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ABSTRACT 

Solar energy technologies have environmental effects, and these may be 
positive or negative compared with current ways of producing energy. In 
this respect, solar energy technologies are no different from other energy 
systems. Where solar energy technologies differ is that no unresolvable 
technological problems (e.g., co2 emissions) or sociopolitical barriers (e.g., 
waste disposal, catastrophic accidents) have been identified. This report 
reviews some of the environmental aspects of solar energy technologies and 
ongoing research designed to identify and resolve potential environmental 
concerns; It is important to continue research and assessment of environ-

• I . 
mental aspects of solar energy to ensure that unanticipated problems do 
not arise. It is also important that the knowledge gained through such envi­
ron mental research be incorporated into technology development programs 

' and policy initiatives. 
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A concern with any new technology is that it is often difficult to anticipate adverse envi­
ronmental effects that may occur during its development and use. Frequently, we dis­
cover environmental problems only after significant damage has occurred to natural eco­
systems or human health-and often at significant social and economic cost (Budnitz and 
Holdren 1976; Harte and Jassby 1978). Correcting the problems is then usually much 
more difficult economically, politically, and socially than if they had been identified and 
corrected earlier. Acid rainfall and food-chain accumulation of potentially toxic chem­
icals are specific examples of unanticipated environmental effects from technological 
development (Likens et al. 1979; Woodwell 1967). 

With respect to solar energy (as broadly defined under the Solar Energy Research, Devel­
opment. and Demonstration Act of 1974 to include biomass, wind, solar thermal, photo­
voltaic, and ocean energy systems), it is tempting to conclude that there are no serious 
environmental concerns. Solar energy is not associated with belching smoke stacks; pol­
lution of oceans, lakes and streams; discharges of toxic substances; or the destruction of 
the land and its biota. The absence of such obvious effects has led to the general belief 
that solar energy technologies are "environmentally benign." Considering the many 
diverse technologies included under solar energy, it would be unprecedented if some do 
not have adverse ~nvironmental effects. Furthermore, although solar energy technol­
ogies are not new, they have never been deployed, individually or collectively, at levels 
which are anticipated for the future. In cases where solar energy was widely used in the 
past (e.g., wind, wood burning), the environment also did not have the legal protection 
and public support for that protection that it has now. With the exception of a few 
studies ( e.g., Davidson et al. 1977; Lawrence 1979; Holdren et al. 1980), environmental 
aspects of solar energy technologies have received relatively little attention, and few 
reliable quantitative data exist. It is important to consider environmental aspects early 
in the development of solar energy for the following reasons: 

. • If we are entering a period of widespread solar energy use, we have a unique 
opportunity to include environmental protection in the early planning and 
deployment of solar energy systems. 

• We must avoid focusing solely on technological and economic aspects of solar 
energy systems at the expense of environmental and social considerations. 
Holdren et al. (1980) and others have suggested that ultimate limits on the use of 
energy are more likely to be imposed by rising environmental and sociopolitical 
costs than by resource exhaustion or internal production costs. One need only 
consider recent events in the nuclear power industry to become aware of the pit­
falls that can occur in these areas. 

• Legal and regulatory considerations will require that some attention be. given to 
environmental aspects of solar energy (Phillips .1979; Schwab 1980). 

• Solar energy has some positive environmental aspects when compared with con-
ventional sources; it is important to consider these. 

The following report reviews some of .the environmental aspects of solar energy tech­
nologies and ongoing research designed to identify and resolve potential environmental 
problems. It will not consider advanced systems (e.g., solar power satellites), storage 
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systems, · or environmental effects from back-up sources of energy. It is organized 
around the 'topics of air, water, land, and biota-the basic compartments in which all eco­
system processes and environmental impacts occur. 
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Effects on. air quality from· solar energy technologies may be either positive or negative, · 
depending upon the particular technology and how it is used. Wind, photovoltaics, and 
v.arious oolar thermal collectors have one distinct benefit in. that no atmospheric pollu­
tants are emitted during their operation: Furthermore, there are no indirect atmospheric 

· emissions s.uch as those that result, from mining or- refining fuels~ The only air quality 
impacts are indirect:ones, which occur.during the·production of the raw materials used to 
manufacture the systems. In most cases, these appear to be relatively minor (Neff 1979;. 
Holdren et aL 1980). Thus, energy produced· by these solar energy systems can displace 
not only valuable fossil fuels, ·but also air pollutants emitted during the mining, refining, 
and combustion of, fuels~ This feature .may· have practical application in implementing 
the EPA's emission offset policy, which requires .reductions from existing air. ·pollution 
sources in certain nonattainment areas before additional sources can be added (Environ­
mental Science and Technology 1978) •. ·The attractiveness of solar energy here is that it 
may be useful-in providing emission offs·ets and in reducing-total air. pollution emissions 
from new or existing facilities (O'Brien· and Euser 1980). · The use of alcohol fuels in 
automobiles may provide similar benefits. · .. 

Concern about adverse effects ·of solar ·energy systems on air· quality currently focuses on 
two areas~ One of these is wood combustjon emissions. Air pollution episodes, caused by 
residential wood burning, are already . a problem in certain local areas. In one- study 
(Cooper 1980), measurements with a·l.~c tracer technique indicated that between 36% 
and 49% of the respirable (-c::2.5:µm) par.ticulates in the air of a Portland, Oregon, resi­
dential area were from residential wood combustion sources: Table 2-1 shows annual 
emissions from direct combustion of various residential fuels and the relative· importance 
of wood combustion to particulate, hydrocarbon, and carbon monoxide emissions. When 
all emissions sources are considered, particulates, hydrocarbon, and carbon monoxide 
from residential wood combustion sources were estimated to contribute 1%, 1.5%, and 
3.8%, respectively, of the total national emissions burden for those species in 1976 
(DeAngelis et al. 1980a). 

Table 2-1. TOTAL ANNUAL EMISSIONS FROM RESIDENTIAL 
COMBUSTION S0URCES8 

Emissions, 1 o3 mt/yr 

Fuel Particulates SOx. NOX co Hydrocarbons 

Gas 47 1.4 190 49 19 
Oil 74 1,100 89 37 23 
Coal 17 81 6.9 72 7.6 
Wood 160 2.8 12 3,100 380 

Totalb 300 1,200 300 3,300 430 

8Sour.ce: DcAngelis et al (1980a). 
bEntries may not equal the totals because of rounding. 
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Although air pollution effects from residential wood combustion depend to some extent 
upon site-specific characteristics such as topography and weather conditions, the emis­
sions burden is bound to increase if the number of wood-buming stoves in use continues 
to grow as rapidly as it has in the past few years. Increased emissions from wood com­
bustion, in tum, may have important implications for both human health and govemment 
policy. The health implications derive from the fact that wood combustion emissions can 
be relatively high in respirable particulates and carbon monoxide. Numerous .polycyclic 
organic matter compounds, including at least fourteen carcinogens, also have been iden­
tified in smoke from residential wood combustion sources (Cooperl980; DeAngelisetal. 
1980b).Government policy implications may develop if wood stoves become a significant 
source of space heating in residential or urban areas, since current govemment efforts to 
improve air quality are directed toward·reducing industrial and automotive emissions. As 
Cooper (1980) pointed out, "· , , most. metropolitan areas of the United States have 
banned backyard trash incineration end simply moving· the "incinerator indoors doesn't 
make the emissions any more environmentally acceptable." · .. ~ • ., 

• - I 

· The .second area ot concern about air quality relates to indoor air. Solar-heated build­
ings, and en increasing number of conventional ones, are well insulated and characterized 
by low exchange rates between indoor end outdoor air. A low air exchange rate serves to 
keep heat within the building, but it may also retain pollutants generated ·within the 
building (Hollowell et al. 1979). These pollutants may include radon and its decay prod­
ucts from building materials, well water, rock bed storage systems, or the soil beneath• a 
home; formaldehyde end other volatile organic compounds from insulation, particle 
board, and synthetic fabrics and materials; and numerous other compounds with potential 
health effects (Hollowell et al. 1979; World .Health Organization 1979). Research in this 
area has been directed toward identifying pollutants and their sources, their health 
implications, and ways of resolving potential problems (e.g., by using heat exchangers and 
different building materials). 
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Ertergy systems can affect both the q~ali1:y..of. water and its ava'ilabilit;: and. tile impacts 
from solar energy systems may be either positive or negative. Wind, photovoltaics, some 
rolar thermal collectors, and some biomass systems require no water at all for cooling or 
other consumptive purposes than periodic cleaning. This must be considered one of their 
most positive environmental aspects, particularly in arid areas of the West where water 
can be a limiting factor in energy development (Harte and El Gasseir 1978). In contrast, 
fos~il f~\l and nuclear-der~ved eJectricity use water at the estimated rates of about 0.5 
km /10 J and 0.7-0.8 km /10 1 J, respectively (Holdren et al. 1980). Integrating solar 
energy systems such as wind farms with existing hydroelectric facilities can also con­
tribute to water conservation and energy storage. Because these solar energy systems do 
not consume water, they do not affect water quality. The only exceptions are secondary 
impacts confined to the processes involved in manufacturing the materials used in the 
systems. Holdren et al. (1980) estimated these indirect impacts to be about an order of 
magnitude lower than direct impacts. -

Not all solar energy technologies are without effect on water resources. By virtue of 
their location, ocean thermal energy conversion (OTEC) systems could possibly have 
major impacts. Systems currently being developed require enormous quantities of water 
to be pumped from both the warm ocean surface layer (I0-30m) and from the colder deep 
ocean (>lOOOm), and then to be discharged at an intermedilte depth (100-200m). For a 
lMWe plant, the flow rate is estimated to be almost 4 x 10 litres per day (U.S. Depart­
ment of Energy .1979c). Although this water is only transported and not consumed, the 
net effects of such large translocations on temperature changes and nutrient cycling are 
largely unknown. 

Central receiver systems, such as the Solar Thermal Power Stations (STPS), have water 
requirements for cooling purposes comparable to those of coal-fired power plants (Harte 
and El Gasseir 1978; Holdren et al. 1980). Since the siting of such systems will probably 
be confined to sunny, dry areas of the Southwest, the availability of water will likely be 
one of the most important environmental constraints associated with large-scale devel­
opment of STPS unless dry cooling towers prove feasible (Davidson and Grether 1977; 
Turner 1980). 

Processing some biomass resources also requires significant quantities of water (e.g., 
alcohol production). Processing can also lead to significant water pollution unless ade­
quate controls are used. Vegetation itself consumes large quantities of water before it 
can be considered a biomass fuel However, unless this water is added by irrigation, its 
consumption is immaterial •. If irrigation must occur, a new dimension may be added to 
environmental impacts. Various plans have been proposed for biomass plantations in arid 
rP.gions of the United States (Lipinsky and Kresovich 1979; Johnson and Hinman 1980) and 
these probably will require at least some irrigation. If lands currently not irrigated are 
used for these purposes, new water supplies must be developed at additional economic 
and environmental cost. If currently irrigated croplands in water-scarce, arid regions are 
converted to plant species adapted to arid regions (e.g., jojoba), significant water savings 
could result (Foster and Wright 1980). Obviously, factors other than water consumption 
are involved here, including the controversial practice of replacing food crops with 
energy-producing species (Brown 1980). 
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The use of some species of aquatic plants as a source of biomass energy may have bene­
ficial effects on water quality by acting as a passive filter in removing sediment, and by 
actively removing dissolved nutrients and other elements from water (Woodwell 1977). In 
this way, the use of aquatic biomass can act both as a source of energy and a means of 
water purification. Water quality can also be improved by reducing sources of pollution 
if .feedlot wastes are used in methane digesters. 
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Because oolar energy on earth is diffuse relative to other energy sources, capturing and 
concentrating it often require relatively large areas. Thus, the impacts of solar energy 
technologies on land consumption and use are potentially great. Not all solar energy sys­
tems require land areas larger than those already being used, however. For example, 
some active oolar collectors and photovoltaic arrays can be placed on existing roofs of 
buildings, thereby adding nothing to existing land consumption. Angelici et al. (1980) 
estimated that about 53% of the annual (1978) electrical demand for the San Fernando 
Valley near Los Angeles could be met from photovoltaic systems utilizing only half of the 
existing south-facing and flat roofs. Buildings using passive design f ea tu res also require 
little or no additional land, although they require consideration of building placement and 
overall patterns of land use. 

Another positive aspect of land requirements of solar energy technologies is that, with 
the exception of biomass systems, there are no effects on land associated· with collecting 
or refining fuels. Where conventional fu~ls are used, these associated effects can be 
large, and may involve surf ace disturbance, subsidence, and problems with waste dis­
pa;al. · Decentralized solar energy applications also require no extra land for transmission 
lines or rights-of-way. 

Land issues are more complex for wind energy and central receiver systems. For exam­
ple, the land area taken up by the tower and base of a wind machine may only be several 
square metres; however, the addition of a safety zone around the machine would require, 
but not consume, additional land. The clustering of. many machines into wind farms also 
requires, but again does not consume, large areas of land because the machines must be 
spaced far enough apart to minimize air turbulence. Nearly all of the land required for 
such a wind farm could retain its for mer or current uses. A similar situation exists for 
central receiver stations. Various estimates suggest that solar thermal power stations 
will require about 3 ha per MW e capacity (Turner 1980). Again, however, all of this land 
need not be used consumptively. Neff (1979) suggested that central photovoltaic systems 
would affect an area not much larger than that committed to a coal plant with identical 
electrical output-if areas required for mining and ash disposal are included. Holdren et 
al (1980), however, reported land requirements for central photovoltaic systems to be 
over an order of magnitude higher than for fossil fuel plants, but it is not clear whether 
their data include land required for acquisition of fuels and disposal of fly ash. 

Biomass energy systems probably have the greatest potential for adversely affecting 
land. Ironically, these systems also have the potential for restoring productivity and pre­
venting roil erosion on marginal lands that have been previously abused. Problems can 
arise from production, harvesting, and conversion processes, and large land area require­
ments (Pimental et al. 1979). All of these potential problems can be resolved through 
proper management procedures. An additional concern involves the wisdom of' removing 
biomass residues from the land for use as energy feedstocks-particularly residues from 
agricultural lands-and the implications for this on soil erosion (Flaim 1979; Larson 
1979). When ooil losses are high, neither a food nor an energy production system can be 
sustained over a long period of time. Significantly more land per capita is required to 
produce grain-derived fuel than is required to produce food (Table 4-1). Although the 
policy implications of this are somewhat controversial (Brown 1980, Hertzmark et al. 
1980, Solar Energy Intelligence Report 1980), one inescapable conclusion is that energy 
derived from grain-based systems requires considerable amounts of land. 
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Table 4-1. ANNUAL PER CAPITA GRAIN AND 
CROPLAND REQUIREMENTS FOR FOOD 
AND FOR AUTOMOTIVE FUELa 

Subsistence diet 
Affluent diet 
Typical European automobileC 
Typical U.S. automobiled 

Grain 
(kg) 

181 
726 

2,812 
6,623 

Croplandb 
(ha) 

0.1 
0.4 
1.3 
3.2 

8 Source: Brown (1980). 
bJ3ased on average world grain yields in 1978, according to 

the U.S. Department of Agriculture. 
cBased on 11,000 km/yr at 10.5 km/1 (7,000 mi/yr at 25 mpg). 
dBased on 16,000 km/yr at 6.4 km/1 (10,000 mi/yr at 15 mpg). 

TP-826 

The location of land in relation to solar energy resources is also very important. In the 
West, many of the best sites for solar energy facilities are located in very scenic or iso­
lated areas. A recent report (California Energy Commission 1980) indicated that many. 
of the most promising wind sites in California are on federal lands, some of which are 
currently designated as wilderness or being considered for such status. It is not clear 
that development of solar energy facilities in such areas will be any more acceptable 
than development for other purposes. 

One final point is that for energy systems to be sustainable, their energy output must be. 
based on the carrying capacity of the land, and not on any real or imagined needs of 
society. 
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Fae.tors that adversely affect air, water, and land will tend to harm the organisms using 
or depending upon those same resources. Conversely, preserving or enhancing the abiotic 
environment will tend to benefit organisms (including man) that constitute the biotic 
compartment of ecosystems. Thus, effects of solar energy systems on biota are closely 
related to those previously discussed for air, water, and land. 

Most air quality effects on biota from solar energy technologies are negligible-or even 
beneficial if conventional fuel sources and their emissions are displaced. Of greatest 
concern are the biological effects from indoor air pollution and wood combustion emis­
sions. Humans have been exposed to wood combustion emissions for thousands of years, 
so exposure per se is not the issue, but rather emission concentrations, particularly in 
urban areas and inside homes. Health concerns about indoor air quality have been pre­
viously cited. It should be reemphasized that these are a concern in all well insulated 
buildings, not just those with solar heating systems. Secondary air quality impacts from 
materials manufacture may have some effects on biota, but these are difficult to quan­
tify. Neff (1979) estimated that the use of cadmium and arsenic in advanced photovol­
taic systems could result in the release to the environment of about 73 metric tonnes. 
(mt) of cadmium and 6 mt of arsenic per GWe-year. Both of these elements are toxic to 
organisms. 

Water quality effects on biota from solar energy technologies are also likely to be negli­
gible or beneficial, compared with conventional energy sources. This, of course, is 
related to the lack of water consumption by many solar energy ,systems. The major 
exceptions are possibly ocean thermal energy conversion (OTEC) systems and solar ther­
mal power stations (STPS), precisely because they do consume large quantities of water. 
Concerns with OTEC systems relate to organism entrainment and changes in nutrient 
cycles and temperature regimes (U.S. Department of Energy 1979). With STPS, addi­
tional concerns relate to availability and quality of water, and to competition between 
STPS requirements and existing uses. These water issues are particularly acute for biota 
in arid regions, the same regions where many of the best solar energy resources are 
located. 

Land requirements of solar energy technologies can affect biota in several ways. Per­
haps the greatest effect is displacement of existing plant and animal populations through 
habitat conversion. Biomass farms and central receiver stations have the greatest poten­
tial for causing changes in habitat. These two technologies are likely to cause significant 
changes in existing land uses, vegetation, and wildlife habitat if they are to make signifi-
cant contributions as sources of energy. -

Effects on biota (including humans) can also occur from certain specific features of par­
ticular solar energy technologies. For example, recent operation of a 2-MW wind tur­
bine at Boone, North Carolina, resulted in complaints from local citizens aboul noise and 
vibrations caused by the wind machine. This was largely an unanticipated problem, 
caused by interfere nee of the tower with wind movement. Local topography and weather 
conditions sometimes accentuated the effects. The problem has been temporarily solved 
by not running the machine during certain hours. This one-of-a-kind downwind machine 
with a steel lattice tower was designed as a prototype. A more recent model, the 
2.5-MW e MOD-2, has a different tower and blade configuration, which is expected to 
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eliminate the noise problem. Another specific effect of wind machines, which only indi­
rectly affects humans, is interference with electromagnetic transmissions {Sengupta and 
Senior 1978). This interference may occur when wave signals strike the rotating blades 
of a wind machine. The impluse is then reflected or scattered to form a secondary inter­
ference signal The severity of the interference depends upon the size of the machines' 
blades, their composition, their rotational speed, and the placement of the machine with 
respect to the signal transmitter and receiver. Theoretical, laboratory, and field studies 
have been conducted to assess interference from large wind machines on television and 
radio broadcasts, air navigation systems, and microwave communication systems 
{Sengupta and Senior 1978). Interference with television broadcasts appears to present 
the only problem, and this may require the use of directional antennas or cable transmis­
sion if large wind systems are used in populated areas. 

Changes in microclimate which may then affect biota have been cited as potential envi­
ronmental issues for some solar technologies {Davidson and Grether 1977; Rogers et al. 
1977; Patten 1978). Measurements taken downwind of a 100-kW wind turbine showed 
that any changes, if they occurred, could not be distinguished from natural_ variations 
{Rogers et al. 1977). Undoubtedly, some microolimatic changes will occur frtnu solar 
energy systems~ Important factors, however, are the magnitude and importance of any 
changes relative to those that occur as results of other human activities. 

Finally, issues involving workers' health and safety should be addressed as part of the 
environmental costs of building and maintaining solar energy systems. Some of these 
issues involve practices common to many mining and manufacturing activities, while 
others are more specific to solar energy systems. Examples of concerns for specific 
solar technologies can be found in a series of reports on worker health and safety at the 
proposed Barstow Sl'PS {Ullman and Sokolow 1979; Ullman et al. 1979a-e) and in the pro­
ceedings of a workshop on health effects of photovoltaic technology {Stang et al. 1980). 
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Solar energy technologies have environmental effects, and these may be positive or nega­
tive compared with current ways of producing energy. In this respect, solar energy tech­
nologies are no different from other energy systems. Where solar energy technologies do 
differ is that _no unresolvable technological problems (e.g., CO 2 emissions) or sociopolit­
ical baITiers (e.g., waste disposal, catastrophic accidents) have been identified. An 
important factor, however, will be how solar energy technologies are developed. Envi-:­
ronmental impacts from solar energy technologies identified to date can be minimized or 
eliminated-if the technologies are developed with environmental protection as one 
explicit goal On the other hand, if we concentrate primarily on the narrower technolog­
ical and economic aspects of solar energy, unanticipated environmental problems surely 
will arise, as they have with many other technologies. 

Compared with existing energy technologies, solar energy currently appears to have few 
serious adverse environmental effects. It is important, however, to continue research 
and. assessment of environmental aspects of solar energy to ensure that this situation 
remains true. The U.S. Department of Energy (DOE) has an ongoing research and 
assessment program in this area. Part of this program involves a periodic assessment of 
environmental concerns, research needs, and environmental readiness for. various solar 
energy technologies (U.S. Department of Energy 1978a-c, 1979a-m). DOE-funded envi­
ronmental research is also conducted at all of the national laboratories, and under sub­
con.tracts at numerous universities and private firms (e.g., Romney et al. 1979; Turner 
1979). It is important that the knowledge gained through such environmental research be 
incorporated into technology development programs and policy initiatives. 

The development of solar energy offers a unique opportunity to address and resolve envi­
ronmental concerns before large-scale deployment occurs. The purpose of addressing 
such concerns is not a negative one in the sense of being an impediment to the develop­
ment of solar energy. On the contrary, early identification and resolution of environ­
men_tal issues will expedite solar energy deployment in a safe and environmentally sound 
manner. Clearly, the full potential of solar energy will be realized only if if can be 
developed in a ml\nner that avoids the kind of environmental damage currently associated 
with conventional sources of energy. 
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