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INTRODUCTION

Geothermal energy is not a new concept. Naturally occurring hot water has
been used for centuries in Iceland for heating purposes. About 20% of Klamath
Falls, Oregon is today heated by hot water from geothermal wells.

The generation of electricity is a relatively new use for geothermal energy
which has developed over the last half century. There are plants in operation
in Italy, New Zealand and the U. S.; these have a total capacity of more than
700 MWe. Geothermal generation is being explored and developed today in Japan,
USSR, Mexico, Nicaragua, El Salvador, and Guatemala. Whenever a favorable com-
bination of recent magmatic intrusion and favorable groundwater conditions occurs
to create the necessary steam conditions it is usually economic to build a gen-
erating plant. With fuel essentially free the plants are usually economically
competitive even in small sizes.

Naturally occurring geothermal steam sites are rather limited. Witness to
this statement can be found in the small number of plants (less than a dozen) in
operation or under construction. On the other hand, geothermal anomalies are
prevalent in every one of the world's continents. One writer describes geother-
mal areas in which the thermal gradient is 150°C/km (435°F/mile) to 180°C/km
(522°F/mile). This may be compared to the world average gradient of 30-40°C/km
in non-geothermal areas.

In the United States, large areas of Oregon and northern California, as
well as selected areas in Washington, Idaho, Montana, Nevada and Utah, are areas
of recent intrusive activity and some have been drilled proving the existence of
geothermal temperatures. It should be noted that most steam producing areas are
relatively shallow, 400 to 2000 feet. In fact, most exploratory drilling ceases
when hard rock is located as the chances for finding steam in these formations
are limited. Temperatures as high as 750°F at 7900 feet have been found in the
Niland area of California.

If a method could be found for recovering the energy in these areas without
having to rely on the rare discoveries of large supplies of natural steam, the
economic pay-off would be impressive. For example, the total energy in one
cubic mile of hot rock is equivalent to that of a major oil field—300,000,000
bbls of oil worth $600,000,000. A further example of the magnitude of this
resource can be had by considering the recoverable energy in a single known geo-
thermal area. One of the smallest of Oregon's areas is the Diamond Craters zone.
This is shown in Figure 1. It is estimated that the energy available in this
single area is roughly equivalent to that of the North Slope oil pool.
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PLOWSHARE AND GEOTHERMAL POWER

The possible coupling of Plowshare with geothermal power to produce elec-
tricity first appeared in a paper by Professor George Kennedy of UCLA at the
Second Plowshare Symposium in 1959. The idea is to use the rock crushing power
of a nuclear device to produce a large cavity filled with broken rock from which
the sensible heat can be removed. A simplified model of this concept is illus-
trated schematically in Figure 2. As will be seen later, an alternate arrange-
ment can also be considered. The heat removal is accomplished by drilling a
second hole into the bottom of the cavity and adding water. The resultant high
pressure, high temperature superheated steam is removed from the top of the cav-
ity. The steam is used to power a turbine generator, condensed, and returned to
the cavity.

Since the detonation is deep, no venting will occur. As is characteristic
of deep underground shots, most of the fission products are frozen in the molten
rock of the cavity wall. The closed cycle nature of the plant assures minimal
release to the environment during operation. These features make for a very
clean method of power production.

Battelle-Northwest has carried out additional analysis of the potential of
Plowshare augmented geothermal power and it appears extremely attractive.

If this approach is successful, many of the limitations which apply to the
current geothermal plants are removed. It would no longer be necessary to find
steam and live with the resultant limitations. Hot rock is the key requirement
and a reasonable amount of surface or well water is required for condenser cool-
ing. These characteristics would make possible production of high temperature
(600-800°F), high pressure (up to 3,000 psi) steam.

The ideal Plowshare geothermal site would meet the following criteria:

1. Rock temperatures above 600°F at depths of 6,000 to 10,000 ft.

2. Large quantities of water for cooling the steam condenser.

3. An area remote from large population centers.

4. An area near major electrical transmission lines.

There are geothermal areas in Oregon, Nevada, Idaho, Montana, Utah and
California which appear to meet all of these criteria. Some of the Oregon sites
have already been noted in Figure 1.

If it is assumed that a 125°C/km gradient can be located, a temperature of
350°C (622°F) will lie 8,600 feet beneath the surface. After locating this tem-
perature, the small exploratory hole would be enlarged to lower a 1 megaton
nuclear device. On detonation, a cavity with a fractured volume of 1253 x
cu. ft. would be formed. Using a AT of 312°F, the sensible heat amounts to
14.7 x 1012 Btu's and the heat from the device is 3.8 x 1012 Btu's for a total
of 18.5 x 1012. It was thought that, as the cavity was cooled, the heat flow
from the surrounding, nearly infinite, heat source would provide considerable
additional energy. However, the transient heat analysis showed this effect to
be negligible.

The calculations made here assume that a massive solid intrusion is in-
volved. Professor A. R. McBirney of the University of Oregon has suggested that
there may well exist lenses (laccoliths) of recent magmatic intrusions within a
few thousand feet of the earth's surface. If these are recent enough, they may
still contain a significant volume of liquid basalt. The liquid material con-
tains considerably more heat per unit weight than the solid since it retains the
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Figure 1. Geothermal Area for Southeast Oregon

Figure 2. Plowshare-Geothermal Power Plant
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latent heat of crystallization plus the sensible heat. If the techniques of
"mining" such areas can be mastered, the heat values listed above are conserva-
tive by at least an order of magnitude.

It is interesting to speculate on the ultimate application of geothermal
power. If slightly above normal thermal gradients of 50-60°C/km can be located,
a hole of 5-6 kilometers in depth would produce interesting temperatures (300°C).
Depths greater than this are often reached in oil exploration, and ARPA is
exploring the feasibility of drilling to 50,000 ft. It does not seem too remote
a possibility that with an incremental improvement in drilling technology in the
larger diameter holes required, Plowshare geothermal power could find general
application throughout the world. LRL has stated specially designed nuclear
devices may be manufactured to fit through 12 to 14" holes, although to date
large yield devices are much larger.

FEASIBILITY

The technical feasibility of the Plowshare created cavity has been demon-
strated. Experience from several Plowshare devices and hundreds of underground
weapons tests allow predictions of the cavity size and rubble produced with
reasonable accuracy. The problems lie mainly in the engineering area. Perhaps
the key problems in developing a Plowshare augmented geothermal plant will be
adequate assurance of no unreasonable seismological disturbance and obtaining
public acceptance. The seismic problem can be approached with seismic measure-
ments and the evaluation of the results of a small nuclear device before develop-
ment of the production size cavity.

There are a number of other problems which must be solved before this con-
cept is reduced to practice. These include: development of a device which is
operable at high temperatures; determination of the fracture volume from which
heat can be extracted; design of a generating plant which will withstand the
seismic shocks of these devices; and the determination of the radioisotope dis-
tribution in the system. Some of these questions are discussed at greater
length in the following sections.

One of the most attractive features of a Plowshare geothermal project is
that the area of highest uncertainty—the location of a suitable site—is the
least expensive. Under present law a cooperative program would have to be dev-
eloped with the AEC. An exploratory drilling program would be conducted. Once
a suitable location was determined, a small device would be detonated and steam
production tests made. If all turned out well, production size detonations
would be fired and the power plant constructed.

ECONOMICS

As mentioned earlier it has been calculated that a one megaton device will
fracture more than 109 ft3 of rock assuming the fracture radius is three times
the cavity radius and the fracture height is a conservative 4.4 cavity radii. A
transient heat analysis has shown that a modest heat transfer coefficient (10 Btu/
hr/ft2/°F) is sufficient to allow the heat to be extracted from boulders as large
as three feet in diameter. A total of 18.5 x 1012 Btu's is available from this
fractured volume.

Figure 3 shows the costs involved in building this "boiler". Values are
shown for 500 KT and 5 MT devices as well as the 1 MT one discussed above. In
the present state of the art it seems highly unlikely that devices much larger
than 1 MT can be fired in the U. S. As further experience is gained, as seismic
decoupling techniques are developed, and as public acceptance improves, it is
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conceivable that larger devices (2-3 MT) may be used. In any event, the calcu-
lations for a 5 MT device are included for illustrative purposes.

As can be seen in Figure 3, a major portion (about 54%) of the costs are
included in the post-shot "plumbing." This immediately suggests the possibility
of multiple-sequential shots in which these drillback costs would be spread over
several holes. The yield of fractured rock per dollar of cost should go up with
multiple-sequential patterns; further, and perhaps more important, the average
heat rate of the turbines will be improved. Battelle-Northwest is currently
studying for a private sponsor the economics of various shot patterns. When the
results of this study are completed, it will be possible to calculate the power
costs of a more sophisticated arrangement than the one presented here.

The first engineering studies completed on the steam cycle also indicate
that there will be advantages in alternate patterns. Figure 4 shows the static
and velocity head losses to be expected in the boiling water, single cavity pat-
tern we are considering here. As can be seen from the curves, the steam pres-
sure at the surface drops off rapidly as the temperature in the cavity decays.
The original drop is caused by the gravity head. As the steam quality degrades,
though, the demand goes up as does the velocity. At the end, the velocity head
increases rapidly and the top-side pressure falls to zero.

This suggests an arrangement such as the one shown in Figure 5 where the
boiling is allowed to occur in the cavity and steam is extracted. In this illus-
tration a multiple-sequential vertical shot pattern has been used in which, pre-
sumably, a higher yield of fractured rock has been realized and only a single
drillback expense has been encountered.

As the rock cools with time the water level in the chimney is raised. This
will, in effect, make the bottom zone a preheater and the top a superheater. It
should serve to keep the steam quality higher than the single cavity case. This
will allow the turbine-generator to operate at a better average heat rate. When
the calculations of fractured rock volumes are completed, a transient heat analy-
sis will be run to test the validity of these assumptions and their impact on
the economics of the system.

Another possible alternate system is shown in Figure 6. This incorporates
a pressurized water system for heat removal. The shot array is a sequential-
horizontal one. Such a pattern might be used to maximize the yield from a lacco-
lith of limited thickness. The pressurized water heat removal has the advantage
of better circulation in such a cavity. Since it is a pumped system, it will
not be dependent on the pressure generated in the cavity to lift the steam to
the surface. The pumping costs should not prove too high as the gravity head
is compensated. It has attendant disadvantages, though, inasmuch as a primary
pump, pressurizer, and steam generator will be required. The pickup of solubles
and fission products from the cavity could also be a problem. Since the fission
products are mostly trapped in the molten rock after it freezes and since the
basaltic structures likely to be encountered are mostly silicates, both of these
possibilities are fairly remote.

These alternate patterns with their larger fractured volumes will have an
operational advantage over the single cavity case. The latter (with a 1 MT
device) is estimated to provide steam for a 200 MW plant for only about a year;
this estimate is based on an assumption that the fractured volume will be 6
cavity radii high (LRL estimates 6-8 Rc for the height) and 3 Rc in radius. The
alternate patterns should power the same plant for 3-4 years.

The fractured volume of any of the shot patterns represents one of the major
uncertainties of the system. In the multiple-sequential patterns the shock wave
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Figure 6. Pressurized Water Sequential Pattern
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interaction between cavities is still to be determined. There is a distinct
possibility that thermal fracturing will occur under the system conditions; this
might increase the fracture volume. Lithostatic pressure could act to close up
fissures in time, which would have the opposite effect.

Fuel costs are reduced for single cavities to the common units of cents per
million Btu's in Figure 7. In this case it should be remembered that the capi-
tal cost, and much of the maintenance costs, of the plant boiler are included in
the Plowshare-geothermal "fuel costs." As is to be expected, these costs
decrease as the fractured volume increases.

Rough estimates have been made of the generating capital costs for a 200 MW
plant using the boiling water cycle. This size was picked somewhat arbitrarily.
While this capacity is large enough to be of interest to a system, it is not so
large as to require multiple shots to start operation. It can be anticipated
that scaling the concept up in size will reduce power costs.

Capital costs of $109/kW were estimated. These include a $10/kW allowance
for seismic hardening of the plant to withstand the shock of subsequent detona-
tions. Although little data are available on plants of this type, these costs
are thought to be conservative since no boiler system is required. In the more
sophisticated cycles now being studied the added energy extraction of a pressur-
ized water system will be balanced against the increased capital costs.

Total power costs are shown in Figure 8. A fixed charge rate of 15% has
been assumed along with an 80% plant factor. As can be seen, the power costs
even from such a small plant are highly competitive under these conditions. As
the size of the device and the fractured volume increase, the power costs, of
course, decrease.

CONCLUSIONS

This paper is based on preliminary analysis of the concept. It is recog-
nized that a more in-depth feasibility study is required before firm conclusions
can be drawn. Also, a demonstration experiment is required to prove out the con-
cept in practical application. The large potential that geothermal power has as
another major energy source warrants an in-depth study.
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