Solar Energy Utilization by
Physical Methods

An interesting feature of solar energy
is that it can be utilized through a
multitude of differing methods. Solar
energy utilization does not require a
great deal of technology development,
since technical feasibility has been
proved for most approaches, so that
the work remaining to be done extends
generally to proving or achieving eco-
nomic feasibility and to applications
engineering.. Economic feasibility not
only includes adequately low cost to
facilitate introduction into the market-
place, but also the assurance that the
new energy source will become eco-
nomically significant by being utilized
in large scale. This means that it should
not only be cost competitive with other
internally or externally available energy
resources but should be usable in ade-
quate quantity at realistic price, should
the old energy sources not be procur-
able in sufficient quantity at acceptable
prices. In this case, the new resource
can prevent the general economic de-
velopment from being stymied, and can
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exert a stabilizing influence on the
economic availability of the other en-
ergy sources. Two preliminary condi-
tions to achieving this status, the ade-
quate availability of solar energy in the
United States and the potential utiliza-
tion without significant ecological
problems, have been extensively dis-
cussed (/). The discussion can there-
fore turn to the state of technological
development and, particularly, to the
potential for meeting both the economic
requirements for quantity and the cost
of the various approaches to the utiliza-
tion of solar energy. The question then
becomes one of time scale which may
conveniently be broken: (i) the short
range with prime emphasis on overcom-
ing ecological and social problems and
on local or temporary energy supply
shortages (up to 1980); (ii) the medium
range, characterized by increasing
general shortages of natural gas and
petroleum (up to 2000); and (iii) the
long range in which these two resources
will be essentially exhausted, and, if

Fig. 1. The seven-story laboratory building at Odeillo, with the parabolic reflector
mounted on its north wall and the target building to the right. [Courtesy of Life]
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consumption should have increased as
frequently predicted, concern about
large-scale thermal pollution may start
to mount.

The various approaches to solar
energy utilization can be divided into
four groups: indirect methods using
meteorological or geophysical effects;
utilization of biological effects; direct
use for heating; and conversion to
electricity. The approaches, with ex-
ception of the second, are discussed in
the following sections.

Indirect Ultilization of Solar Energy

Hydropower, among the first sources
of mechanical energy for man, has also
been utilized for the generation of
electricity before the introduction of
steam power plants. It is efficient
(~ 90 percent), economical, and sup-
plies at present approximately 17 per-
cent of the total electricity generated in
the United States. Apart from high
capital costs, there are ecological rea-
sons for avoiding the construction of
numerous further dams. Approximately
one-third of the total hydropower po-
tential of the United States is already
developed, so that a large increase in
hydropower utilization will not be
possible.

Wind power has, in the past cen-
turies, been extensively used to provide
mechanical energy. Now, however, the
wind power plants with their intermit-
tent output have become obsolete
through the availability of power on
demand from cheap fossil fuels. With
the coming shortage in fossil fuels, and
the design of larger and more efficient
aeroturbines, a new interest in the use
of wind power is manifest. A conceptual
design with aeroturbines stationed off
the Atlantic coast to produce 160 bil-
lion kilowatt-hours of electricity a
year has been completed for the
New England region (2). Limiting
factors in the large-scale utilization of
wind power are a combination of
available wind energy and the possibil-
ity of weather modification. Thus, ac-
cording to conservative estimates, 1
percent of the electricity consumption
or 0.43 percent of the total energy
consumption in the United States could
be supplied by wind power in the year
2000 (3). This schedule depends on
government support for technology de-
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velopment and proof of feasibility, with
industry carrying out the development
of this resource after feasibility of the
approach has been established. It is
interesting to note here the recent
announcement of a joint NSF-NASA
effort to develop a 100-kilowatt wind
generator.

Ocean thermal gradient power plants
are based on the utilization of vertical
temperature profiles which are estab-
lished in the ocean waters by absorption
of sunlight in the upper layers of the
ocean, combined with density separa-
tion by depth. In certain areas, the
resulting temperature gradients are en-
hanced through the action of ocean cur-
rents, such as the Gulf Stream off the
East Coast of the United States. Al-
though the temperature differences are
relatively small, it is expected that con-
version to electrical power can be ac-
complished with an efficiency that ap-
proaches 2 percent. Since this thermal
energy is continuously available with-
out fuel cost, and since its utilization
creates no thermal pollution if carried
out on a moderate scale, the approach
looks basically attractive. The tempera-
ture difference between the Gulf Stream

surface water and that at a depth of
2000 feet ranges from 15° to 22°C.
A collection system of units moored at
1 mile spacing along the length and
breadth of the Gulf Stream off the
coast of Florida is thought to be capa-
ble of energy production equal to the
total 1970 U.S. energy consumption
(3). From a conceptual design for such
an ocean thermal gradient power plant
using low-temperature vapor turbines
it has been estimated that such units
can produce electric power at com-
petitive cost (4). If sufficient support
is given to development, it has been
estimated that 1 percent of the elec-
tricity consumed in the United States
in the year 2000 could be provided
from ocean temperature differences.

Solar Energy for Heating

Use of solar energy in the form of
heat has been made for more than
2000 years. Such heat has been used
for the distilling of liquids—for ex-
ample, of perfume in the ancient and
medieval times, and of fresh water,
which is now being produced from the

seawater surrounding Mediterranean
and Caribbean islands; for the drying of
materials, particularly  agricultural
products such as hay, raisins, and
lumber; for the heating of water for
household consumption—which is very
common in Israel and in Japan, and
which is also used in Florida; for the
heating of houses for which a few
experimental units are in operation in
the United States; for the experimental
operation of absorption refrigeration
systems for cold storage as well as air
conditioning purposes; for the genera-
tion of high-temperature heat by means
of optical concentrators, which were
used for the ignition of wooden ships
in warfare 2100 years ago, as well as
for metallurgical purposes for which
the largest system ever built is in opera-
tion at Odeillo in the French Pyrenees
(Fig. 1), producing more than a mega-
watt of power and reaching tempera-
tures of 3300°C.

These systems for the direct use of
heat generated from solar energy oper-
ate at high efficiency (~ 50 percent
reachable in simple systems), are tech-
nologically the best developed of any
solar energy utilization systems, and are

Fig. 2. Solar collector driving
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steam engine, exhibited by Mouchot at the World’s Fair in Paris, 1878.
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Table 1. Energy consumption in the United States in 1967 (/7).

Energy used (10" kilowatt-hours)

User

Space Other - Motive

heating heating Electricity power Other Total
Residential 2.08 0.69 0.87 3.64
Commercial 0.35 0.69 0.52 1.56
Transportation 0.17 3.47 3.64
Industry 0.35 347 1.73 0.69 6.24
Other 0.17 1.04 0.52 1.21 294
All users 3.12 5.89 3.64 3.47 1.90 18.02

* The figures for electricity are thermal energy input

closest to providing energy competi-
tively to energy from other sources
(5). They also address an area of
greatest use of energy (Table 1). Solar
domestic water heaters are available in
Florida (6), where they provide energy
at lower cost than that provided by
electric power, and at not more than
twice the present costs of gas. These
systems are produced in very small
quantities, essentially in hand opera-
tion, and mass production methods
should result in cost reductions to lev-
els where these solar collectors can
provide energy competitively with any
other source.
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to all utilities.

A similar approach to that used for
domestic water heating can be applied
for the heating of houses. Such systems
can, if combined with thermal energy
storage of a capacity corresponding
approximately to 1 day’s use, economi-
cally produce 50 to 75 percent of the
annual energy consumption for heating,
cooling, and hot-water preparation in
a building (5). This figure applies in
many parts of the United States, in-
cluding the highly populated northeast
coast. Since the collectors would nor-
mally be mounted on walls or roofs of
building structures, no additional land
area would be required for this source

of energy, thus causing no ecological
effects beyond those of the building
itself. Even visual pollution would be
minimal. It has been estimated that
these systems would provide, in the
year 1985, up to 1 percent of the total
energy consumption in buildings, or
0.15 percent of the total national en-
ergy consumption, and 10 and 35 per-
cent of the energy consumption in
buildings by the years 2000 and 2020,
respectively, which would then amount
to 1.2 and 3.5 percent of the total
national energy consumption (3).

The other areas of conversion of
solar energy into heat are at present not
considered to be of similarly great sig-
nificance and are therefore not in-
cluded in the forecast, except for the
generation of heat for the conversion to
electricity.

Electric Power Generation

For the generation of electric power
from solar energy, two basic routes are
available: (i) the sequential conversion
from sunlight to heat, to steam, to

Fig. 3 (above). The “solar power farm”
built by the Philadelphia engineers Shu-
man and Boys in 1912 at Meadi, Egypt,
providing steam for a 100-horsepower pis-
ton engine (visible in shed at right).
Fig. 4 (left). One of the sun-tracking col-
lectors of the Shuman-Boys plant with the
boiler tube in the focal line of the cylin-
drical paraboloid reflector.
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mechanical power, and ultimately to
electric energy; and (ii) the direct con-
version of sunlight to electricity by
the .photovoltaic process. The first
route has been experimented with quite
extensively. A working system, where
a water pump was driven in lieu of the
electric generator, was demonstrated by
A. Mouchot at the Paris World’s Fair
in 1878 (Fig. 2). Also, the Philadelphia
engineer F. Shuman built a 100-horse-
power (1 metric horsepower is ~ 7.4
X 102 watts) solar power steam engine
plant in Egypt, 11 kilometers south of
Cairo, in 1912 (Figs. 3 and 4). It is in-
teresting to note the similarity of some
of the proposed designs for solar plants
to that of this early plant. However, the
general technology has considerably ad-
vanced, and improved materials and
methods are now available which can
result in significantly higher efficiencies
(15 to 20 percent is a reasonable expec-
tation, and 30 percent has occasionally
been mentioned) and lower systems
costs (7). The work remaining to be
done will therefore be focused on the
application of this new technology to
achieve acceptable cost-performance
data, to determine the optimum system
size and approach, and to prove techni-
cal and economic feasibility of large
solar power stations. At present, the
cost of electric power generated by this
approach is predicted to be higher by a
factor of 4 than power from fossil or
nuclear power plants.

Photovoltaic solar energy conversion
by means of silicon solar cells has pro-
vided the power for nearly all the space-
craft, launched by any nation, which
were designed for missions exceeding 2
to 3 weeks duration. These cells have
proved to be a reliable source of power,
more suitable for spacecraft than any
other. For terrestrial applications, the
current price of solar power arrays is
much too high to permit consideration
of large-scale application (the efficiency
is 13 to 14 percent on commercially
available units, and is 16 percent on
laboratory units). This high price has
partially been the result of very small
production (50 to 70 kilowatts per
year) for a very restricted market,
which provided no incentives for the
development of very low cost processes.
Thus, considerable impovements in
process methods, partially also based
on materials other than silicon—for
instance, cadmijum sulfide—will be nec-
essary to permit large-scale terrestrial
applications.

An advantage of the photovoltaic sys-
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Fig. 5. The potential
share of solar energy in
the future energy supply,
as contributed by the
various sources. Data
for the nonsolar energy
contributions are from
(10), but are adjusted for
solar energy contribu-
tions according to the
penetration percentages
given in (10) and distrib-
uted over the other en-
ergy sources according to
energy use and energy
source distribution for 1
these uses.
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tem is that its size is not limited and that
it therefore can easily be used at the site
of energy consumption, potentially
matching the distributed nature of sun-
light to the distributed pattern of en-
ergy consumption. Photovoltaic solar
arrays can be mounted on roofs or
walls of buildings—eliminating the use
of additional land area—and can even
be combined with solar collectors that
are used for space heating or hot-water
preparation, to form a particularly effi-
cient and economical system.

Both approaches to electric power
generation, that via heat and the pho-
tovoltaic route, basically provide power
only during times of incoming solar
radiation. To supply energy at all times
of demand, they require storage—which
can be heat storage for the steam sys-
tems, but has to be either electrical,
mechanical, or chemical storage for
the photovoltaic system.

Provided that government support
for technology development and proof
of feasibility is available, it has been
estimated that 1 percent of the total
electricity generation in the nation
could be provided by solar energy
through either one of the two routes in
the year 2000; this would be 0.43 per-
cent of the total energy consumption. In
addition, through photovoltaic systems
on buildings, 0.45 percent of the total
national energy consumption could be
provided in the year 2000 (3).

An unusually advanced concept to
electric power provision utilizes a space
station in synchronous orbit, carrying
huge arrays (32 square kilometers) for
the photovoltaic conversion of solar
energy to electricity (8). This energy
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would be beamed by a microwave link
to receiving antennas on the ground
(10,000 megawatts available on the
ground). The approach has the ad-
vantage that solar energy can be con-
verted to electricity for 24 hours per
day, eliminating the requirement for
energy storage. Although this proposal
is very ambitious, it seems quite prob-
able that, with little more than the
available technology, technical feasi-
bility can be demonstrated. And, as-
suming the availability of six to ten
times more solar energy in synchro-
nous orbit than on the earth’s surface.
there exists also the potential for eco-
nomic feasibility. If there is govern-
ment support for development, which
will have to be most substantial in this
case, it has been estimated that these
space systems could provide 0.43 per-
cent of the total national energy con-
sumption in the year 2000 (3).

Conclusion

On the basis of the estimated con-
tributions of these differing methods
of the utilization of solar energy, their
total energy delivery impact on the pro-
jected U.S. energy economy (9) can be
evaluated (Fig. 5). Despite this late
energy impact, the actual sales of solar
energy utilization equipment will be
significant at an early date. Potential
sales in photovoltaic arrays alone could
exceed $400 million by 1980, in order to
meet the projected capacity buildup (10).
Ultimately, the total energy utilization
equipment industry should attain an
annual sales volume of several tens of
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billion dollars in the United States,
comparable to that of several other
energy related industries.

Varying amounts of technology de-
velopment are required to assure the
technical and economic feasibility of
the different solar energy utilization
methods. Several of these developments
are far enough along that the paths
can be analyzed from the present time
to the time of demonstration of tech-
nical and economic feasibility, and
from there to production and market-
ing readiness. After that point, a period
of market introduction will follow,
which will differ in duration according
to the type of market addressed. It may
be noted that the present rush to find
relief from the current energy prob-
lem, or to be an early leader in enter-
ing a new market, can entail short-
cuts in sound engineering practice,
particularly in the areas of design for
durability and easy maintenance, or of
proper application engineering. The re-
sult can be loss of customer acceptance,
as has been experienced in the past
with various products, including solar
water heaters. Since this could cause
considerable delay in achieving the ex-
pected total energy impact, it will be

important to spend adequate time at
this stage for thorough development.

Two other aspects are worth men-
tioning. The first is concerned with the
economic impacts. Upon reflection on
this point, one will observe that large-
scale solar energy utilization will not
cause a greater impact than other new
energy sources, based on the reasoning
that a self-consistent set of conditions
will have to be fulfilled in order to
achieve such large-scale use. Without
cost competitiveness, other energy re-
sources would fill the requirements, or,
if their resource and cost structure also
would create severe problems, the eco-
nomic forecasts simply cannot be ful-
filled. We also should not think of a
“solar-only” energy future. First, there
is still enough coal to last for several
hundred years. Second, there should be
enough fissionable fuel available to
operate breeder reactors for a similar
time span, and geothermal energy could
satisfy some requirements for a long
time. And finally, there may be fusion.
It would be unlikely that any one of the
available options should play a really
dominant role. Rather, we should ex-
pect to be using an energy mix, just as
we do now, with each energy source

supplying the requirements which it can
satisfy in the most suitable way, and
solar energy should play an important
role in this long-range future.
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