessarily located at 
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the steam field -- which is likely to be remote from major markets for heat and 

electricity. Hot water at moderate pressure can be piped efficiently over much longer 

distances, up to at least tens of miles, but to a lesser degree this same limitation 

on plant location also applies to hot-water systems. 

The possibility of extracting energy from dry geothermal reservoirs is therefore 

attractive for more than one reason. Dry hot rock represents not only our largest 

but also our most broadly distributed energy supply. If economical methods can be 

developed to extract energy from it, it may become possible to create a geothermal- 

energy system almost anywhere that heat o r  electricity is needed -- which would have 

the incidental advantage of greatly reducing the need for new transmission lines, 

pipelines, and other transportation systems. Investigations of the possibilities, 

problems, and economics of such systems are just beginning, but the results of initial 

studies make it appear probable that dry-rock geothermal systems will  eventually 

contribute significantly to the long-term solution of the world's energy and pollution 

problems. 
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