
Natural Energy Sources t

By Edward Teller*

Uncertain predictions are made about an uncertain future. Solar energy
will come, but how? The heat of the earth will be used, but where? There
are other possibilities, but which?

All energy sources are, of course, natural. Today, however, sun and wind
and waves and hot springs are somehow considered more natural than coal
or oil or nuclear energy. Objections to the latter three have been raised for
a variety of reasons. In fact, all of the living world depends on solar energy.
In many cases, animals and birds follow the sun. Man's first application
of solar energy was in the form of firewood. The sun satisfied the most basic
needs of agriculture, and for this reason, in some early communities it was
watched and studied with extreme care. Pre-industrial civilizations used
these natural sources in sailing ships, in windmills, and water wheels. The
rays of the sun were used to lend occasional brilliance to the beautiful
windows in cathedrals.

The newly popular energy sources discussed here are often called renew-
able. Some of them are; but readers will find, perhaps to their surprise,
that some of them are not. To harness them effectively and adapt them to
modem conditions presents a problem. It used to be that America could
solve all problems by employing a magic wand: technology. In the view of
many young people, that magic wand has turned into a witch's broom, and
on this frightening device we are collectively riding to disaster. I tend to
believe the older myth, but with limitations. The magic wand works, but
it does not work instantaneously.

Technology can accomplish anything in fifty years; in five years, it can
accomplish nothing. This statement is, of course, an exaggeration, but it
comes closer to truth than most people would guess.

In the case of energy, there are a great number of real possibilities await-
ing development. An even greater number of energy proposals are com-
pletely unrealistic. But we can feel reasonably sure that energy will be
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available, even easily available, in the long run. It is most important to
remember, however, that miracles of technology and industry are not in-
stantaneous. No matter what we do, the next years will be hard, not only
for particular countries but for most of the world. One of the most impor-
tant points in every single case is to ask when an energy source can become
available. Timing seems to be at least as important as the anticipated
quantity.

Solar energy is truly the oldest form of energy. There is a good chance
that it will turn out to be the most important answer to our energy prob-
lem. It is ample, and as human lives are measured, it is everlasting. The
sun has been shining for five billion years, and there is no reason why it
should not continue for five billion more. In this sense, it comes closer to
being an inexhaustible source than any other practical possibility.

Because the bureaucratic machine in Washington does so for purposes
of federal funding, it has become customary to include in the general
category of solar energy all energy sources that continue to be replenished
by the sun at the rate at which they are used. Therefore, when we speak
of solar energy, we mean not only the collection and utilization of sunshine.
We also mean exploitation of warm surface water in the ocean, called
Ocean Thermal Energy Conversion which is difficult; we mean the more
hopeful use of vegetation that derives its energy from the sun. We further
include windmills driven by the atmosphere, the movement of which is
caused by the sun. We include the exploitation of the ocean waves that
have been whipped up by the winds. We include hydroelectric power,
which depends on rainfall caused by water evaporated by the sun. We do
not include fossil fuels that have been derived from the sun, because they
are being used up much faster than they are being replaced.

Solar energy has become exceedingly popular because it is conceived as
clean and reusable, and because work on it has been neglected in the past.
That this deficiency is being remedied is obvious from Table 1 below. Of
course, expenditure of money on research is necessary, but not sufficient
in itself. It remains to be seen what the actual prospects are for each of
the various forms of solar energy.

TABLE 1

U.S. APPROPRIATIONS FOR SOLAR ENERGY

Fiscal year Amount appropriated

1971 $ 1,230,000
1972 1,680,000
1973 5,080,000
1974 17,280,000
1975 41,900,000
1976 114,600,000
1977 290,400,000
1978 proposed 305,000,000 plus
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We start with the direct collection of solar energy. Heat energy itself is
not usable; it can be used only if we have a temperature difference. The
greater the difference, the more usable the heat energy. Conversely, gentle
heating is more easily accomplished than heating to extreme temperatures,
particularly when energy is delivered directly by the sun. Applications
range all the way from heating a swimming pool where a temperature
increase of 5° to 100 centigrade affects its usefulness, to concentrating
solar energy into sharp focus to produce extremes of temperature. In fact,
temperatures comparable to those prevailing on the surface of the sun can
be approached. These are generally destructive, but they can play a role
in special industrial applications.

What is easiest will come first. We should, therefore, begin by consider-
ing cheap methods to accomplish gentle heating. The general approach is
to utilize what is called the "greenhouse effect." This is done by admitting
sunlight through glass. Then, it is absorbed inside the enclosure by a black
surface, for instance, and we take advantage of the fact that glass does not
easily allow heat radiation to escape.'

For those to whom this procedure is not obvious and familiar, it should
be said that the temperature of our planet is regulated by an inflow and
outflow of radiation. The inflow, of course, comes from the sun. The out-
flow is due to radiation similar to light, except that this "heat radiation"
has a longer wavelength. A closer look at such equilibrium explains some
phenomena with which most of us are familiar.

It can get very cold at night in the desert. There is little moisture in the
air and moisture impedes the outflow of heat radiation. The desert, lacking
a blanket of moist air, cools rapidly.

It is widely believed that the cold weather brings snow in winter. In some
respects, it is more correct to say that snow cover brings about a succession
of cold days or weeks. Indeed, snow reflects sunlight, so little of the inflow-
ing radiation is retained. At the same time, snow is very good at emitting
heat radiation. Yes, even snow has heat, and what heat it has is easily
emitted. Therefore, once a big area is covered by snow it tends to remain
cold.

What happens to climate on a big scale is reproduced on a small scale
in the solar greenhouse. Since glass hinders the escape of heat radiation,
it will be hotter in the greenhouse, and this heat can be utilized not only
for growing plants but also as an energy source.

1. Israel has practiced an ingenious variant: the solar pond. Instead of glass, water itself is
used, which, of course, is cheaper. Sunlight is absorbed at the black bottom of the pond and
the water impedes the escape of heat radiation. The bottom of the pond, however, will become
hot and convection in the water will lead to increased heat losses. Therefore, the solar pond
is layered. The bottom is highly saline and consequently dense. Intermediate layers have less
salinity and the top consists of fresh water. By this rather cheap method, one can obtain
almost 100' C at the bottom. Unfortunately, the overall efficiency of the arrangement turns
out to be not much more than one percent.
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The standard application is the production of hot water, which has been
practiced for many years. This use is particularly popular in Israel and on
the island of Cyprus. It is more effective when there are many cloudless
days. In the United States, such heat collectors are not limited to the
South; they also can be used to advantage in the Rocky Mountains, where
there is a lot of sun and a lot of cold weather. In the Rockies, however,
water alone cannot be used in solar collectors. On too many occasions it
would freeze. The collector should contain water and an antifreeze in solu-
tion, or air that is brought into contact with water after it is heated. Hot
water is useful by itself and can also be used to heat a house during an
entire cold period, including the cold nights that may continue into the
summer.

Availability of solar energy to various parts of the United States is shown
below. The South, of course, receives more sun than other areas. The
cloudless desert of Arizona receives the most, and with the greatest number
of sunny days coupled with open space, Arizona has the greatest potential
for solar energy utilization. Clear skies over the Rocky Mountains help to
extend available solar energy toward the North despite colder tempera-
tures.

DISTRIBUTION OF SOLAR ENERGY OVER THE UNITED STATES
(Figures give solar heat in British thermal units per

cubic foot per day)
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It should be pointed out that in an area with 1,200 British thermal units
per day, solar energy would be far less practical than in those areas with
more sunshine. The figures are averages and in those more northerly re-
gions there are not enough sunny days during cold weather.

Greenhouse heat collectors, incidentally, work even on cloudy days. The
sun's rays are less direct then, and they are decreased to some extent
because clouds scatter much of the sunlight away from the earth even
before the light reaches its surface. Nevertheless, the heater still works
when skies are overcast, though it does so with less efficiency.

Flat plate collectors were popular in Florida in 1950 for producing hot
water. Competition from cheap natural gas displaced these collectors, with
the results shown in Table 2 below. Now, with rapidly rising gas prices,
the solar collectors should be installed for good.

TABLE 2

1935 '40 '45 '50 '55 '60 '65 1970

SOLAR WATER HEATING SYSTEMS IN OPERATION
IN SOUTHERN FLORIDA

Data from Survey of the Emerging Solar Energy Industry (J. Berry, comp. and
F. deWinter, ed. 1977).

The greenhouse principle was turned 'into practice years ago. But we
must ask whether it is economical. The main difficulty is the cost of instal-
lation. As a general rule, mass production lowers costs, not only for auto-
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mobiles but also for solar collectors. If big quantities are at stake, produc-
tion methods can be optimized and costs due to variations and modifica-
tions avoided. This principle is known as the "economy of scale." But solar
energy utilized at each individual dwelling, only partly compatible with
the economy of scale, may still be the right choice for a particular reason.
Massive production of energy is cheap at the big power stations where
electricity is generated, but considerable amounts of money must be spent
to distribute the energy. Solar energy is delivered free of charge to individ-
ual small homes. For a forty-story building, solar energy is less advanta-
geous. The big volume of a skyscraper has relatively little surface on which
to collect solar energy.

Simple flat plate collectors of solar energy still cost too much for wide-
spread use in the United States. Though common, glass is expensive.
There is hope of replacing it by cheaper synthetics that function similarly
to impede the outflow of radiation. Unfortunately, present synthetics lose
their effectiveness under the influence of the ultraviolet part of solar radia-
tion. A relatively inconspicuous development, such as the discovery of
cheaply manufactured sheets that will not deteriorate and that can be used
as greenhouse windows, could make a great contribution toward better
utilization of solar energy.

Process steam for industry consumes one-sixth of the fuel in the United
States. Considerable energy is used up in boiling the water, and with little
additional fuel, much higher temperatures can be achieved. It is advanta-
geous to generate process steam with energy coming mostly from the sun.

In a well-constructed collector of the greenhouse type, water can be
brought to or almost to the boiling point. If the boiling point is not quite
reached, a small reduction in pressure will cause the water to boil. This
evaporation process requires the most energy. It can be accomplished by
the relatively low temperatures near the boiling point of water, which can
be obtained from the sun without a complex apparatus.

The steam, however, is now not hot enough. Its temperature can be
raised as necessary by compressing it without any heat transfer. The work
of compression turns into heat. At first this seems to be the wrong way in
which to proceed because mechanical energy or compression energy is the
most expensive form of energy. But if most of the energy comes from
boiling the water, and only an added ten percent is needed to compress and
heat the steam, we can afford to use a simple electrically driven mechani-
cal apparatus to perform the compression. Good electrical generators work
at forty percent efficiency and therefore need 2.5 times the fuel energy
delivered as mechanical work. But, if this mechanical work makes up only
ten percent of the process steam energy, we have used only 2.5 times ten
percent, or twenty-five percent as much fuel as we would have used had
we simply boiled water to get high-temperature steam with one hundred
percent efficiency.

Solar energy could be used to much better advantage if higher tempera-
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tures could be reached. One step in this direction, using the greenhouse
effect, would be to drastically reduce the heat lost through conduction. A
proposal for accomplishing this end is to collect the sunlight in a double-
walled glass vessel with a vacuum between the walls as in a thermos bottle.
In that case, the only way to lose energy is by the heat radiation, which
we have already discussed, and we would have almost entirely eliminated
heat transfer by materials. It is possible, but by no means obvious, that
these more ideal greenhouse collectors could be produced cheaply enough
to make an impact. The direct consequence of the higher temperatures
would be utilization of solar energy not only for heating but also for air
conditioning and refrigeration.

The usual approach toward solar energy of higher temperature, and
therefore higher quality, is to collect solar radiation by mirrors. In France
in 1878, a printing press, operated for publication of The Sunshine Journal,
was powered by a two-thirds horsepower solar steam engine. A parabolic
mirror, together with the power plant, had to be moved to track the sun.
In modern proposals, the parabola is broken up into plane segments lo-
cated on the ground. Their orientation is changed in such a way as to
collect solar energy in an unmoving focus.

In the greenhouse effect, we usually are able to raise the temperature by
a relatively small amount, mainly by cutting down losses due to heat
radiation. These losses increase very rapidly if the temperature becomes
higher. Therefore, it is difficult to raise the temperature by a factor of two
on the Kelvin scale.' For example, going from room temperature, or 3060
K. to 6000 K., the loss due to heat radiation increases sixteenfold, which
is 21 (2x2x2x2). It follows that if we can concentrate solar radiation sixteen-
fold by the use of mirrors,, and not do anything about impeding outgoing
heat radiation, we get an equilibrium temperature of 6000 K. At this point,
generation of electricity by use of a solar steam engine will look promising.

In reality, the situation is much more complicated. In arriving at 3000
K., for instance, we have already taken the average over day and night. A
solar engine will, of course, work only in the daytime and at least a factor
two is therefore available even without mirrors. With ample use of mirrors,
one can get to very much higher temperatures. There is a reverse side to
this effect. The full power of the sun is available only part of the day. The
situation is particularly poor on cloudy days when concentration by mir-
rors will not work. Therefore, solar electricity plants are best located in
desert regions, such as Arizona in the United States or most of the Middle
East.

2. The thermodynamic temperature scale was proposed by William Thompson (Lord
Kelvin) in 1848. It is perhaps immodestly called the absolute temperature scale because it is
independent of the properties of any particular substance used in a thermometer. Recognizing
that temperature is disordered motion, the point where all motion comes to rest is designated
at 00 K (read: zero degrees Kelvin). Indeed one cannot get any lower. This scale is simply
calculated from the centigrade scale by adding the number 273.1. Thus, on the Kelvin scale,
water freezes at 273.i ° K and normally boils at 373.i K, keeping a 100 ° interval between
ice and steam.
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Mirrors should be deployed that reflect the light of the sun onto a defi-
nite spot on the earth's surface. In order to compensate for the motion of
the sun, the mirrors have to be moveable. The standard approach at pres-
ent is to put the steam electric plant on a high tower. Then, plane mirrors
can be located on the earth's surface. They have to be moved by clockwork
and moved with considerable precision. These specifications result in a
plant that is unconventional, expensive, and not easy to construct, even
though all the basic principles are simple and straightforward. The ex-
pense of storing energy for the night must, of course, be added.

The mirror arrangements that have been described are not without com-
petition. We may, for instance, focus the sunlight along a line rather than
toward a point. In such an arrangement, we would use a trough-like para-
bolic structure as a reflecting surface. Focusing can be achieved along a
line near the bottom of the trough without the reflecting surface being
moved hour-by-hour or minute-by-minute to follow the course of the sun.
We have to adjust the trough two or perhaps four times a year to compen-
sate for the sun being higher in the sky in the summer than in the winter.
The disadvantage is obvious. We obtain a smaller flux of solar light and a
lower temperature than we could get if we collected the rays of the sun near
one focal point. Finally, we can return to effective solar panels, in particu-
lar to the evacuated double-glass cylinders. These could generate electric-
ity with little assistance from mirrors or conceivably even without mirrors.

The lower the temperature of the working fluid, the more attention we
must pay to the best possible use of the limited solar heat obtained. A
solution in this case is to use an arrangement that is similar to a bottoming
plant in an electric generator. Water at low temperatures, even above the
boiling point, produces a low vapor pressure and great volumes of vapor.
Thus, very big turbines are required to produce substantial amounts of
electricity. Capital investment is heavy. Therefore, it is better to use freon
or ammonia as the fluid that is alternately evaporated and condensed,
because these substances have higher vapor pressures at lower tempera-
tures. But-no matter what we do, thermodynamic limitations cannot be
exceeded. The best we can hope for is to convert a fraction of the energy
into electricity, somewhat less than the limit given by the temperature
difference in the process divided by the higher of the temperatures.

Once a solar plant has been constructed, it will not require any other fuel
to operate. But it still will require maintenance, and maintenance in this
case is apt to be more expensive than in a conventional plant. In addition
to keeping all boilers, heat exchangers, turbines, and generators in order,
we must provide for the cleanliness and good condition of many acres of
surfaces that collect solar energy.

The upshot is that proper predictions of the cost of solar electricity turn
out to be much greater than the cost of electricity from other sources-coal,
oil, or nuclear-if one applies the present state of technology. Even opti-
mistic projections forsee a price five times that of nuclear for solar electric-
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ity unless truly ingenious innovations are introduced.3 Unfortunately, what
we have discussed so far is rather conventional technology, in which slow
progress is more probable than brilliant new ideas and breakthroughs.

The situation is quite different, if instead of solar thermal electricity, we
consider a method that converts sunlight directly into electricity by using
photoelectric cells. Such cells have served in our efforts at exploring space.
The only trouble is that the cells used in our spacecraft are too expensive
to be practical for general terrestrial use. In space exploration, we could
afford to spend a thousand times more for electric currents than we are
prepared to pay in commercial generating systems.

The working of these photoelectric cells is based on the fact that light
arrives in packages called "quanta." Light quanta can impart their energy
to electrons, which thereupon will be shoved from one substance into a
neighboring substance. The appropriate substances are known as semicon-
ductors. It is not difficult to make arrangements in which the electrons find
their way back to the place they came from along an external electric
circuit. What is difficult is to reduce the cost of the semiconductor sand-
wiches by a factor as great as one thousand. What has been done so far is
to reduce the cost by approximately a factor ten. The remaining factor one
hundred may be more difficult to achieve.

One should consider the problem of solar cells as the question of the
mobility of electrons, the extremely lightweight carriers of electricity. One
of the most peculiar facts of physics and technology is that electrons move
very differently in different materials. In metals, they move almost freely;
in insulators, they move with the greatest difficulty; in superconductors,
they move with complete freedom. Our whole electric network is based on
the fact that electrons move a thousand kilometers along a copper wire but
do not move one millimeter across the insulating wrapping that surrounds
the wire. Semiconductors, intermediate between metals and insulators, are
the stuff of which solar cells are made. Under varying conditions, the
mobility of electrons is sharply changed. Sunlight moves them. Small
additions of foreign substances influence their behavior. In the past, regu-
lar arrays of silicon atoms in single crystals of silicon have been used,
together with sharply defined impurities that regulate the behavior of the
electrons. Photocells of the past were made with the care required in the
manufacture of a Swiss watch.

Can long ribbons of cheap single crystals be grown by mass production
methods? Can other substances, such as sulfides or gallium arsenide, be
substituted for silicon? Neither silicon nor its substitutes are expensive;
the ticklish item is their fabrication. Are crystals really needed, or can we
work with the more disorderly array of atoms found in amorphous

3. Aden B. and Marjorie P. Meinel, pioneer workers in the solar energy field, have stated,
"Those who are putting heavy pressure on our current administration to put the nuclear genie
back in the bottle are not well informed when they offer expensive solar as the alternative."
See The Energy Daily (August 4, 1977).
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substances?4 Can the work be done at higher temperatures, permitting us
to concentrate more sunlight on an expensive photocell?

All these possibilities exist. Success is in no way assured. We are faced
with the promises and the uncertainties of high technology under condi-
tions where we have a partial understanding of a great number of factors.
Although there is real hope for success, there is little expectation for an
early and rapid resolution of all difficulties.

Apart from the problem of high costs, photoelectric cells are more
strongly dependent on the weather than are simple hot water collectors.
The latter utilize all of the sunlight, very particularly the longwave, or red,
components that penetrate more easily through an overcast. Photocells
-depend more on the shortwave, blue and violet components, which have
difficulty getting down to earth even through thin layers of cloud. Of
course, mirrors may be combined with photoelectric cells. This procedure
drives up the cost because of the expense of the mirrors. On the other hand,
the cost of the photocells will decrease in proportion to the area that must
be illuminated. Unfortunately, the output of a photocell does not increase
in proportion to the sunlight received. Focusing too strongly increases the
temperature and decreases the efficiency of the cell. In this respect, gal-
lium arsenide seems to work better.

One great potential advantage of photocells is that they deliver small
anmounts of electricity as effectively as big amounts. The economy of scale
does not apply. In sunny climates, at some future date, photocells, possibly
combined with focusing mirrors, might provide an isolated house with all
its energy requirements, including electricity and air conditioning. A rea-
sonable compromise may be to develop solar electricity for small commun-
ities, based either on steam-driven generators or on photocells. In this way,
energy storage would not be quite so difficult because the very small stor-
age devices suitable for individual buildings may turn out to be uneconom-
ical. Distribution of electricity within a small community remains inex-
pensive.

An additional approach should be mentioned, not only because it has
attracted millions in research dollars, but also for the reason that it is
highly imaginative. Solar cells have been used in space to produce rela-
tively small amounts of electricity. Could we produce big amounts of en-
ergy on a satellite and then transfer it to the earth? A satellite moving
around the equator at a distance of approximately fifty thousand kilome-
ters from the center of the earth completes its circuit in twenty-four hours
and will retain its position over one point of the equator, appearing to be
suspended. It may be possible to deploy solar cells, with or without mirrors,

4. A paper by Stanford R. Ovshinsky and Arum Madan points out that effective and
cheap photocells could be produced in the near future by employing the adjustable properties
of noncrystalline materials. See Ovshinsky & Madan, A New Amorphous Silicon-based Alloy
for Electronic Applications, 276 NATURE 482 (November 30, 1978).
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on such a satellite. One might even employ the more primitive method of
producing hot gas or steam and using a turbine-generator system. Of
course, a closed cycle would be needed with complete reuse of the working
fluid. The successful development of the space-shuttle would require lift-
ing enough mass into these orbits, at a cost that is exceedingly high but
might conceivably be afforded. 5 Some of the equipment, for instance the
mirrors, may weigh very little, as long as they are not subjected to any
forces, particularly not to any gravitational forces.

It is, of course, necessary to transfer the energy down to earth. The plan
is to transform electrical energy into microwave energy, which is electro-
magnetic radiation of wavelengths measured in millimeters-that is,
shorter than radar but much longer than common infrared or heat radia-
tion. Microwaves penetrate the atmosphere and most clouds with relative
ease; however, they are stopped by big droplets that occur in heavy rain.
On the surface of the earth, microwaves will have to be transformed back
into electricity, and the job is then complete.

Two great advantages to this system would be that it could function with
considerable reliability for practically twenty-four hours a day and the
photocells could be reached by all wavelengths from the sun, including the
violet and the shorter and more effective ultraviolet radiation. The disad-
vantages are that the system obviously is highly complicated, that space
stages are expensive to establish and maintain, and that there may be
trouble with damage from high-intensity microwaves. In this case, as in
many others, environmentalists may advocate a particular form of energy
as long, and only as long, as it appears not to be feasible. '

It would seem reasonable to consider the separate portions of the solar-
space energy project one by one and to translate them into practice one
by one before attempting to establish the whole complicated system. For
instance, we might develop the microwave transmission system over ten
kilometers or fifty kilometers before planning to send radiation over fifty
thousand kilometers. There are many offshore islands where transmission
from the mainland by microwaves might compete with transmission by
cable. In this way, practical experience could be obtained on a relatively
modest scale.

One particular example may be found in Hawaii. The big island of

5. In one project, a mass of 100,000 tons is mentioned, which could produce 50,000 mega-
watts of electricity (comparable to production from 50 nuclear reactors). To lift a ton into
"synchronous" or apparently stationary orbit, the cost would be $14 million to $20 million.
To generate 50,000 megawatts, the cost of lifting the material into orbit is estimated at
between $1,400 billion and $2,000 billion to which more expenditure must be added for
fabrication and maintenance of the needed equipment in space and on the ground. This is to
be compared with $50 billion if conventional fission reactors are used to generate the same
amount of electricity.

6. Of course gravitation is there, but it is cancelled by centrifugal force. One of the nice
points of Einstein's theory of gravitation is that this cancellation may be regarded, in theory
as well as in practice, as true absence of forces.
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Hawaii has active volcanoes. Great geothermal deposits were found on the
peninsula jutting out from Kilauea toward the southeast into the Pacific,
apparently more ample than can be used by that island's small population.
Electricity could be generated and transmitted by wires to the top of the
extinct volcano Mauna Kea. The top of that huge cone, reaching 4,500
meters into the sky, can be seen from Koko Head near Honolulu with its
population of nearly a million. Energy could be transmitted by microwaves
from Mauna Kea to Koko Head. If this undertaking proved acceptable and
profitable, it might serve as encouragement to pursue the solar space pro-
ject.

Another step might be to launch big, relatively light mirrors into orbit
five hundred or a thousand kilometers from the surface of the earth. Orien-
tation of these mirrors could be controlled, and they would be used to
intensify and extend the daily duration of solar raidation by reflecting the
sun's rays. Because of the size of the solar disk, the added radiation would
be spread over a considerable area-at least twenty kilometers in diameter.
The higher the mirror, the larger the area. But solar radiation could be
directed toward a city such as Denver, making installation of flat plate
collectors more economical. As they circled the earth, the mirrors would
be orientated by remote control to bring added sunlight to appropriate and
.changing areas. If no added radiation were needed, the reflection from the
mirror could be directed back into space. Direct application to a big solar
electric source does not appear practical.

On the other hand, application of solar-space technology to weather
modification, a development which is in the forseeable future, could be-
come most important. The energy-starved "polar front" that separates the
winds of the temperate zone from the polar air mass, for instance, could
conceivably be influenced. Processes along the polar front seem to deter-
mine weather patterns and can make the difference between a hard or mild
winter, between drought or ample rainfall.

All of these possibilities mean that the components of the space-solar
system may be more important than the system as a whole. For the near
future, the solar-electric-space proposal in toto appears truly discouraging.
It has been discussed at some length here in order to make that point clear.
Furthermore, some attempts to develop parts of the system may bear quite
remarkable fruit, particularly if we think in decades rather than in years.

Instead of converting solar energy into electricity, we can convert it into
fuel. Burning of wood is the most ancient form of energy production, and
burning of coal or oil, which are fossilized forms of vegetation, has been
the most important form of energy throughout the Industrial Revolution.

It is not advocated that we return to the burning of wood on a large scale,
though it is seriously suggested that we grow wood and transform it into
methanol, also called wood alcohol, which is the simplest of all the alcohols
and then use methanol instead of or in addition to gasoline. There is a
difference of opinion as to whether or not the cost of methanol derived from
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wood can be reduced sufficiently to make such an enterprise worthwhile,
but the project is bigger and broader than the use of wood. It utilizes what
is currently called "biomass," plants that convert solar energy into fuel via
a biological process.

Perhaps the most hopeful direct approach is to grow algae in water and
convert them into a fuel like methanol.' One advantage of this process is
that it could use salt water, which is much more available than fresh water.
Another advantage of growing algae may be that the ratio of conversion of
solar energy into the energy of fuel could become quite high. Under normal
conditions this conversion would be one or two percent. But if algae are
grown in an atmosphere enriched in carbon dioxide, the utilization of
sunlight can reach ten percent.

Massive burning of fossil fuel will increase the carbon dioxide content
of the atmosphere with consequences that are difficult to predict. In the
proposed use of biomass, however, the change of carbon dioxide content
in the atmosphere would be compensated. Photosynthesis removes carbon
dioxide from the atmosphere and the subsequent burning of the fuel re-
stores the carbon dioxide. All this could be done in a virtually closed
system. We might in fact erect an electric generating plant that burns the
fuel derived from algae right next to the areas producing the algae. We
might then divert the carbon dioxide from the stack, make it available to
the algae, and thereby stimulate their growth.

The use of biomass is an attractive idea and possibly quite a feasible one.
One may raise the objection that in the not-so-long run the need for food
will become even more urgent than the need for energy. Instead of growing
biomass for energy, we might rather want to use it to grow food. For
instance, vegetation in the water, not digestible by humans, could well be
used in fish farms that could deliver badly needed protein.

This proposal does not preclude the use of biomass for energy; it only
modifies it. By-products of agricultural output could very well be con-
verted into energy. Corn husks could serve this purpose. An even better
example may be bagasse, a residual product of the processing of certain
plants such as sugar cane. In Hawaii, it is often burned uselessly. With
bagasse, the material is already available in a form in which there are no
expenditures for collection. In Brazil, a large-scale enterprise is underway
for the growth of sugar cane for producing alcohol to be used as fuel for
automobiles.

Melvin Calvin, in discussing energy through photosynthesis,8 has sug-
gested another way to use biomass without diminishing the prospective
food supply. He reports that some members of the Euphorbia family,
which grow in arid regions, produce latex similar to that obtained from

7. T. W. JEFFRIES, BiosoLAR PRODUCTION OF FUELS FROM ALGAE, LAWRENCE LIVERMORE

LABORATORY REP. No. UCRL-52177 (1976).
8. Melvin Calvin, Photosynthesis as a Resource for Energy and Materials, 64 AMERICAN

SCIzNTIST 270, 278 (1976).
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rubber plants. This latex lacks the appropriate molecular chains necessary
to produce rubber. But after processing, the fluid can be used as fuel or
can constitute the raw materials for industries that otherwise would con-
sume oil or gas. The latex of some species of Euphorbia can be gathered
year after year by tapping. This suggestion would be particularly valuable
if plants could by hybridized to deliver great quantities of latex. Similar
feats of biological engineering have been performed in the rubber produc-
tion of Malaya, increasing the yield per acre tenfold or even more.

Dr. Calvin has had encouraging results experimenting with other spec-
ies. Euphorbia lathyrus, for example, presently grown in experimental
"gasoline plantations" in southern California, is cut down and crushed to
extract its oil. Grown without irrigation on previously nonproductive land,
E. Lathyrus is expected to produce about ten barrels of oil per acre, and
even its cellulosic residue, bagasse, can be burned as fuel.

Ultimate success in producing fuel from solar energy would come if we
could imitate the photosynthesis by which plants convert carbon dioxide,
water, and sunlight into sugar or starch. We could thus use the biomass
process without the biomass. This would first have to be done in the test
tube and later in a big-scale industrial process. Unfortunately, the process
we wish to imitate is complex. Four light quanta are captured and stored,
in some intermediate form, with the help of the plant's chlorophyll. In-
deed, the chemical energy in natural fuels is reached by capturing and
adding these several bits of sunlight. We are beginning to understand how
plants perform the essential trick. But a long and difficult road will have
to be traveled from initial understanding to successful imitation and even-
tually to economic exploitation in a factory. If this goal could be accom-
plished, we would probably gain deep insight into a basic biological process
connected with the development of life on earth, another example of how
the intellectual pleasure of understanding and the practical profit from
exploiting nature go hand in hand.

Burning the waste products of a city can be considered under the head-
ing of using biomass only in a somewhat artificial manner. These by-
products are, of couse, pollutants and must be disposed of at considerable
expense. It has been estimated that to convert parts of them into fuel or
to burn them in a controlled and useful fashion could supply as much" as
two percent of the energy in the United States. In themselves, the waste
products will probably not supply an economic source of energy. But if they
are not used, they have to be disposed of in some fashion. The differential
cost between use and disposal will probably turn out to be low enough so
that these waste products should actually be made part of our energy
supply. Processes for the dual purpose of waste disposal and energy genera-
tion have already been initiated in Miami, St. Louis, and a few other
places.

The heating of the earth, uneven because of varying geographic lati-
tudes, evaporation of water, and various effects of clouds, drives the great
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world-wide wind systems. These systems are influenced by topography and
are finally dissipated in smaller local wind patterns. Their ultimate driving
force comes from the sun and their total available energy, though much
smaller than the energy in sunlight, is still very great. As with sunlight
itself, wind energy is difficult to exploit because it is unconcentrated.
Having wind is not sufficient to drive a windmill with reasonable effi-
ciency; it is necessary to have strong wind. If wind velocity is doubled the
power of a windmill increases eightfold-twice as much air arrives and
each volume of air carries fourfold energy. If we want to erect windmills,
it is essential that we locate them where the wind is strongest. It is also
important to look for steady winds; otherwise, storing energy will become
an expensive problem. As in the case of solar electricity, this is one of the
difficulties to be overcome.

One region in the United States offering particular hope for the use of
wind power is Hawaii.' The island of Oahu especially, with its million
inhabitants, needs energy; today, its supply is derived from expensive oil.
The Hawaiian Islands lie in the zone of the Trade Winds, which blow
ninety percent of the time with a rather steady velocity somewhat over five
meters per second (ten knots). This is actually not enough for efficient
operation of windmills of familiar design.

But populous Oahu has a rampart of hills on the windward side. As the
winds blow over and around the end of these hills, their speed is doubled.
The resulting average of ten meters per second suffices for economic wind-
mill operation. It is important to pick just the right spots for these wind-
mills. Since the direction of the Trade Winds is practically fixed, from the
east-northeast, the winds are closely related to the topography. Applica-
tion of computing machines to aerodynamics gives us a reasonably good
way to calculate wind patterns and therefore establish the optimal loca-
tions. But experimental proof is still required.

The usual way to find the wind pattern is to use anemometers, which
are simply three cups carried on a stick, not unlike a child's toy. To mea-
sure winds with these instruments at various places and times would ob-
viously be laborious. What is worse, winds are feeble near the surface,
where the anemometers can be used; higher winds at an elevation of fifty
to a hundred meters should be measured. Indeed, a good modern windmill
is a structure on a sizeable tower, having big propellers whose two foils are
similar to the wings of an airplane. There is an even greater similarity to
a fan or an airplane propeller; only in those cases, air motion is produced,
whereas with windmills the air motion is used. Cause and effect are thus
interchanged.

9. In a lecture, when I asked the audience to guess where we have the strongest winds, a
facetious answer was "Washington, D.C." An analogous answer in New Zealand is correct.
Their parliament is in Wellington on the shore of Cooke Strait, which separates the North
and South Islands. The winds, hemmed in between these two land masses, become very
strong.
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We need a faster, more efficient way to measure winds at various loca-
tions, elevations, and times. This may be accomplished by use of laser
beams.'" A laser emits light that can perform almost any job. The beam
can be emitted at high intensity, it can be emitted for a very short time
interval, and, what is more important, it can be emitted with a sharply
defined frequency. The wind itself is invisible, that is, it hardly scatters
light. It almost always carries particles, however. In Hawaii, it- carries
small droplets derived from ocean spray. These droplets scatter the laser
light. Light scattered from a moving particle will have a different fre-
quency due to the Doppler effect, the effect that causes a siren to be heard
at a higher pitch when it is approaching. By measuring the frequency of
the scattered light, we can obtain the velocity of the droplets, which is
essentially the same as the velocity that carries the droplets. Furthermore,
laser beams can be. emitted in very short time intervals and the whole
beam may be no longer than one meter, in spite of the tremendous speed
of light. By observing the scattered beam at various time delays after
emission, one can get information about wind velocities in the location
where the scattering process occurred, meter by meter, along the whole line
illuminated by the laser."

The swift action of lasers is one of the reasons why this method of
surveying wind patterns will succeed. With one laser, mounted in a truck
or possibly an airplane, you can rapidly obtain information about the
movement of air as far as you can see. Of course, it is also necessary to
observe the scattered light in at least three locations in order to get the
direction as well as the velocity of the air movement.

Investigations in Hawaii have progressed to the point where excellent
locations for windmills have been found on the northern and western tips
of the island of Oahu. Windmills near those locations could deliver one
megawatt apiece. In order to supply electricity for the whole population,
as many as a thousand windmills would be necessary, and environmen-
talists have objected to the insulting "visual pollution." Fortunately, the
northern and western tips of the island do not happen to be famous scenic
spots.,2

Hawaii is also appropriate for windmills because of its moderate climate.

10. W. M. PORCH, ASTRONOMICAL TECHNIQUES ALLIED TO POLLUTION DETECnON: POLLUTION
TRANSPORT, LAWRENCE LIVERMORE LABORATORY REP. No. UCRL-79484 (1977).

11. This process is similar to the way in which a bat measures distances. It emits ultra-
sonic signals and judges distances by the length of time it takes for the echo to return. The
bat may be after an insect; we are after droplets carried by the wind. A significant difference
is that sound is not all that fast. Light moves a million times faster. The eardrums and nerves
of the bat, good receptors for his needs, are enormously surpassed by the apparatus connected
with lasers. This is made possible by the miracles of electronics.

12. In the first half of the last century, there were ten thousand windmills in England,
which is a tight little island, but still bigger than Oahu. Holland can hardly be imagined
without windmills. But these are antique and so will the windmills we are now planning
become if we wait a while.
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Icing is, of course, no problem. Strong winds are needed, but no hurricanes.
There are hurricanes in Hawaii, but the strongest on record produced a
wind of only a hundred kilometers (sixty miles) per hour.

In the United States, Hawaii is the best place for windmills; if windmills
will not work there, they will not be really effective in any other location
except some thoroughly isolated spots such as the Aleutian Islands. In the
event of success, we will have gathered some experience and may be ready
for applications on the mainland. The map below shows some preferred
areas. The numbers on the map give the wind power averaged over a year.
The shaded areas are mountainous and spots of paticularly high wind
velocities can be located there. Before windmills are deployed, a careful,
year-round study of local winds, preferably one employing lasers, should
be carried out.

0 1 01 , 00 : z>o.

40i

4W 2 0 300

Mean annual wind power for various areas of the United States. The figures
indicate average wind power in watts per square meter, at 50 meters (165 feet)
above the surface of the earth. If we wish a windmill to deliver, on the average,
1,000 Kilowatts (1 megawatt), its diameter would have to be 100 meters, with the
tips of the blades extending back to the earth, which is impractical. The wind
power changes rapidly with wind velocity, and therefore the figures are more
closely connected with the frequency of sufficiently high winds than with the
average velocity of the wind. The shaded areas are mountainous, and in these
regions the average wind power changes rapidly with the location. At selected
spots, actual figures for wind power in these regions reaches considerably higher
values than those given on the map. The sign > 400 means greater than 400,
while the sign < 300 means less than 300.
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I have concentrated so far on the wind rather than the windmill. A
disadvantage of the present design is that it has a horizontal rotating axis
high on a tower. Furthermore, the passage of the foils in front of the tower,
or behind it, causes disurbing vibrations.

Among the many and often outlandish novel designs, one ingenious pro-
posal should be mentioned. We could build windmills with a vertical axis
that could be more easily connected to an electrical generating unit. These
windmills have three twisted foils and the whole structure looks somewhat
like a huge upside-down egg beater. They have the further advantage that
they do not have to be oriented according to the wind direction, but will
accept the wind from any quarter.

Sketch of a vertical axis windmill showing arrangement of foils.

The most expensive parts of the windmill are the blades. It makes sense
to increase the wind velocity in a smaller area and then use smaller blades
to better effect. An ingenious and extreme application of this procedure
has been suggested by an engineer from Taiwan, Dr. James T. Yen.13 He
suggests a building consisting of two wings leading into a central cylinder.
From the top the outline looks-as shown in Figure A below. Furthermore,
a horizontal platform divides the structure into lower and upper portions.
In the lower portion, the cylinder is a dead end so that the wind, being
concentrated by the wings, will build up pressure. In the upper portion,
veins are added which will cause the wind to arrive tangentially on one side
of the cylinder. Thereby, a whirlwind will be set up as indicated by the
curved arrow in Figure B.

13. J. YEN, TORNADO TYPE WIND ENERGY SYSTEM, IECEC REcoRD 987 (1975).
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wind direction

Figure A: Outline of a structure containing a wind energy system, seen from
above.

(2'wind direction

Figure B: Motion of whirlwind resulting from the structure design.

The upper portion of the cylinder is open at the top so the whirlwind can
blow out at the top, forming a small tornado. Due to centrifugal force, a
region of very low pressure will exist at the center of the tornado. An
opening in the horizontal division separates the lower portion from the
upper, and that opening is at the center of the cylindrical building. A
turbine is placed in the opening and there will be high pressure below the
turbine and low pressure above it. In this way, the energy received by the
opening of the building's two big wings can be concentrated on this rela-
tively small turbine, which then can deliver energy to an electric generator.

The sun drives the winds; the winds drive the waves. In the great oceans,
these waves carry vast amounts of energy. Far from the shore lines the
waves are smooth, and are capable of delivering energy in a relatively
simple way. (Long ocean waves carry the most energy; they retain it for
days until they hit a shore.) What we need is a steady platform, so that
the wave motion relative to the platform can be exploited."

Wave motion lessens as we go deeper. At the depth of a full wave length
(the distance from crest to crest) velocities in the water decrease to one
four-hundredth of what is observed at the surface. A platform could, be
mounted on hollow cylinders that go down to a depth where there is practi-
cally no wave motion. The platform should be built above the range of the
waves and will be very steady. It can be anchored or propellers may be used
to keep the platform near a prescribed lcation. These propellers could be
driven with comparatively little energy expenditure.

Hollow iron spheres can be attached, floating, to the platform; they will
move up and down with the waves. Their motion relative to the platform

14. Extensive and rewarding research on the utilization of energy from waves, tides, and
currents is underway, for instance, at the Scripps Institution of Oceanography, La Jolla,
California and the Bionics Research Laboratory of the University of Edinburgh, United
Kingdom. See Fisher, Energy From the Sea, 206 PoPuLAR SCIENcE 69 (May 1975); and Wick
and Schmitt, Prospects for Renewable Energy from the Sea, 11 MTS JouRNAL 16 (Marine
Technology Society, Inc. 1977).
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can activate pumps to raise water in containers carried by the platform.
There are many other, and probably more practical, ways to perform the
pumping action. The water should thereafter be allowed to return to the
sea through a turbine.

In one area of the world the waves are paticularly strong and effective,
and exploitation there holds great promise. South of Patagonia and New
Zealand, north of the glaciers of the South Pole, are stretches of ocean
where one can sail around the earth without ever bumping into land. The
waves do not dissipate their energy by pounding on shorelines. They grow
to an average height of ten meters from trough to crest. That is where the
best wave machines might be floated.

Generation of electricity by this platform method would be straightfor-
ward; its exploitation is more difficult. Transmitting the electrical energy
through long cables to a land mass would be expensive. But how much
electricity would be needed in Patagonia or Tasmania? Perhaps a little
more would be useful to southernmost New Zealand, a country with an
excellent electric network. It might be better to use the energy right on the
platform. There are many ways to produce easily transported goods. One
possibility, though almost certainly not the best one, is connected with the
exploitation of manganese nodules (spheres with a high content of valuable
metals such as copper, nickel, and manganese) lying on the ocean floor.
These nodules could be refined on the platform itself, particularly if the
platform were located in a region rich in the nocules. According to present
technology, electrical energy offers one possible way of refining the no-
dules, though not the best one. Another possibility would be to produce
aluminum from bauxite, which is rather pure aluminum oxide. That is a
process that yields a valuable product and which requires electricity. Ship-
ping the bauxite from its usual place of origin, the wet tropics, should
present no serious problem.

A popular example of how the sun could provide useful energy is Ocean
Thermal Energy Conversion (OTEC). It has been mentioned that energy
present at a fixed temperature cannot in itself be used; a temperature
difference is needed. Such a difference exists in the tropics between the
warm surface water and the much colder water at great depth. Several
methods have been suggested for using this temperature difference to gen-
erate electricity. The most straightforward would be to evaporate liquid by
bringing it into contact with the warm water and to condense it by cooling
it with the cold water. In this way, an engine similar to the steam engine
could be constructed, in principle.

The trouble is low efficiency. According to the laws of thermodynamics,
at most only seven percent of the energy could be utilized and at least half
of that would be lost in actual engineering execution. Such low efficiencies
are prohibitive, not because too little energy is left over (since we started
with plenty of energy), but because one must operate with volumes and
masses of materials that are too great for the extraction of a given amount
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of energy. The result is high capital investment and eventually high cost
of electricity. This statement is not provable and absolute. It only indicates
that the great amounts of heat stored in the oceans can be effectively
turned into electricity only through truly ingenious ideas.

A somewhat similar possibility exists in exploitation of the Gulf Stream.
(Since the water has been heated by the sun and driven, in the ultimate
analysis, by the pattern of the winds, this really should be considered as
solar energy.) There are regions in the Gulf Stream where the water veloc-
ity is well over three knots and where a possibility exists for effective
conversion into electricity. Because of the greater density of the water,
three knots in water compares with a windmill driven by a wind of about
twenty-seven knots. There are, however, two strong arguments against this
utilization. One is that the Gulf Stream could account for considerably less
than the electrical requirements on the east coast of the United States. The
other point, much more important and worrisome, is that interference with
the Gulf Stream could have a considerable influence on the climate of
western Europe. There seems to be reason to suspect that it is the Gulf
Stream that prevents France and England from having the climate of
Labrador. This is, therefore, an area where worry about environmental
effects could be amply justified. Possible harmful effects illustrate global
interdependence in the modern world.

Among the general uses of solar energy as it is delivered daily to the
earth, we must include hydroelectric power. The evaporative action of
sunshine creates the clouds, the eventual rain, and the resulting energy
available in the rivers. It is worth remembering that use of water power
was one of the earliest indications of the coming Industrial Revolution.
Another indication was the proliferation of windmills. Neither the water
wheel nor the windmill was invented in medieval western Europe. The
Greco-Roman civilization used water wheels; windmills came from Persia.
Both, however, became popular throughout Europe during the Middle
Ages.

At present, large masses of water behind huge and impressive dams
provide a considerable portion of electric power. In the early days of elec-
tricity, water power was almost its only source. Today, in the United
States, most of the available hydroelectric power has been developed.
Great additional amounts could be made available only in Alaska, on the
Yukon River, for instance. Unfortunately, a big Yukon hydroelectric pro-
ject that could become useful at some future time would create a lake that
would inundate the Alaskan pipeline. Throughout the world, however,
hydroelectric power still could provide significant additional amounts of
electricity. Central Africa, which is especially low in per capita energy
consumption, is a favorable prospect for water power.

It should be clear, nonetheless, that hydroelectric power has some seri-
ous disadvantages. It is dangerous and, contrary to general opinion, it is,
in a practical sense, not renewable. All of us know that dams have col-
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lapsed due to earthquakes and other causes. Thousands of people have
perished in such disasters. The construction of dams has developed slowly
together with engineering practice. Scientific foundations for the predic-
tion of trouble may not be as clear-cut as in the example of nuclear reactor
technology, which developed in a period when everyone was acutely aware
of the dangers. It should be remembered that big hydroelectric dams bear
the great burden of water masses. As the water infiltrates into cracks at
the bottom of the lake formed behind the dam, small tremors are observed.
We learned not many years ago that water can lubricate rock masses and
make displacement easier. How this phenomenon may be connected with
the development of earthquakes is unclear.

Deployment of gauges that continue to measure strains in dams as they
change with time may be used for better understanding and eventually for
greater safety. Actual small deformation of dams should also be continu-
ously observed. Finally, the developing art of earthquake prediction may
help to improve the safety of dams. I have visited huge dams on an
earthquake-prone island, Java. I was disturbed about the safety outlook
fully as much as I had been in the early days of nuclear reactors when we
lacked both experience and the elaborate safety devices that are now in-
stalled. Yet energy is needed in Java. We can try to understand, try to help
them improve, and pray.

In discussing dangers from collapsing dams we should not foget that
these dams may prevent as many disasters as they create, or even more.
Floods are among the oldest scourges of mankind and dams serve to control
floods. A flood due to a collapsing dam, however, may be more sudden and
more catastrophic than the floods the dam had prevented.

The energy source of hydroelectric power plants is, of course, continu-
ously renewed as the artificial lake fills up in the rainy season, providing
power the year round. But these reservoirs will silt up in a century. So far
as we now see, it would then be necessary to shift to another site. Not only
is resiting expensive, but new favorable sites are apt to become nonexis-
tent. Therefore, it is yet to be proved that hydroelectric power is a truly
renewable resource. It may become so if technology should find the proper
answers to the difficulties mentioned.

Another energy source that many people call "renewable" is the heat
contained in the interior of the earth. Actually, there is a heat flux from
the interior of our globe that is as old as the earth (five billion years), but
it is insignificant. The significant geothermal sources are, in a way, compa-
rable to fossil energy. Coal has been deposited in the last few hundred
million years from plant life. Hot local lava deposits have been established
in the last few million years in the upper few miles of the earth's crust.
The former, coal, has been used extensively. The latter, the useful form of
geothermal energy, has also been used, but so far only in a few instances.
Outstanding examples are geothermal works in Italy, New Zealand, Ice-
land, and, most particularly, near San Francisco in the Geyser project.
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This last-named project supplies electricity for San Francisco, and is in-
deed one of the least costly of generating plants.

One further similarity between fossil fuels and geothermal heat is that
total usable amounts of energy are comparable. Geothermal heat should,
therefore, be considered as an important source of energy, but no more
renewable than coal.

There are particular regions, of course, where geothermal energy should
be sought. The western United States is one such region. It is part of a
much bigger region: the whole rim of the Pacific Ocean. Modem geology
has developed the theory that moving plates exist in the upper layers of
our globe. These plates appear to move slowly but steadily, as more or less
rigid entities. Seismic disturbances, such as earthquakes and volcanoes,
frequently occur on the boundary between plates where the plates move
in relation to each other. The slow motion is sufficient to bring about the
tensions and disturbances that characterize seismically active regions.

The rim of the Pacific, sometimes also called a rim of fire, is a collection
of such active regions. An excellent geothermal field within this rim is
Wairaki, which lies in the middle of the North Island of New Zealand. It
is a relatively small part of an extended field stretching to the north east-
ern coast of the island. This rich field is the best candidate for cheap energy
in New Zealand. Java, Japan, and the big island of Hawaii are some other
promising locations that, so far, have been less well explored and defined.

The most easily developed geothermal energy sources are regions where
water is in contact with very hot rock due to prehistoric lava flows originat-
ing in the deeper interior. The water itself frequently comes from rainfall
that has trickled through the layers. This water is often called meteoric
water, "meteoric" meaning that, like the meteors, the water has come from
the sky. The water becomes vaporized and can give rise to hot springs,
geysers, and the like.

High-quality geothermal sources produce rather pure vapor with few
contaminants through contact with high-temperature rock. The excellent
source near San Francisco is almost pure although it contains slight
amounts of hydrogen sulfide, which has a disagreeable odor and, when
present in large amounts, is poisonous. Geothermal energy does, in general,
cause some pollution.

Unfortunately, high temperature and relatively clean geothermal
sources, such as those near San Francisco or in New Zealand, are the
exceptions rather than the rule. Another massive and rather clean geother-
mal source is available in Yellowstone National Park; it is the biggest in
the United States. It resulted from a great volcanic eruption that occurred
less than a million years ago. It could be used easily except for two circum-
stances. First, the demand for electricity in that region is somewhat lim-
ited with Denver and Salt Lake City the major consumers. The other
objection is that Yellowstone, a national park, is not supposed to be dis-
turbed. Actually, exploitation of Yellowstone Park's geothermal potential
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would hardly disfigure the landscape. In the long run, however, Old Faith-
ful might not work quite as predictably.

We have not yet reached the point where we are willing to sacrifice a
tourist attraction to our economic needs. It is unclear whether this is due
to our unwillingness to accept change or primarily to a conviction that
electricity will always be available when we turn the switch, whereas we
ought to preserve the wonders of nature. To prefer the interest of tourists
to daily necessities is a modem and peculiar American brand of a deep
truth: beauty is more important than comfort." It is difficult to make a
choice between our needs and our value judgments concerning natural
beauty. Today most vocal people will strongly advocate beauty rather than
comfort. It will be necessary to consider carefully what kind of beauty we
must preserve and to determine what comfort may be a necessity for our
way of life.

In the special case of Yellowstone Park, the answer at this time will
almost certainly favor unexploited nature. In that region of sparce popula-
tion, it probably is not worth sacrificing any part of the oldest and most
famous of our national parks.

Near San Francisco, in Yellowstone Park, and in a few other places,
relatively clean steam is available. There are many more places where
lower quality geothermal energy can be obtained. For the most part, the
temperature in these spots is lower, and if the pressure is relieved, what
might be obtained is not good dry steam but wet steam containing a
myriad of water droplets. The steam also carries great masses of contami-
nants, not only hydrogen sulfide but silt and all kinds of salts. The use of
such geothermal sources will result in considerable pollution unless we end
up pumping the condensed water and salts back under the ground. This
process, of course, would add to the expense. Another problem is that the
dirty mixture of steam, water, silt, and salt will corrode and erode turbine
blades, heat exchangers, and other parts of the apparatus which are to
utilize the energy. The salt and silt are also apt to build up deposits in
pipes, thereby closing them off. But these difficulties may be overcome.
Adding minute amounts of acid to the hot mixture seems to be of consider-
able help. We also are trying to find coatings to protect the machinery from
the adverse effects of the fluids.

The most hopeful approach seems to be the "total flow concept."" Un-
derground, the geo-thermal resource is a liquid because it is under pres-
sure. When the liquid is discharged through a well, pressure is released and

15. A great physicist, Werner Heisenberg, defined a deep truth as one of which the oppos-
ite is also a deep truth. In our case, we might tend to formulate the opposite with a slight
variation: need is more important than beauty. A brief statement of wisdom from a fortune
cookie in a Chinese restaurant may be used by both sides of the dispute: "Our necessities
are few but our wants are endless."

16. A.L. AusTi, THE TOrAL FLoW CONCEPI FOR RECOVERY OF ENERGY FROM GEOTHERMAL
HOT BRINE DEPosrrs, LAWRENCE LrvEsuoE LABORATORY REP. No. UCRL-51366 (1973).

[Vol. 30



NATURAL ENERGY

the solution partially vaporizes. As the vapor expands, it accelerates, gains
kinetic energy, and imparts kinetic energy to unvaporized droplets. In the
total flow procedure, this whole ejected mixture will fall on the propeller
blades of a turbine, which then generates electricity. The approach is
simple, requiring no separation of steam, water, and solids, and no delicate
heat exchangers. Total flow has yielded an efficiency of eighteen percent
for the plentiful deposits near the Salton Sea in southern California, exten-
sive deposits with salinity exceeding that of the ocean. Considering the
relatively low temperature of geothermal deposits, this is good efficiency.
If all the obstacles to utilization of geothermal sources are overcome, these
deposits could satisfy the electric needs of southern California for several
decades.

Another approach to geothermal energy would be to utilize hot rock that
does not contain water." In this case, water would have to be pumped
down. The problem is to make sufficient contact between the water and
the rock. This, in turn, means that very extensive cracks would have to be
created in the rock, a procedure that seems difficult. In efforts to increase
the permeability of rock containing natural gas, the creation of such cracks
by pumping in water or by means of explosives has been thoroughly ex-
plored. Success has been marginal at best. Yet the energy content of natu-
ral gas in good gas-bearing deposits is approximately a hundred times as
much as that of hot rock of the same volume. Therefore, the economic
success of exploiting dry hot rock would seem doubtful. To create surfaces
in hot volcanic rock is, of course, quite a different problem from creating
added surfaces in a gas-containing sedimentary rock formation already full
of microcavities.

Geothermal energy may bring along its own peculiar danger. Nuclear
reactors or hydroelectric dams may suffer from earthquakes. Use of geo-
thermal heat may bring about earthquakes. It has been found that water
acts as a lubricant on hot silicate rocks. In the virtually earthquake-free
region near Denver, when water carrying waste materials was dumped
into deep wells, earthquakes of moderate size resulted. Further experi-
mentation established a clear cause-and-effect relationship. Of course,
the earthquake results from preexisting tensions. But the water serves
to release them, a circumstance that should be kept in mind, particularly
in "dry" geothermal procedures where water is pumped down into layers
that had previously contained none.

Another energy resource related to geothermal energy is found along the
coastline of Texas. 8 Here, deep underground, great amounts of moderately
hot water are subjected to the pressure from the rock formation that lies
above them. This pressure from rocks is called "lithostatic pressure," in

17. DEPT. OF ENERGY, ENERGY AND MINERAL REcoVERY 54 (M. Smith, Contributor, 1977).
18. DEPT. OF ENERGY, ENERGY AND MINERAL RECoVERY 562 (M. Dorfman, contributor,

1977).
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contrast to "hydrostatic pressure," which is pressure exerted by the weight
of water. A well drilled at the shoreline would cause water to squirt up with
a kinetic energy due to the rock pressure. An interesting added fact is that
the huge amounts of water contain a small percentage of natural gas,
which, considering the great volume of water, amounts to significant
quantities. Part of this natural gas is released as pressure is reduced. Three
energy sources-the kinetic energy of the water, its heat, and the natural
gas released-add up to a resource that may be exploited with economic
advantage. An environmental difficulty would be subsidence of the area
where the water has been allowed to escape.

Geothermal energy has been exploited in only the few cases where use
is most straightforward. Coal was used for many centuries before it became
a major economic commodity. It is obvious that uses of geothermal energy
can be expanded, but to what extent, and at whit cost, remains unknown.

Let us now consider the hydrogen economy, by which we mean a cycle
whereby we use energy to release hydrogen from water, regain the energy
by burning the hydrogen, and arrive back at water. 9 Hydrogen is an excel-
lent fuel, and from the point of view of energy per unit of mass, it is best,
though it is inferior to gasoline if you consider energy per unit of volume.

Offhand, the burning of hydrogen would seem to be pollution-free. When
combined with oxygen it produces water, and of course there are no ashes.
Unfortunately, in the burning process, oxygen and nitrogen molecules are
partially decomposed into atoms; then they reunite. But, in some cases,
they don't find the right partner, and instead of nitrogen and oxygen mole-
cules (N, and 02),. they produce nitrogen oxide (NO). This substance has
dangerous derivatives, some of them carcinogenic. To call the burning of
hydrogen completely pollution-free is, therefore, an oversimplification.

Hydrogen, as a general rule, is not a natural resource. It occurs as a
minor component in natural gas. If it should be used extensively, it will
have to consume other energy sources, whether through electrolysis or by
appropriate chemical processes (for instance, those connected with coal
gasification).

In a hydrogen economy, the hydrogen itself essentially represents a form
in which energy has been stored. One of its additional advantages is that
it is particularly easy to transmit through pipelines. It also has several
disadvantages. In liquid form it is highly flammable and is more dangerous
than liquefied natural gas, although it is harmless when handled with great
care. It must be liquefied if it is to be transported in ships, and it will be
necessary to make the ships comparable in size to oil tankers and liquid
natural gas carriers in order to limit the cost. From the point of view of
possible accidents, this transportation method would have to be scruti-
nized more carefully than any other energy source.

19. See J. H. KELLEY AND E.A. LAUMAN, HYDROGEN ToMoRRow, JET PROPULSION LABORA-
TORY REP. No. 5040-1 (1975).
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If hydrogen energy ever should become feasible, the first application
may well be the fueling of the biggest aircraft, weighing approximately five
hundred metric tons. In airplane application, the light weight of hydrogen
is of particular importance. The relatively big volume of liquid hydrogen
per unit of energy content is a severe disadvantage for small planes but
becomes less important for bigger ones. A crash would, of course, result in
a disastrous fire, but in the case of gasoline-fueled planes the fire hazard
is almost as great. Hydrogen also could be used in propelling automobiles
or vehicles of the future resembling automobiles. In automobiles, hydrogen
might not be used in liquid form, but rather dissolved in solids. In this
form, it would hardly be dangerous, but the weight of the solid would be a
disadvantage.

Substitutes will be needed as oil is depleted, and one such substitute is
hydrogen. However, a hydrogen economy would mean extensive work at
low temperatures, which in turn would mean large-scale application of new
and somewhat hazardous techniques. It is unclear whether or how soon the
advantages of hydrogen will justify the considerable technical effort it
would involve.

Another form of energy which has been discussed for a century is the fuel
cell. In principle, the fuel cell is a battery that produces an electric current,
not by the chemical process of oxidizing lead or using some other solid
chemical reaction, but by the reaction between hydrogen and oxygen or
even the reaction between petroleum and oxygen. The essential point is
that the burning of gasoline and oxygen is utilized in existing motors with
an efficiency not exceeding fifteen percent in an internal combustion en-
gine or forty percent in a carefully constructed utility plant for generating
electricity. On the other hand, a fuel cell can operate at nearly one hundred
percent efficiency with very little heat being wasted. This is true in the
ideal, or "reversible," case in which the cell can be run either forward,
producing electrical energy from fuel, or backward, producing fuel from
electrical energy.

Such fuel cells exist. Utilizing the hydrogen-oxygen reaction, they have
been employed in our space program where expense was less important and
minimum weight most important. Existing fuel cells are, unfortunately,
quite expensive. For instance, to make hydrogen available to the electro-
lyte in which the moving ions produce electricity, hydrogen is dissolved in
expensive platinum. How to make fuel cells cheaply and how to use readily
available materials in them such as gasoline are questions that have tanta-
lized electrochemists for generations.

The last couple of topics mentioned are really novel procedures for stor-
ing or using energy. A matter of equal importance is how to transmit
electricity over long distances with minimum loss and at minimum cost.
There has been steady progress in using higher voltage and also in the
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application of direct current rather than alternating current.2 The former
has advantages when distances become longer.21

We could make decisive progress by using low temperatures where the
resistance of metals becomes small. Thus, more current could be carried
and losses would be decreased. At quite low temperatures, resistance ac-
tually vanishes in some metals and semiconductors. This is the remarkable
phenomenon of superconductivity.

Low temperatures could be best maintained in underground cables. Of
course, locating cables underground would also be desirable for the protec-
tion of the transmission lines and to avoid unsightly towers which are quite
conspicuous in our landscape. Low-temperature technology, however, is
still in the development stage. It is unclear when and whether supercon-
ducting systems will become cheap and reliable enough for extensive use.

Solar power is the most popular among novel sources of energy. Indeed,
we have seen so many approaches to the use of. solar energy that we can
be sure that some of these approaches will become practical. Arbitrary
estimates of solar energy projections for the United States are shown in the
table below in quads per year (a quad is short for one quadrillion British
thermal units or 10 5 BTUs).

United States Solar Energy Estimates

Application 1982 2000

Heating and cooling 0.2 3
Agriculture 0.0 1
Industry 0.1 1
Biomass 0.2 2
Solar electricity 0.0 1
Wind and Waves 0.1 3
Burning of Wastes 0.0 2

TOTAL 0.6 13

Note: Amounts are in quads. Present energy consumption
in the United States is 75 quads; in the world it is 250
quads.

20. One limitation to the use of alternating current is that complications arise when we
try to transmit electricity across the continent. In spite of the high velocity of transmission,
a sixty-cycle alternating current begins to get out of phase and the system becomes correspon-
dingly more complex.

21. In the early days of electricity, there was a bitter fight between advocates of direct
current led by Thomas A. Edison and advocates of alternating current led by George Westing-
house. Alternating current won because of economies of transmission at high voltage and its
performance of the transformation between high voltage and low. Proponents of direct current
resorted to scare propoganda about alternating high currents, similar to current scare stories
about nuclear reactors.
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However, many of the prospects mentioned here are uncertain. Each per-
son evaluating them today is likely to come to different conclusions. But
the greatest shortcoming probably lies not in what has been said, but in
what has not been mentioned. To foresee the technology for even a few
decades requires imagination and power of judgment equal to the sum
total of the best available in science and technology in this generation. To
predict the future is difficult. To predict the technological future is impos-
sible.




