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high cost and low performance parameters. These "low" to
"high" cases should be considered near the extreme range of
possibilities for the SPS. The resulting energy cost is in
the range of 0.026 to 0.320$/kW(e)h as shown in Figure 19.
The nominal energy cost (0.077$/kWh) is very close to the
terrestrial photovoltaic energy cost (0.073$/kW(e)h) and is
shown in Figure 5. Adjusting the terrestrial photovoltaic
plant to an annual capcity factor of 0.70 (baseload) results
in a capital cost of 5000$/kW(e) based on either pumped hydro
storage or advanced batteries (Caputo, 1977). The energy cost
at this design point is 0.088$/kW(elh using a 0.10 annual.
capitalization factor. A similar sensitivity analysis to that
shown in Figure 19 would produce a range from 0.047 to 0.140$/
kW(elh. Although large, this uncertainty is one-third of that
for the SPS. This is due to the photovoltaic modules them
selves being the major development area for the terrestrial
plant, while a space version of a photovoltaic module needs
both this development and development of the heavy lift launch
vehicle, the microwave link, orbital construction techniques,
and large, lightweight, deployable space structures for ~he SPS.

The land use of the SPS is from 2800 to 7200 m2 /MW(e)yr
of contiguous land depending on the allowable microwave standard
used to define the plant boundary (0.10 to 0.01 mW/cm 2

). This
is 300 to 770 km 2 per 5 GW(e) plant. The terrestrial photo
voltaic plant, if it is not placed on roof area, would require
5400 m2 /MW(e)yr in good insolation based on a 30 year system
life. Five GW(e) of base load terrestrial photovoltaic plant
would cover about 580 km 2 if no roof area is used. Use of roof
area would of course directly reduce land area impacts.

Thus both photovoltaic approaches seem to have similar
energy and capital costs, but major differences exist in the
program risk, magnitude of government R&D investment, uncer
tainty of eventual results, type of plant and interface with
the electric grid. Significant differences also exist in the
characteristics that give rise to social, political, military,
and environmental impacts or considerations.

It is felt that possible "show stoppers" for the SPS are:
the magnitude and risk of the R&D investment; plant siting due
to the microwave beam health risk (real or perceived) and the
need for very large contiguous land areas; microwave inter
ference with communication; and atmospheric pollution due to
launch activities and the microwave effect on the atmosphere.
The potential microwave low level radiation health risk bears
·some similarity to the fission nuclear reactor radiation risk,
and therefore one might expect similar kinds of difficulty in
siting and public acceptance. There is also potential for
weapon diversion due to either the microwave beam or the avail
ability of this large power supply in space. This last poten
tial may produce the impetu~ for the large R&D investment, but
also could require an international team to be involved in
development.
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Figure 19. Photovoltaic SPS cost sensitivity.
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Possible Resources and Materials Constraints

Of the activities associated with a solar plant it is the
construction of the plant and the acquisition of construction
materials that would most likely have the greatest societal
impacts, although the operation and decommissioning of solar
facilities used at the multi-terawatt level may also result in
substantial environmental ,impacts. "Because more concrete and
steel are required for a combination of solar technologies than
for, say, the fast breeder fuel cycle, the environmental con
sequences of additional iron ore extraction, steel making,
concrete production, etc., must be charqed against the decision
to "go solar" rather than nuclear" lWeinga.rt, 19791. In addition
to the magnitude of environmental consequences, we must keep in
mind the associated distributional questions. For example, "steel
making and the like are highly local activities, where the burden
of pollution is felt directly. The air in Gary, Indiana, may be
fouler because STEC plants keep the air clear in New Mexicd by
reducing coal production (Weingart, 19791. Solar generated fuels
May warm houses in northern F.R.G. at the expense of widespread
disruption, due to central solar plants, of the ecosystem in
central Spain.

Some feeling for the materials requirements for construc
tion and maintenance of a solar energy system can be obtained
from Table 6 (Caputo, 1977). Most solar energy systems are mate
rial intensive, in order to convert the low intensity incident
radiation to other forms of more concentrated energy. Because
these systems must operate in a variety of natural environments,
they must also have sufficient structural stability to insure
operation and survival under occasional extreme conditions as well
as continuous "routine" environmental conditions. This require
ment translates into a mass density per unit area. The minimum
density of a system that can withstand the weather for decades
is likely to be at least 10 kg/rn 2

• This might be a tough, thin
film photovoltaic system interconnected and supported by light
weight space frame techniques. If placed on a roof with minimum
framing, the material density would be closer to 5 kg/m 2

•

The initial US prototype (McDonnel Douglas, Martin Marietta
and Honeywell) heliostats for STEC plants weigh about 65 kg/m 2

considering the steel and glass but excluding concrete. The
concrete and sand are considered to add about 134 kg/m 2 to the
heliostat weight. The rest of the plant adds about 154 kg/m 2 of
concrete including 12.6 kg/m 2 of steel. The next generation·"
heliostat designs (Selvage, 1980) were ahout 50 kg/rn 2 • The current
designs are closer to 35 kg/m 2 • However, the steel and glass
in some European prototype designs (Soterem and Cethel) are about
80 kg/m 2 (Saumon, 1977). Some unique heliostat designs (Boeing)
have achieved 30 kg/m 2 for steel and glass even at the prototype
stage, but with just as high a concrete requirement. A more
recent design by General Electric keeps the low steel and glass
a requirement (~30 kg/m 2

), but substantially substitutes rock
for the concrete. Although the mass is similar, rock has a re
duced environmental impact per ton of production than does con
conrete.
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Table 6. Material requirements per annual TWyr/yr. Adapted
from H:!fele (1981).

Mirror
Area

1
10 6 km 2

TWyr/yr

Hirror
Density

kg/m 2

Material
Required

10 6 ton/yr 2

TWyr!yr

3
Central solar thermal

Steel and glass material
Electrolysis
Thermochemical

Total material
Electrolysis
Thermochemical

Photovoltaic
Central 7

8Roof top

Flat plate collector
Winter heatin~9,11
Hot Water lO ,1

0.0129
0.0048

0.0129
0.0048

0.035
0.0538

0.0245
0.0092

48 4 620
42 5 200

325 6 4200
325 6 1560

10 350
5 270

50 12 1220
50 12 460

1 Mirror area per TWyr/yr primary equivalent based on 25% end-use elec
2 tricity, 25% transportation liquids and 50% heat.
3 Material per TWyr/yr energy produced per year in metric tons.
4 2750 kWh/m 2yr direct beam insolation

3rd generation US prototype heliostats using glass including steel in
5 tower/receiver.
6 Novel design using stretched aluminized mylar in a plastic dome.
7 Central receiver plant includes concrete (86%) , steel (12%), glass (2%).
8 2000 kWh/m2yr global insolation.
9 1200 kWh/m2yr global insolation.

10 Annual solar efficiency = 15%.
11 Annual solar efficiency = 40%.
12 1500 kWh/m 2yr global insolation.

Approximate for metal glass collectors.

Figure 20 shows these data as a function of, first annual
and, second total energy production after 100 years. Even at
35 TWyr/yr (which is 0.35 TWyr/yr per year for 100 years), it
requires about 550 x 10 6 ton/yr for the solar thermo-chemical
hydrogen system (-70 x 10 6 ton/yr of steel, -10 x 10 6 ton/yr of
glass and the rest concrete). As a rough measure of what this
represents, present (1975) annual global production of concrete
is 700 x 10 6 ton/yr, steel is 630 x 10 6 ton/yr, and glass is
1070 x 10 6 ton/yr (UN, 1975). The current global production of
concrete is about two thirds of what would be required to pro
duce 0.35 TWyr/yr energy each year; steel production is now
10 times more than what would be required, while glass is 100
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times more. The photovoltaics are more attractive especially
if roof top (or south-facing wall) systems are used. However,
the material re.quirements presented here should more properly
be compared with the global material use projected in the future.
In the 35 TWyr/yr scenario described earlier in this paper, the
steel production in 2030 is projected to be 4 times today's
volume, while concr~e production will be 5.5 times today's value.
The projected use of concrete for solar construction is there
fore about 12% of 2030 production.

Thus only concrete requirements would exceed 5% of pro
jected production by 2030 for the assumed case and that would
occur only if central solar electric systems are considered to
provide all 0.35 TWyr/yr of new energy ~roduction each year. This
is a conservative estimate in that this type of central solar
system is concrete intensive. If distributed collectors with
out central towers are used instead of central receiver solar
systems, then half the concrete and about 10% of the steel is
not required.

To the extent that roof collectors, biomass systems, SPS,
ocean and thermal systems are used, the concrete requirements
would be reduced. Thermochemical hydrogen would decrease the
material requirements by over a factor of 2, and extensive use
of efficient photovoltaics would reduce material use even more
significantly. Taking these possibilities into account, it is
estimated that the solar concrete requirement would be less than
5~ of projected production. Finally, it should be noted that
the ingredients of concrete are some of the more cornmon mate
rials on the planet, and the length of time available (~50 years)
to build up this slightly increased production capacity is
reasonable.

The relative amount of non-fuel construction material re
quired for solar thernal electricity is obviously many times
that required for a coal or nuclear power plant. For steel,
the ratio of material for a solar compared with a coal energy
system is about 12:1 while it is about 17:1 for a nuclear energy
system (light water reactor). For concrete, a solar plant re
quires about 60 times that needed for a coal and about 14 times
that of a nuclear energy system. The basis for comparison is
per unit electric energy generated over the plant lifetime of
30 years (Caputo, 1977).

If the fuel for a coal plant is included in its use of
materials, it dwarfs the use of construction material even when
compared with a solar thermal electric plant. The coal use is
3 million kg/M\~(e)yr co~pared with about 0.2 to 0.3 million kg/
MW(e)yr of total material for the solar plant.·

The construction and maintenance of a solar system of the
global scale would thus require large amounts of materials. In
order for sunlight to be translated into a globally interesting
energy option, we should develop systems that are inherently
low in mass with long lifetime or allow a high use of recycling
materials. This suggests that technological breakthroughs that
permit low mass, high environmental resistance and long life
time are desirable.
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We should note that these observations on material require
ments for the installation of solar power in the TW-range are
fully consistent with the notion of consumptive and investive
uses of resources as developed in Hafele (19B1). Indeed, solar
"fuel" is free but it requires large-scale investments of mate
rials, i.e., resources, to have that solar "fuel" collected and
transformed into a viable secondary energy carrier, be it elec
tricity or hydrogen. These investments of resources continually
payoff by providing such secondary energy. What has to be
balanced then is the size of the investment, the rate of de
preciation and the rate of providing secondary energy; and the
investive use of resources has to be compared with consumptive
uses such as a level of mining fossil resources, which would be
comparable to the yearly depreciation associated with the in
vestive uses of resources. In fact, Figure 20 was conceived
and should be read with such a comparison in mind.

Such extensive materials processing is not without some
impact on the environment. However, studies have shown that
even for a bullish solar economy in the US, the additional
effluents will be on the average negligible when compared with
the total impact of all activities in the economy (Davidson and
Grether, 1977). Also, the energy system life-cycle health
effects of a central solar electric baseload power plant have
been estimated (Caputo, 1977) to be two orders of magnitude
lower than those for "clean" coal electricity, that is coal
mining with US 1969 dust standards enforced and 99+% of sulfur
removal prior to combustion. This estimate includes fuel ac
quisition and operation as well as the indirect activities in
volved in plant construction and acquiring construction mate
rials.

Possible Environmental Constraints Associated with Climate
Impacts

"T~e potential consequences of global deployment of solar
energy are of special concern. From experience in the field of
fission power, we know that in the beginning of the technolog
ical development period, the large-scale aspects of the tech
nology are often not thoroughly examined (or even perceived).
Only when large-scale activity commences do such considerations
become visible and important. From hindsight we realize that
the development of a strong, systems-oriented technology assess
ment of the fission option, including social valuing integrated
with the political process probably would have made a substantial
contribution to the recognition and resolution of problems that
are now inhibiting the use of such technologies."

"Solar energy conversion systems are relatively benign but
will be no exception to the rule that the large-scale use of
any new technology bears unexpected and often undesired con
sequences. Although there appears to be a great deal of popular
support for the idea that the use of sunlight is completely
"clean", this contention will fall if large areas of desert
lands are covered with machines, valleys are flodded to provide
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hydroelectric facilities, and scenic coast lines are dotted with
thousands of towers holding wind generators. The possibilities
of climatic modification appear when we consider covering up
wards of a million square kilometers of sunny land with solar
conversion machines" (Weingart 1977a and 1977b in Williams et al.,
J~771.

An anomaly in one part of the total climate system, which
is highly complex and non-linear, may be expected to trigger a
series of changes in other variables, depending on the type,
location and magnitude of the initial anomaly. When considering
the impact of large-scale deployment of solar-thermal electricity
generation on climate, we are concerned with anomalies introduced
in the interaction between the land surface and the atmosphere.
The physical characteristics of heliostat arrays can influence
several climatic boundary conditions, in particular the albedo,
surface roughness and hydrological characteristics of the land
surface (Berkofsky, 1976). However, since there is no direct
observational evidence of such anomalies, discussion must be
based on observations of analogous situations in the climate
system or upon the results of numerical models of climate. A
preliminary assessment of the implications of the sorts of
changes in physical characteristics listed above has been made
(Williams et al., 1976).

Studies of the effects of large-scale albedo changes have
shown that on the local scale,a decrease (increase) of surface
albedo in a desert region could lead to increased (decreased)
vertical velocity of the air and thus possibly to increased
(decreased} rainfall (Moore, 1976). Further studies have in
dicated that such effects can also be expected on a larger
scale and that when the anomaly is large enough, feedbacks
within the climate system cause related changes to occur in
areas other than where the initial perturbation is introduced
(Williams et al., 1976). It has been calculated that the least
dimension of the area for which albedo and surface moisture
changes can be expected to influence convective rainfall is a
length of 40 - 80 km (Williams et al., 1976). If a circular
area is devoted to 1 TWyr/yr solar capacity, it would have a
diameter of approximately 200 km.

The other two boundary conditions (surface roughness and
hydrological characteristics) affected by solar-thermal electric
conversion have not been considered so extensively in model ex
periments as has albedo.

In addition to changing the local albedo, surface roughness
and hydrological characteristics, a solar plant may have a more
direct impact on the local heat balance. However, rather than
just calculating the waste heat from a plant, it is more appro
priate to identify the excess waste heat. The excess waste heat
is that heat released at the plant that is in excess of what
would have been released if the plant were not there. For coal
and nuclear, all the heat rejected at the plant is excess waste
heat, as is also the case for the SPS at the ground rectenna
and in the atmosphere due to the microwave beam losses. However,
ground solar thermal and photovoltaic plants are using solar
energy that normally would strike the ground and heat the area
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to a certain extent. Some of the sunlight is "bounced" (re
flected) off the ground and sent back up into the sky (albedo),
while the remainder is absorbed by the ground. Part of this
absorbed energy heats the ground and surrounding air, while the
rest radiates to the surrounding environment at a longer wave
length than sunlight. Under certain conditions, it is possible
for a ground solar plant to produce no excess waste heat. See
for example Caputo (1977) where it was concluded that there is
almost no net difference in a land area's heat balance before
and after a.solar thermal electric plant is located there. The
amount of excess waste heat rejected per unit electrical energy
generated for various power plants is shown below in Table 7.
The soil albedo is assumed to be 0.30. The solar thermal plant
has about an order of magnitude less excess waste heat compared
with conventional plants, while the ground photovoltaic is
similar to conventional plants if sited in a desert. However,
roof top application would have almost no excess waste heat
since common roof materials have albedo similar to photovoltaic
materials.

Also assuming that the natural albedo of the desert land
is 30%, an evaluation by C.M. Bhumralkar of Stanford Research
Institute and JAger, Chebotarev and Williams (1978) at IIASA
suggest that the albedo of the area is reduced when a STEC plant
is present. However, the total energy emitted from the earth's
surface to the lower atmosphere in the form of long-wave radia
tion, sensible and latent heating remains about the same when
the STEC plant is introduced, implying that there wouZd be no
net heating or cooZing of the Lower atmosphere. The major
difference when the STEC plant is present is that the long-wave
radiation from the surface is reduced by 10-25% while the amount
of sensive and latent heat is increased in accordance. Much of
the latter increase is accounted for by the waste heat release
during electricity generation. If dry cooling towers or
radiators are used, or if open cycle air gas turbines are used,
the waste heat will not have moisture. This avoids any im
balances due to moist plumes which would cause most of the an
ticipated climatic impacts.

Thus for an average power generation on the order of
50 GW(e), the climatic impact of wet cooling towers would be
noticeable in a desert climate, but perhaps not in a moist cli
mate; once-through cooling systems would have a noticeable
effect on regional scales; and dry cooling systems seem always
to have a negligible impact on regional climate averages (Sawyer,
1965). While the local changes in climate caused by changes in
energy balance and waste heat release are most likely to be
manifested in cloudiness and precipitation changes if wet cooling
is used, the large-scale deployment of STEC could cause an anom
aly large enough to trigger changes elsewhere. A discussion of
the causes of long-term weather anomalies shows that large-scale
weather or climate phenomena are produced by differential
heating when this occurs on a "s¥noptic" scale, i.e., over closed
areas with a magnitude of 10 5 -10 km 2

, and when the heating
varies locally by 20 W/m or more (Jager, 1978). The deployment
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Table 7. Excess waste heat for several types of electric power
plants (assumed soil a.lbedo 0.3).

Type of plant

Coal (gasification)
Nuclear (LWR)
Solar

Thermal
Ground photovoltaic
Orbital photovoltaic

MW(th)yr!MH(e)yr

1 • 7
2 • 1

0.25
1. 5*
0.25

*would reduce significantly if rooftop application rather than desert sites.

of STEC over an area of several thousand square kilometers could
certainly be constrained by climate considerations only if wet
cooling towers are used. Due to water restrictions alone, dry
cooling is likely by the year 2000 (Caputo, 1977).

For solar plants in arid regions the solar thermal plant
performance and cost estimates used previously were based on dry
cooling specifically to minimize potential climatic impacts and
minimize water consumption.

Possible Constraints Due to Social Preference

While the analysis of social preferences is beyond the scope
of this paper, it is important that we consider constraints on
solar development that might be introduced by changing public
opinion. Earlier in this chapter we observed that the possible
replacement of gas by nuclear as the dominant energy form could
be moderated or even prevented from happening due to a newly
developing social consciousness. This social tolerance of
energy systems may be such that a combination of renewable and
central solar is acceptable while nuclear is not. Yet there is
increasing evidence that it is also the large central monolitilic
aspect of energy systems that is coming under increasing social
criticism (Gerlach and Radcliffe, 1979).

This resistance to large projects seems to come from a
keener sense that some people pay most of the price for in
tensified energy system development that primarily benefits
others. People who have been relatively disfranchised have
learned how to become more effective at having their concerns
responded to by usually more powerful economic and political
interests. This more effective behavior usually involves
almost leaderless, mUlti-group cooperation in trying to block
large development by central authorities. The groups collabo
rating come from a very wide social spectrum and appear to have
little in common except the cause of interrupting this unwanted
development.
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It is almost as if the increasing attention being given
globally to the "first" and "third" world countries and the
historically unbalanced economic relationship they have had,
is extending down to more or less powerful groups even within
a developed country.. What we may be witnessing is a basic
social phenomenon that extends from national governments down
to small citizen groups. The common intent seems to be a
balancing of diverse interests that were ignored by earlier
ways of doing things.

If this indeed turns out to be the case, large central
anything energy systems would be rejected by society whether
nuclear, solar or whatever. If not rejected, then severe con
ditions put on their use would limit their availability. In
this case, renewable energy both direct and indirect that is
user-oriented may be the only major energy option allowed for
the future.

It may prove to be the cultural adaptability of renewable
energy systems that is the single most important aspect of this
family of energy systems. Cultural adaptability is the capacity
of solar technologies to be configured over a wide spectrum of
social arrangements. For most renewable energy forms, both
individual ownership as well as large corporate ownership is
possible. Large central monolithic as well as modular indi
vidual consumer systems are possible. Both mass production
techniques typical of industrialized society are usable as well
as cottage industry, "backyard" innovator techniques. This
versatility in size, ownership, and construction techniques
offers the greatest hedge against the uncertainties of the
future. No other energy source has this cultural "switch
hitting" ability.

We recognize that the development of a major solar energy
system with little or no large central solar plants would
require much more care and attention to system streamlining
aspects than would be necessary if central solar were included.
But questions of the adequacy of the resource magnitude when
configured in this way or that way are not really relevant since
if society demands a certain type of configuration, it will cer
tainly adapt its consumptive patterns to use the thing it is
demanding. Arguments that assume a certain type of future
society with intense energy and other consumptive patterns, and
use this to prove that certain types of renewable energy can not
possibly be used, are indeed null arguments.

SOME POLITICAL ISSUES

As discussed in the section on the magnitude of the central
solar resource, many of the globally favorable solar areas exist
in what are poorer parts of the world. To the extent that these
areas are eventually used for central solar production, they
contribute to a resolution of the "North-South" problem which
has economic imbalance at its roots. At the global level, solar
systems are a southerly resource that can be developed with
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technology and capital from the North to create an interdepen
dent economic relationship. Although this is similar in some
respects to the history and current situation globally with oil
transfers among nations, there appears to be a number of differ
ences that bear examining. The likely energy carrier of this
global level solar energy system is gaseous hydrogen. Other
possibilities exist and may be used in special situations such
as electricity, liquid hydrogen at cryogenic temperatures, am
monia (NH31, or methanol (~H30H). However the land based solar
rich areas are near large natural gas fields. This gas resource
may eventually be utilized as part of the next dominant global
energy system. To facilitate the use of this resource, gas
pipelines will be installed to more easily bring this energy
form to major load centers on almost all continents.

For example, this has already been done in the US which has
the oldest major fields in existing pipeline system from the
East Texas fields to both the central/north eastern part of the
country and to the south west. The hub of the origin of this
pipeline network is on the edge of the solar rich eight state
sun belt estimated to be 0.05 to 0.40 million km 2 • This area
could generate from 1.8 to 16 TWyr/yr primary equivalent energy
with 67% confidence. The average of this range is about 6 times
greater than current US use of primary energy. In addition to
the historic gas network, new links are being considered from
Alaska and Canada, as well as from the developing Mexican fields.
This continental level networking of gas carrying lines could
facilitate the use of the Mexican and US solar resource even
tually with hydrogen as an energy carrier from Alaska to Central
America.

A similar situation exists (although currently less de
veloped) in almost all the major solar areas. The North African
and Middle Eastern gas fields are now being connected via pipe
lines under construction through Sicily and also through Crimean
Russia. Both of these will take advantage of the existing
natural gas network in Italy as well as in south west Russia
for connection to Central and Eastern Europe. Additional links
are planned through Spain and contemplated across Turkey.
This vast gas pipeline infrastructure could be available to the
solar generated hydrogen eventually. We are all familiar with
the similarities to oil dependence, but how is it different?

Solar energy is not a resource that already exists .in cor.
venient underground storage media that can actually increase in
value if not used today. Solar is obviously a resource that is
available on a daily basis and if not used it is lost. One
would have to store the energy. This could be done in the
nearby formations which would be depleted of fossil resources.
However the capital intensive investment made to create the
solar plants would have no return until this storage energy was
finally sold. This is different from oil today in that it is
about 2 orders of magnitude less capital intensive than the
projected solar systems. There is a very small up-front invest
ment in oil and it is already stored conveniently.
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Another major difference with oil is the pipeline link
itself. Diverting pipeline energy is possible but vastly
different than diverting oil tankers. To divert pipeline gas
to a non-pipeline user of energy would require installing
facilities to convert the gas into a more mobile energy carrier
such as liquid hydrogen. These facilities would be large, and
take a number of years if not decades to build along with the
required cryogenic tankers and receiver port facilities.
This extended period of time would give the pipeline energy
user adequate time to further diversify his energy sources.

In addition, the conversion to liquid from gas can at
best be achieved at 70% conversion efficiency. Thus the
economics of liquid hydrogen is nearly 50% more expensive than
pipeline hydrogen uses. For example, this difference is about
the difference in cost of generating solar hydrogen in southern
Europe compared to northern Africa. Thus in this case, the
Europeans can further develop southern European resources at
about the same cost of liquid hydrogen from good global solar
areas.

Thus the whole relationship between solar supplier and
pipeline user is much more balanced than the current oil situa
tion. It is more of a marriage than a fleeting affair. This
should lend political and economic stability to the relation
ship and be the basis of a more satisfactory North-South inter
dependence.

SOME PLAUSIBLE OIL/NATURAL GAS/SOLAR ENERGY PROJECTIONS

At the beginning of this paper we sketched an energy
system projection in which gas succeeded oil as the dominant
energy source, and was in turn overtaken by nuclear globally
by about 2060. Much of the eventual nuclear capacity was
assumed to produce hydrogen, which could then be distributed
using the infrastructure that had been developed for natural
gas distribution. The rest of the nuclear capacity would pro
duce electricity and methanol. What has subsequently emerged
from our examination of possible constraints to solar develop
ment is an energy trajectory in which solar either supplements
nuclear or eventually displaces it as the principal energy
source. Just as in the case of nuclear, solar could be used
to produce hydrogen, electricity, methanol, as well as heat
directly. The third possibility is that nuclear drops out
prematurely due to social unacceptability and solar follows
natural gas as a global energy source.

Having examined up to this point the characteristics of
the different subsystems that might contribute to such a major
solar energy system, it is instructive to step back for a
moment and look at solar from a more aggregate perspective.

The penetration rates of solar energy options will depend
on macrosystem characteristics as· well as· the competitive
situations of all energy sources including economic ana social
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factors. Uncertain cost estimates for most potentially signi
ficant solar options and uncertainty about the importance and
nature of social factors limit the procedures that can be used
to determine the solar market penetration rates. In addition,
there are strong reasons to believe that the present costs will
come down in the future, in some cases (e.g., photovoltaics)
dramatically and fairly rapidly.

Initially, during the developmental phases, external capi
tal is used to support new technologies even if their direct
costs are somewhat higher than the competition. However, after
these achieve a market share of a few percent and achieve com
mercial maturity their penetration rates may depend on their
overall competitive situation: completely non-profitable tech
nologies are rarely supported for very long time periods. This
will also be the case, we expect, with solar options once they
achieve significant shares of the primary energy market.

In the past it has always required roughly one century for
the various traditional primary energy forms to go from a 1%
share to a 50% share of the world primary energy market, though
in particular countries the time period to go from a 1% to 50%
market share has been more on the order of 25 to 100 years. An
understanding of the time required for new energy systems to
make major contributions to energy supply is crucial to any
realistic assessment of the potential role of solar and nuclear
energy, whether in a single country or worldwide. Yet the pre
sent projections for future US energy demand and the possible
contributions from solar energy display enormous dispersion
ranging from a few percent to 50% by 2030.

Let us therefore return once again to the trends suggested
by Figure 1 and this time attempt some qualitative extrapolations
in which "new solar" plays a more substantial role than it did
in our original oil/natural gas/nuclear energy trajectory. The
phrase "new solar" is used to distinguish between new or ex
panded uses, and historic uses of solar energy such as hydro
electric, wood burned directly in homes, forest and agricultural
industry wastes used for process heat and electricity, burning
of animal wastes for cooking and animal mechanical power. In
the US, these amount to about 5% or 6% of current primary use,
while in India they currently contribute about 60% (Fuel policy
Committee, 1974). Other than hydroelectric, these solar con
tributions are not usually considered in energy supply statis
tics since they are not sold commercially.

New solar is used to-describe new industries formed using
new processes in applying solar technology in new ways. The
exponential growth should be applied only to these new processes.
The old uses of solar should be treated in a different manner
depending on the historic trends associated with each activity.
For now it can be considered as a constant market share on a
global level. Even though the percentage of use of some of
these old solar applications may change dramatically for some
developing countries, the low magnitude of this energy source
will support the assumption of constant global share. This "old
solar" should simply be added to the exponentially growing new
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solar areas. Assunll.ng the traditional time constant of 100
years for new solar and assuming 1% new solar global penetration
by 2000, solar technologies would provide half of the global
energy by 2100 as shown in Figure 21.

If nuclear is not used and solar is introduced at 1% global
by 2000, then gas use would probably be more extensive to
"cover" this late introduction of solar. If one optimistically
assumes a 4% new global penetration by 2000, possibly because
of a lack of nuclear utilization due to its social unaccept
ability, then it would only take to 2060 to reach half the
global energy and 80% would be achieved by 2100. This penetra
tion trajectory can be seen by referring back to Figure 2 and
considering the dotted line to be new solar.

These speculations show a range of possible introduction
for solar energy based on historic trends as described in Marchetti
and Nakicenovic (1979). Depending on the assumption of 1%
solar by 1970 to 2000 and the significance of ~uclear globally,
10% global usage would be achieved by 2020 to 2050, and 50% use
by 2070 to 2100. The 100-year period to go from 1% tc 50%
global use is typical of the previous primary energy forms, and
while introduction rates different from these may be possible
they are clearly beyond the scope of this inquiry.

Solar is a family of technologies, each at a different
stage in the development process. Moreover, as a group the
solar technologies have some special characteristics, which
distinguish them from more familiar energy sources. For example,
current energy sources such as oil can be used for multiple end
uses such as being refined for auto transport, uses in residen
tial heating, or industrial process heat, the gathering, trans
port, storage. Although a different grade of oil may be used
for these applications, the oil is more similar than different.
This is not so for the solar family. There are differences
at each stage of development for most of the solar approaches.
Some solar approaches involve a limited number of decision
makers (i.e., central electric for utilities), while others
involve literally millions of decision makers (i.e., residen
tial hot-water heating, or use of residential wood burners for
heating). Some approaches depend on industrial mass production
by very large manufacturers, while others depend on more in
dividualized crafts such as the building industry (i.e., passive
homes) or user labor as in "backyard" solar collectors or bio
gas generators.

Thus the initial commercial entry time for each solar
technology will be different and the adoption and diffusion
process will be different. To characterize new solar penetra
tion rates as a single composite that behaves as historic
energy sources have, is certainly a gross simplification. Some
types of solar may indeed follow historic trends, while others
will not. How they all come together is difficult to predict.
Thus the simplified approach used here is justified to a great
extent due to the great complexity of the actual situation.
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solar energy introduction after nuclear in business
as-usual projection of world primary energy mix.
Adapted from Marchetti and Nakicenovic (1979) with
SOLAR originally identified as SOLFUS, i.e. solar
and fusion.

What can we conclude from all this?

First, it is clear that a menu of solar energy systems
technologies must take their place alongside the breeder as a
possible long-term energy source for mankind. Fusion eventually
could take its place as a third possibility. Any of these
options is capable of providing all the energy we could con
ceivably need for as long as we are likely to inhabit our planet.
It is estimated that 80 to 280 TWyr/yr are possible based on a
combination of solar systems from on-site to global level
systems.

Second, it is the combination of the large-scale use of
solar energy in central ("hard") technologies for the production
of electricity and synthetic gaseous and liquid fuels, along
with the indirect and on-site ("soft") technology option that
make this significant contribution possible. Individual small
scale solar energy units can be embedded in a harmonious way in
large solar electric and fuel networks, with the fuel network
providing the chief solution to the macrosystem streamlining
requirement, i.e., storage. The backup to these solar systems
will corne from existing conventional fuels initially, and even
tually from central solar hydrogen, methanol, biomass in the
form of gases, liquids and solids, seasonal heat storage, and
hydroelectric to some extent.

Thus solar systems taken as an interwoven family, have
favorable macrosystem characteristics in that they are "stream
lined" enough and renewable to be considered seriously as the
eventual replacement for gas or nuclear energy.
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Third, a global solar option would exhibit enormous hetero
geneity, reflecting the great variations in geophysic~l re-, .
sources, climate and social structure. Furthermore, lts ablilty
to function well with various social arrangements ("cultural
switch hitting") may be its most significant characteristic.

Fourth, solar energy systems are already economically com
petitive in several important end uses. For example, current
solar high temperature lndustrial process heat systems and
solar hot water systems installed at 225$/m2 are competitive
(without subsidies) with international oil and baseload elec
tricity in good clear sky locations (insolation >2000 kWh/m 2 yr).
Passive designs are cost effective in areas where local builders
are familiar with this type of design and construction practice.
Expected increases in conventional energy prices and solar cost
improvements will improve solar competitiveness. For example,
when solar thermochemical h¥drogen systems are delivered at
heliostat cost goals (70$/m ) delivered heat will be economi
cally competitive with 15$/bbl international oil in 1975 dollars.
Also central solar electric at cost goals will be economically
competitive with 1700$/kW(e) baseload nuclear.

Fifth, substantial and global solar use after the gas cycle
depends strongly on the social unacceptability of nuclear power
as a global energy system.

Sixth, although the environmental consequences of such
large-scale use of sunlight will not be entirely benign (since,
for example, they include the health effects of material in
tensive industries), they appear highly manageable and orders
of magnitude lower than conventional fossil systems, and with
the exception of the SPS (orbital station), do not have any of
the radiation hazards and risk aspects of nuclear power.

Seventh, plant construction material requirements are much
greater than conventional systems, and some care must be taken
to develop a materially efficient system. Concrete'use may be
significant (~5% projected global production) but it is a com
monly available material.

Eighth, the emergence of a global solar energy system could
perhaps bring with it an unprecedented North-South international
interdependence and cooperation, and a substantial potential for
development and growth in many poor but sun-rich regions. This
would contribute to an easing of the economic and political
imbalances that currently exist between "North" and "South".
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